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Chapter 8

General Discussion

Blood coagulation is a complex system consisting of several independent biochemical
and cellular processes that prevent blood loss following vascular injury. Upon vascular
damage, platelets bind to the site of injury and aggregate to form a platelet plug'. The
coagulation cascade is initiated by the exposure of tissue factor? and blood clotting
factors are activated on the negatively-charged surface of activated platelets and
endothelial cells®. One of the key reactions in blood coagulation is the generation of
thrombin by the prothrombinase complex that assembles on anionic membranes in the
presence of calcium ions and consists of factor Va (FVa) and factor Xa (FXa)>4. Thrombin
catalyzes the activation of platelets and is responsible for the deposition of a stabilizing
fibrin network. In addition, thrombin activates several positive feedback mechanisms
that are required to generate a sufficient procoagulant response. Importantly, the
anticoagulant pathway consists of several anticoagulant proteins that terminate the
various stages of the procoagulant reaction to prevent excessive blood clotting®®.
In disease settings this hemostatic balance is disturbed. Deficiencies in coagulation
factors may lead to bleeding disorders such as hemophilia, whereas mutations resulting
in more procoagulant coagulation factors induce a hypercoagulant state. Intriguingly,
the Australian Elapid family has exploited the coagulation cascade to gain a unique
selective advantage. Several evolutionary adaptations in the factor V (FV) and factor
X (FX) variants that are expressed in their venom have generated clotting factors with
exceptional procoagulant enhancements”®. Upon envenomation, these coagulation
factors generate an explosive burst of thrombin that quickly results in the circulatory
collapse of the prey animal®™.

The aim of the research in this thesis was to gain further insights into the remarkable
procoagulant adaptations of Pseudonaja textilis venom-derived FV (ptFV) and FX (ptFX).
To do so, we have generated a panel of recombinant chimeric FV and FX proteins
and studied the structure-function relationships of various structural elements.
This approach has allowed us to identify several regions that are at the basis of the
procoagulant enhancements and potent toxicity of these venom proteins. In the current
chapter, the main findings and implications are summarized and discussed in more
detail and the perspectives for further research are outlined.

The Structural Integrity of ptFVa
Unique Structural Features of ptFV

The inactivation of mammalian FVa by activated protein C (APC) is one of the key
reactions that downregulates the procoagulant response. Proteolytic cleavage at the

210



A2 domain residues Arg306, Arg506, and Arg679 results in the dissociation of the A2
domain and FVa inactivation'. In contrast, ptFVa is only cleaved by human APC at a
position that is homologous to human Arg506 (Lys507), and despite proteolysis this FVa
variant retains full cofactor activity®. In chapter 3 we aimed to unravel the functional
APC resistance of ptFV. Our findings showed that the absence of a homologous Arg306
cleavage site and the presence of the unique ptFV disulfide bond are not responsible
for the functional resistance to APC. This implies that ptFV comprises other structural
elements that prevent the loss of cofactor activity. Interestingly, human-snake chimeric
FVa variants generated by us maintained structural integrity following APC-catalyzed
proteolysis, demonstrating the presence of robust non-covalent interactions between
the ptFVa A2 domain and A1-A3 domains. Using in silico analysis we identified strong
and stable interactions between the ptFVa ATl and A2 domains that significantly increase
the A2 domain binding affinity. We further identified the so-called A2 domain loop2 as a
structural element that seems to play a major role in the association of the A2 domain
with the A1-A3 domains in ptFVa.

Activated Protein C Resistance of FVa

Unraveling at least part of the mechanistic principles that are responsible for the
functional resistance to APC in ptFV has identified a new concept of APC resistance.
To date, APC resistance has been described as a result of mutations that either prevent
certain APG-mediated cleavages or decrease the sensitivity for APC. The most common
FV mutation that results in APC resistance is FVteden 3 The molecular basis of F\/teiden-
dependent APC resistance is derived from a point mutation that results in an Arg506GIn
substitution, leading to a ten-fold slower APC inactivation rate relative to wild-type
FVa'. Naturally occuring FV variants with mutations at the APC cleavage site Arg306
are FVfenekone (Arg306Gly) and FVemeridee (Arg306Thr) which display a mild APC resistant
phenotype'™, presumably due to the ability of protein S to stimulate Arg306 cleavage. In
addition, the lle359Thr (FVHvereeol) mutation introduces a glycosylation site at Asn357 that
impaires Arg306 cleavage, likely by steric hindrance'®. The His1299Arg (FVR2) mutation
that has been described to resultin an APC resistant phenotype'” seems to be inducing
a quantitative FV deficiency owing to impaired expression of the mutant protein'®.

Mechanistic Principles of FVa Inactivation

Factor Va is inactivated via limited proteolysis at Arg306 and Arg506 resulting in the
dissociation of the A2 domain. To date, the dissociation of the A2 domain following
APC-catalysis has only been demonstrated in bovine FVa'', with biochemical and
structural data lacking for human FVa. Molecular Dynamics simulations using a
complete human FVa model have previously suggested that APC cleavage results in
the release of the A2 domain?. In our study, we have provided biochemical evidence
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Chapter 8

that human FVa is inactivated by APC in a similar fashion as compared to bovine FVa
(Figure 3, chapter 3). Yet, the currently available data are unable to distinguish whether
cleavage at Arg306 and Arg506 or the dissociation of the A2 domain serves as the
major contributor to the loss of procoagulant activity. Using an engineered FVa mutant
comprising an A2-A3 interdomain disulfide bond, Gale et al. showed that APCG-induced
cleavage markedly reduced the FVa cofactor activity while A2 domain dissociation
was prevented?'. This suggests that APC cleavage rather than A2 domain dissociation
is responsible for the inactivation of FVa. In contrast, Molecular Dynamics simulations
using a model for FVateden syggested that in the absence of the Arg506 cleavage, A2
domain dissociation occurs as a result of Arg306 proteolysis?®, implying that cleavage of
the cofactor at Arg506 is not required for A2 domain dissociation but is rather required
to facilitate cleavage at Arg306. Our findings using ptFV support the notion that A2
domain dissociation is the main determinant for FVa inactivation (chapter 3). Despite
cleavage at Arg306 and Lys507, ptFVa retained structural integrity and full cofactor
activity. Unfortunately, we were unable to determine whether release of the A2 domain
would inactivate ptFVa. However, the human FVa A2 domain comprises essential FXa
and prothrombin binding sites*. It seems therefore reasonable to assume that similar
regions are present in the ptFV A2 domain, allowing us to speculate that the dissociation
of the A2 domain will result in the inactivation of ptFVa.

A2 Domain Binding and Stability in the Homologous Cofactors FVIIla and FVa
The residues that positively or negatively contribute to the FVa A2 domain binding
affinity remain largely unknown. Characterization of the naturally occurring FV variants
comprising an Ala221Val or Arg1698Trp mutation revealed a reduced FVa stability
due to an increased dissociation rate of the heavy (A1-A2 domains) and light (A3-
C1-C2 domains) chains???3. Arg1698 was predicted to be located at the A2-A3 domain
interface?? and the Ala221Val mutation was found to induce structural changes toward
the A2-A3 domain interface?. Using Molecular Dynamics simulations, we have identified
the key hydrogen bond interaction pairs between the A2 domain and the AT or A3
domain (Figure 5, chapter 3). Furthermore, we have shown that A2 domain dissociation
upon APC cleavage is induced by a loss of A1-A2 domain affinity, indicating that the
residues at the A1-A2 domain interface are crucial for A2 domain binding.

In contrast to FVa, the inactivation of the homologous factor Vllla (FVIlla) proceeds
either via APCG-mediated proteolysis?#?> or via the spontaneous release of the A2
domain??’. Whereas our understanding of the residues that contribute to productive
interactions between the A2 and A1-A3 domains is lacking for FVa, biochemical and
mutagenesis studies have identified multiple residues that support A2 domain binding
in FVIIIa2835 The FVIlla A2 domain subunit weakly associates with the A1-A3 domains,
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primarily through electrostatic interactions, and readily dissociates at physiologic pH
wheareas FVllla stability is enhanced at pH 6.0%°. The observation that increasing NaCl
concentrations significantly and dose-dependently reduced the FVIlla activity?” could
not be replicated for APC-proteolyzed ptFVa-h306-SS nor did we observe differences
in the thermostability of our APC-treated ptFVa variants relative to wild-type ptFVa
(Figure S4, chapter 3). Whether the unique interactions facilitated by the A2 domain
loop2 in ptFVa could explain these differences remains to be determined by future
biochemical studies that further characterize the functional consequences of the ptFV
A2 domain loop?2.

The Lipid Independent Activity and APC Resistance of
ptFVa

Functional Role of the A2 Domain C-terminal Region

The FV A2 domain G-terminus (A2T) is a long, negatively charged region that is liberated
upon release of the B-domain (Figure S1, chapter 4). Although X-ray structures have
not been able to fully resolve the A2T, this structural element has been modelled as a
highly flexible region with little if any conformational constraints®**’. From a functional
perspective, the A2T has been implicated in the assembly of the prothrombinase
complex and engagement of the substrate prothrombin®-. However, its exact role
remains poorly understood as contradictory results have been reported*#4. In chapter
4 we studied the functional implications of the ptFV A2T that comprises a significant
extended region relative to other known FV species. Our results revealed that the
catalytic efficiency towards prothrombin was slighty reduced in FV variants comprising
the ptFV A2T, indicating that the ptFV A2T engages prothrombin in a somewhat different
manner. These observations are in accordance with previous reports suggesting that the
FVa A2T does not provide major productive interactions with FXa and/or prothrombin,
but rather plays a role in the positioning of the prothrombin activation sites towards the
catalytic triad of FXa3*4244_Collectively, the role of the A2T seems to be minimal in the
presence of saturating amounts of phospholipid membranes, indicating that binding of
FVa to FXa and prothrombin is mainly dependent on productive interactions facilitated
by the regions surrounding Arg306, Arg506, and part of the A3 domain (reviewed in
chapter 2).

The Lipid Independent Activity of ptFVa and ptFXa

Contrarily to our findings in the presence of anionic membranes, we demonstrated that
the ptFV A2T plays a major functional role in the absence of membranes by facilitating
prothrombin conversion via a lipid-independent mechanism. Interestingly, hFVa-ptA2T
converted prethrombin-1, a prothrombin derivative that lacks the y-carboxyglutamic
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acid domain (GLA) domain and as such the membrane-binding ability, with similar
rates relative to ptFVa (Figure 4D, chapter 4). Yet, this effect was only observed when
hFV-ptA2T was complexed with ptFXa. This provides additional evidence that the
lipid-independent activity of ptFV is entirely regulated by the A2T. Our findings further
demonstrated that ptFXa comprises an essential element that is required to bypass
the need for phospholipid binding. Currently, we can only speculate which unique
region or regions are responsible. Our data excludes a role for the extended 99-loop
in ptFXa, which extends towards, and possibly interacts with, FVa“>. Another region of
interest is the lipid-binding GLA domain. Binding of FXa to the lipid surface induces
a conformational change that increases the affinity for FVa“*t. For ptFXa, structural
differences in the GLA domain could potentially instigate similar conformational
changes in the absence of anionic membrances and expose a FVa interactive site.
Binding of FVa might promote further conformational changes that resultin a functional
FVa-ptFXa complex in solution. In our study, we used several peptides that comprise
part of the ptFV A2T in an attempt to pinpoint the region that is responsible for the lipid-
independent activity. These studies suggested a crucial role for the N-terminal region of
the A2T (Figure 4, S5, chapter 4). The ptFV-ptFXa (Pseutarin C) X-ray structure revealed
that this region interacts with the highly basic heparin binding site of ptFXa*. Based on
these findings, we speculate that evolutionary changes in the ptFXa heparin binding site
support the lipid-independent activity of the Pseutarin C complex. However, an initial
comparison of the human ternary model and Pseutarin C structure did not reveal major
structural differences®’#>. Moreover, we can not exclude that our peptides interfere
with prothrombinase activity in a non-specific manner nor can we conclude that the
Cterminal region of the ptFV A2T is not involved in this procoagulant enhancement.
To confirm our findings, new FV and FX variants would need to be generated and
characterized that specifically substitute or truncate part of the ptFV A2T, or mutate
potential important residues in the ptFXa A2T binding site, respectively.

Role of the ptFV A2T in the Functional Resistance to APC

Our findings further revealed that the ptFV A2T plays a major role in the functional
resistance to APC. Substitution of the ptFV A2T for the corresponding human region
significantly decreased the cofactor activity upon APG-mediated proteolysis. Intriguingly,
the inactivation of ptFVa-hA2T was markedly slower compared to hFVa and retained
~25% cofactor activity following a two-hour incubation with APC (Figure 5, chapter
4). It is currently unclear whether prolonged incubations with APC would completely
inactivate ptFVa-hA2T, but the residual cofactor activity might be explained by an
enhanced stability of regions that are essential for the interaction with FXa and
prothrombin. This is supported by our observation that the partial loss of ptFVa-
hA2T cofactor activity was not a result of A2 domain dissociation (Figure 6 chapter

214



4). Moreover, a comparable loss of cofactor activity was observed when ptFVa was
treated with the fibrinolytic serine protease plasmin (Figure S5, chapter 3). Similar to
FVa'eden, selective proteolysis of ptFVa could destabilize the interactions with ptFXa while
cofactor activity is at least partially maintained by impeding A2 domain dissociation™.
As described in previous sections, this could be the result of the increased A2 domain
binding affinity facilitated by the productive interactions between the A2 domain loop2
and A1 domain. Taken together, our findings indicate that the conformational rigidity
of loop2 together with the unique functional characteristics of the ptFV A2T provide a
rationale for ptFVa's functional resistance to APC.

Unfortunately, we were unable to accurately determine the specific region of the A2T
that contributes to the APC resistance. However, mutation of the Arg679 cleavage
site in ptFVa-hA2T (Figure S1, chapter 4) resulted in a ptFVa variant that retained
stable cofactor activity following an initial ~35% loss of activity (Figure 5, chapter 4).
Considering the presumed high flexibility of the A2T374>47 it is unlikely that cleavage
at Arg679 significantly impairs FVa stability. Therefore, these results suggest that
truncation of the A2T as a result of Arg679 cleavage decreases the ptFVa cofactor
activity, providing evidence for a role of the A2T C-terminal region in the functional
resistance to APC. In addition, the modest loss of ptFVa-hA2T-R679Q cofactor activity
(~35%) following Arg679 mutation seems to indicate that the A2T N-terminal region is,
besides its crucial role in the lipid-independent activity, also to some extent involved
in the APC resistance of ptFV.

We further demonstrated that introduction of the ptFV A2T, the key structural element
responsible for ptFVa's APC resistance (chapter 4), in human FVa would generate a
human FVa variant with a similar gain-of-function. However, an additional mutation of
the human Arg306 cleavage site was required, presumably to prevent the dissociation
of the Asn307-Arg506 region. Furthermore, this hFVa-ptA2T-pt306 variant only
retained full cofactor activity when in complex with ptFXa. This demonstrates that
ptFXa comprises an essential element that is required for this gain-of-function feature,
similar to that observed for the lipid-independent conversion of prothrombin. As
discussed above, the ptFXa region that is responsible for these unique procoagulant
enhancements is currently unknown, but likely involves a FVa interactive region.
Collectively, our findings indicate that the ptFV A2T circumvents negative regulatory
conditions by providing stable interactions with ptFXa and prothrombin in the absence
of membranes or upon APCG-mediated proteolysis.
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Evolutionary Changes in the ptFX Activation Peptide

Role of the FX Activation Peptide in the Interaction with Intrinsic Tenase

The activation peptide of the venom-derived ptFX is remarkably shorter in amino
acid length compared to that of various other FX species, including that of the liver-
derived ptFX*84°, In chapter 5 we aimed to unravel the functional implications of this
evolutionairy adaptation by characterizing several chimeric FX variants. Assessment
of the activation by the extrinsic tenase complex revealed identical kinetic constants
between hFX and hFX-ptAP. This could suggest that the extrinsic tenase complex is
able to interact with the venom-derived activation peptide in a similar manner as the
human counterpart. Alternatively, it is possible that the FX activation peptide does not
comprise a binding site for the extrinsic tenase complex. The latter is supported by
previous studies revealing only modest alterations in kinetic parameters of extrinsic
tenase-dependent FX activation following truncation of the activation peptide®®°'. Our
findings therefore provide further evidence that the substrate-specificity of the extrinsic
tenase complex is completely dependent on the interactions with pro-exosite regions
in FX. The exact interactive regions are not fully defined but previous studies have
reported a tissue factor-factor Vlla binding site in the FX GLA2%3, endothelial growth
factor 1°3, and serine protease domain®*,

Somewhat surprising, kinetic analyses demonstrated that incorporation of the venom-
derived activation peptide into human FX almost completely abrogated the activation
by the intrinsic tenase complex. Furthermore, we showed that the variant hFX-ptAP
is a poor competitor of FX activation by the intrinsic tenase complex relative to hFX-
R15Q. Therefore our results indicate that activation by the intrinsic tenase complex is
mainly dependent on the recognition and binding of the FX activation peptide, as has
been suggested in earlier reports®°. The evolutionairy advantage of the shortened
activation peptide is unclear. It is possible that the venom-derived activation peptide
has specifically evolved towards recognition by the intrinsic tenase complex of prey
animals and may interact in a different manner relative to the human system. On the
other hand, various reports have suggested that the intrinsic coagulation pathway
may have only been fully evolved after the reptile lineage®®-¢°. Although speculative,
this could imply that the activation of FX by the intrinsic tenase complex does not play
a significant role in the coagulation cascade of reptiles. Characterization of the liver-
derived ptFX will gain more insight into the intrinsic tenase-mediated activation of ptFX
and the role of the activation peptide.
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The Zymogen Activity of ptFX

The evolutionary intermediate ptFX (isoform ptFX*?) was reported to display zymogen
activity towards the macromolecular substrate prothrombin when in complex with
venom-derived ptFV#. In our study, we have unraveled the molecular basis for the
zymogen activity of ptFX and identified that the venom-derived activation peptide is
responsible for this remarkable procoagulant characteristic (chapter 5). Interestingly,
substitution of the human activation peptide for that of ptFX generated a human
chimeric FX variant with similar zymogen activity relative to ptFX. Furthermore, we
observed that the zymogen activity is completely dependent on the presence of the
cofactor, in contrast to previously reported data showing that human FV is not able to
bind to zymogen FX°®'. This is in line with our kinetic data revealing that the apparent
human FV-FX binding affinity could not be accurately assessed. In contrast, both
venom ptFX and hFX-ptAP displayed a markedly increased apparent binding affinity
for their respective cofactor, relative to human FX. Moreover, kinetic evaluation showed
that the FX-cofactor complexes bind prothrombin with a similar affinity relative to
prothrombinase-assembled FXa®+%. As such, our findings indicate that the venom-
derived activation peptide allows exposure of a FVa binding site and formation of
an initial FVa-FX complex. The productive interactions with FVa then facilitate
conformational changes in the serine protease domain of FX that are required for
catalytic activity.

Functionally Important Regions in the Venom-derived Activation Peptide

The exact structural features of the ptFX activation peptide that are responsible for
the resistance to the intrinsic tenase complex or for the zymogen activity are currently
unknown. Compared to various FX species, including the liver-expressed ptFX, the
venom-derived activation peptide lacks the central acidic region“. Although no
studies have reported a functional role for this region, our data might suggest that
it comprises a binding site for the intrinsic tenase complex. Alternatively, the acidic
region could prevent potential interactions with FVa in order to avoid catalytic activity
of the FX zymogen. Other structural elements that play a role in FX activation are the
carbohydrate chains that are present in the FX activation peptide®®. Whereas the human
FX activation peptide comprises two O-linked and two N-linked glycosylation sites, no
experimental data is available on the glycosylation status of the venom FX activation
peptide. Artificial mapping of glycosylation sites predicts that ptFX contains one N-linked
and one O-linked carbohydrate®®’. In human FX, these O-linked carbohydrates have
been shown to play a key role in the catalytic efficiency of the intrinsic tenase complex,
indicating that both glycans make productive interactions with the complex>"&70 In
order to fully understand the mechanisms that are at the basis of these functional
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characteristics, mutagenesis studies are required that specifically assess the role of
the carbohydrates or the acidic region in the activation peptides.

Zymogenicity in Serine Proteases

Although serine proteases are keptin a zymogen state to prevent unwanted catalytic
activity, substrate conversion has been reported by various zymogens. The ‘molecular
sexuality’ principle relies on the insertion of a peptide that is sequentially similar to the
strictly conserved lle16 N-terminus into the preformed active site’"’?. Such peptides
have been shown to induce trypsinogen to trypsin transition’. In addition, bacterial
proteins belonging to the zymogen-activator and adhesion proteins (ZAAP) family
bind to serine proteases such as plasminogen’® and prothrombin’7> and insert their
N-terminus into the lle16 pocket to form the characteristic salt bridge with Asp194.
Formation of this salt bridge results in conformational changes of the activation domain
and activation of the zymogen in a non-proteolytic manner.

Zymogen activity has also been reported in the absence of a cofactor. Itis hypothesized
that both zymogen and protease exist in different conformational states within a
dynamic equilibrium’®78, In this case, zymogens may acquire a conformation that
allows for some level of catalytic activity (protease-like), whereas proteases adopt
conformations with limited activity (zymogen-like). The ratio between the activity of
the mature protease and the activity of the zymogen is defined as the ‘zymogenicity’
of the protein. In general, the zymogenicity of serine proteases is high, which results
in @ minimal or absence of proteolytic activity in zymogens. Tissue-type plasminogen
activator (tPA) is a unique exemption since its catalytic activity increases only 5-10-
fold upon activation”#'. The low zymogenicity of tPA was shown to be the result of
an intrinsic Lys156-Asp194 salt bridge which induced conformational changes leading
to the maturation and stabilization of an active trypsin-like conformation®&2. More
recently, the zymogen forms of prekallikrein and factor XII were shown to express
physiological relevant activity®#%5. Although their zymogen activity was several orders
of magnitude lower than that of the activated proteases, non-cleavable forms of
prekallikrein® and factor XII8> were able to initiate the contact activation pathway.
Our study has identified a novel mechanism by which the zymogenicity of a serine
protease can be modified. However, the exact structural requirements to achieve
zymogen activity remain unclear. It has previously been suggested that the residues
surrounding Lys156 have a critical role in determining the potential formation of the
Lys156-Asp194 salt bridge. For instance, in bovine trypsinogen Thr21 engages in a
hydrogen bond with Lys156, effectively sequestering Lys156 from interacting with
Asp194%. Similarly, in FXa and urokinase Lys156 interacts with Thr144 and Glu144,
respectively®®. In contrast, tPA comprises Phe21 and His144 that lack the potential
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to sequester Lys156 and consequently allow Lys156-Asp194 interaction®. These
observations led to the hypothesis that hydroxyl or acid groups at positions 21 and
144 interact with Lys156 to prevent formation of the Lys156-Asp194 salt bridge and
stabilize an inactive conformation. Yet, the potential to form a Lys156-Asp198 salt bridge
can not fully explain the zymogen activity of serine proteases since factor XII and
prekalikrein display physiologically relevant catalytic activity despite comprising Glu156.
In the case of factor XII, a crystal structure revealed a direct interaction between
residues Arg73 and Asp194 which may act as an alternative salt bridge inducing catalytic
activity?”. Furthermore, productive interactions with macromolecular substrates might
contribute to the stabilization of the protease state, provided that the substrate-
binding exosites are exposed. In accordance to this hypothesis, the shortened venom
FX activation peptide allows for productive interactions with the cofactor. As such, the
zymogen activity of ptFX and hFX-ptAP could be a result of FVa binding that induces
conformational changes in the protease domain allowing for Lys156-Asp194 salt bridge
formation and active site maturation.

Procoagulant Enhancements of ptFV and ptFX

Collectively, our studies have uncovered several regions that are at the basis of the
potent procoagulant effects of ptFV and ptFX. Previously, ptFV was shown to be
synthesized in an constitutively active state as a result of the shortened B domain and
the lack of the basic and acidic regions that keep human FV in an inactive procofactor
state®88. Here, we discovered two distinct mechanisms underlying the functional
resistance to APC. First, our data indicate that stable hydrogen bond formation
between the A1 and A2 domain of ptFV increases the A1-A2 domain binding affinity
upon APC-mediated proteolysis which presumably prevents A2 domain dissociation.
This increase in binding affinity was predominantly induced by the enhanced rigidity
of the so-called A2 domain loop2 which supported stable interactions with the Al
domain. Following proteolysis, the extended ptFV A2T plays a pivotal role in the
formation of the prothrombinase-like complex and conversion of prothrombin.
In addition, we demonstrated that the A2T allows ptFV to circumvent the need for
membrane binding. Based on the available data, we speculate that the A2T is able to
provide productive interactions with ptFXa and prothrombin despite APC-mediated
proteolysis or in the absence of anionic membranes. Our findings also revealed that
the shortened activation peptide of ptFX induces zymogen activity and resistance to
the intrinsic tenase complex. Although it remains to be determined whether venom
ptFXis injected into the prey in a zymogen or protease form, the zymogen activity could
elicit a procoagulant response by generating small amounts of thrombin to activate
the feedback mechanisms of the coagulation cascade. Whether the resistance for
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activation by the intrinsic tenase complex provides a selective advantage is unclear.
Finally, a prior study revealed that the extended 99-loop in ptFX reduces the sensitivity
of ptFXa for the active site inhibitors antithrombin and tissue factor pathway inhibitor
(TEPI)#82. Collectively, these unique structural elements provide the molecular basis
for the procoagulant enhancements of ptFV and ptFX and are summarized by the
schematic overview in figure 1.

Hemostatic System of the Elapid Snakes

Sequence analysis showed that liver-expressed and venom-expressed ptFV comprise
~96% sequence homology®. Intriguingly, functional characterization of the liver-
expressed ptFV revealed that this FV form shares the enhanced procoagulant
characteristics of venom-derived ptFV®°. As such, these findings raise questions on
the regulatory mechanisms of the coagulation cascade in Elapidae. Unfortunately, itis
currently unclear whether elapidae express protein C. However, it would be of interest to
evaluate the effects of snake protein C on ptFV. In our study, we observed that plasmin
significantly reduced the cofactor activity of ptFVa. This might suggest that plasmin plays
a physiological role in the regulation of liver-expressed ptFVa. The putative plasmin-
mediated inactivation of ptFVa may occur in a later stage of hemostasis relative to the
action of APC. Moreover, it has been suggested that reptiles have a primitive contact
activation pathway®¢-%°. We therefore speculate that FV plays a more procoagulant role
in the coagulation cascade of elapidae relative to the mammalian hemostatic system
in order to generate sufficient amounts of thrombin.

Liver- and venom-expressed ptFX comprise ~76% sequence homology*, which
could indicate that venom ptFX underwent evolutionary adaptations in order to
circumvent negative regulatory mechanisms. This is supported by functional studies
demonstrating that the extended 99-loop, unique to venom and isoform FX species in
Elapidae, reduces the inhibition of FXa by antithrombin and TFPI*>63, although inhibition
experiments have not yet been performed with liver-expressed ptFX. Itis possible that
the activity of the liver-expressed ptFVa-ptFXa complex is mainly regulated by inhibition
of ptFXa via inhibitors such as antithrombin, a2-macroglobulin, or TFPI. Furthermore,
the observation that liver ptFV shares the procoagulant properties of venom ptFV?°
suggests that the activity of the liver-expressed ptFVa-ptFXa complex is confined to
anionic membranes via the membrane binding requirement of liver ptFXa. As such, we
hypothesize that in Elapidae, FV plays a more procoagulant role in order to overcome
the premature and inefficient contact activation pathway. However, the enhanced
procoagulant functions of FV might in part be averted by the regulation of liver ptFXa
activity and the requirement of liver ptFXa for membrane binding.
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Potential Therapeutic Implications

Our studies have at least in part uncovered the molecular mechanisms that enhance
the activity of ptFV. The responsible functional regions could be implemented in novel
FV variants for potential therapeutic use in bleeding disorders such as hemophilia.
Hemophilia A and B are the result of a congenital defect in blood coagulation FVIII or
factor IX (FIX), respectively. These bleeding discorders are effectively treated by protein
replacement therapy. Unfortunately, replacement therapy may induce neutralizing
inhibitory antibodies against the administered product, rendering therapy ineffective
and increasing the risk of severe hemorrhagic events®’. Disease management of
inhibitor patients therefore includes the use of hemostatic bypassing agents®. The
most commonly used bypassing agents used to treat major bleeding in hemophilia
A patients with inhibitors include recombinant factors or plasma concentrates (i.e.
activated prothrombin complex concentrate and recombinant activated factor VII).
However, in the last decade a new class of subcutaneous non-factor products have
emerged that are longer-acting relative to conventional bypassing agents®. Of these
novel agents emicizumab has recently been approved for routine prophylaxis in
hemophilia A patients with or without FVIII inhibitors®#>. Emicizumab is a humanized
bispecific antibody that binds to both FIX(a) and FX(a) to promote FX activation in
a FVllla-independent manner®. As an alternative strategy, we hypothesize that
procoagulant enhancement of FV could generate novel variants that may significantly
stimulate coagulation. In chapter 3, we demonstrated that the ptFV A2 domain loop2
engages in stable interactions with the AT domain following APCG-mediated proteolysis.
As such, substitution of human loop2 for the corresponding ptFV loop2 might generate
a human FV variant in which A2 domain dissociation is prevented. Previous in vitro and
in vivo studies have provided evidence for a disease-modifier effect of APC-resistant
FV mutations in hemophilia®~'. For instance, FV'€iden and FVcembridee showed enhanced
thrombin generation in hemophilic plasma compared with wild-type FV'°1%2 and F\/eiden
was found to improve hemostasis in a murine hemophilia model™. Furthermore, an
engineered FVa variant (“r¢"FVa) comprising an A2-A3 domain disulfide bond and
mutations at the APC cleavage sites Arg306, Arg506, and Arg697 was able to reduce
hemophilia-related bleeding®”-°.

The ptFV A2T is an other structural element that might enhance the procoagulant
activity of novel therapeutic FV variants. We demonstrated that this region is responsible
for the lipid independent activity of ptFV and plays a major role in the functional
resistance to APC. Importantly, these remarkable characteristics could be translated
to human FV. However, the procoagulant enhancements relied on the presence of
ptFXa, which likely limits the potential therapeutic use of the ptFV A2T. Alternatively,

221



Chapter 8

targeting the ptFV A2T could be a viable strategy to inhibit the extreme procoagulant
effects of the ptFVa-ptFXa complex upon envenomation. This would generate the first
specific antidote for envenomation by brown snakes'. Venom-induced consumptive
coagulopathy (VICC) is the most commonly observed clinical envenoming phenotype in
Australia and is characterized by the activation and consumption of various coagulation
factors, resulting in a markedly increased risk for bleeding’#'%”. Novel antidotes that
specifically target the venom-induced procoagulant response could have a significantly
enhanced potency compared to the conventional non-specific antidotes.

A potential therapeutic application for the venom-derived activation peptide is
currently uncertain. Although the zymogen activity of our FX variants is several
orders of magnitude lower than that of FXa, the kinetics for prothrombin conversion
demonstrated that the catalytic activity can generate significant amounts of thrombin.
The generation of thrombin can in turn elicit a procoagulant response by activating
the feedback mechanisms of coagulation. In this way, the FX variants act in a similar
fashion as factor Xll and prekalikrein, which initiate the contact activation pathway in
zymogen state®*#> Based on this principle, our chimeric FX variant could potentially be
used as bypassing agent in the treatment of bleeding-related disorders. Unfortunately,
the efficacy is hampered by the resistance to activation by the intrinsic tenase complex,
which nullifies crucial amplication loops. Future studies could focus on the modification
of the venom-derived activation peptide in order to allow intrinsic tenase-mediated FX
activation while maintaining the unique zymogen activity.

Phel74-substituted FX Variants as Bypassing agent for the
Direct FXa Inhibitors

Mechanistic Principles of Phel74-substituted FX Variants

In chapter 7, we presented Phel174-substituted FX variants that are able to counteract
the anticoagulant effects of the direct FXa inhibitors. We observed that disruption
of the S4 subsite significantly affected the FXa binding affinity for the inhibitors. In
accordance with previous reports®19%199 this study confirmed the important regulatory
role of the FXa S4 subsite in inhibitor binding. The crystal structure of FXa in complex
with apixaban or rivaroxaban demonstrated that the P4 ring of apixaban and the
morpholinone ring of rivaroxaban are sandwiched between the S4 subsite residues
Tyr99 and Phe17419%1%° These residues were shown to be crucial for the high affinity
interaction and inhibitor binding stability. Furthermore, we recently demonstrated that
specific modification of the S4 subsite disrupts the high affinity binding of apixaban®?.
In concordance, our kinetic data and Molecular Dynamics simulations provided
additional evidence that the bypassing effect of FXa-F174 variants is mediated by a
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disrupted inhibitor binding stability. Substitution of the large hydrophobic Phe174 for
the smaller alanine or serine enlarges the S4 subpocket and provides a rationale for
the increased inhibitor mobility. Further support for our observations comes from
the Molecular Dynamics simulations performed by Qu et al. on the FXa-rivaroxaban
X-ray structure using a modelled Phe174Ala FXa variant'. These Molecular Dynamics
simulations revealed that the binding of rivaroxaban was affected to a greater extent
by the Phe174 substitution compared to similar simulations using the FXa-apixaban
structure'®. However, in our study kinetic assessment did not reveal any differences
in FXa-F174 inhibition between apixaban or rivaroxaban. This might be explained by
the alternative binding mode of rivaroxaban that may occur upon disruption of the
S4 subsite. In this binding mode, the morpholinone moiety of rivaroxaban shifts into
the shallow S1” pocket and forms strong interactions with Phe41, GIn61, and GIn192"°.
As a consequence, rivaroxaban occupies the essential S1 subsite in a relatively stable
manner. These different rivaroxaban binding modes may ultimately result in a loss of
FXa sensitivity that is similar to that observed for apixaban.

Interestingly, we observed that the ability of the FX-F174 variants to overcome the
anticoagulant effects of the direct FXa inhibitors was enhanced in plasma. Our findings
demonstrated that these additional effects were mediated by a decreased sensitivity
for TFPI. As such, the Phe174-substituted FX variants bypass the direct FXa inhibitors
via two independent mechanisms, i.e. a disrupted inhibitor binding and in part via
resistance to TFPI. These results also indicate that the FXa S4 subsite is an important
regulator for TFPI binding, supporting earlier reports suggesting that the hydrophobic
Kunitz 2 residues lle13 and Leu39 engage the S4 subsite residues Tyr99 and Phe174™".

Therapeutic Potential and Comparison of Reversal Agents

Rapid reversal of the anticoagulant DOAC activity may be required in case of life-
threatening hemorrhage, major trauma, emergency surgery, or DOAC overdose. Over
the last years, several specific reversal agents have been generated that either act as
stoichiometric bait antidotes or initiate coagulation via a bypassing mechanism. To date,
andexanet alfa (andexanet) is the only FDA- and EMA-approved specific reversal agent
for major bleeding events induced by the direct FXa inhibitors. Other specific reversal
agents, summarized in chapter 6, are still in clinical or preclinical development.

A major advantage of the FX-F174 variants resides in the limited amount of protein that
is needed to correct inhibitor-induced bleeding relative to the bait antidotes. Based
on an average individual, 880-1760 mg andexanet is required to restore hemostasis
compared to an estimated 40-130 mg of the FX-F174 variant, a 14-22-fold lower dose.
This can be explained as follows. First, the mechanism of bait antidotes relies on the
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sequesteration of inhibitors in order to generate free endogenous FXa. In theory,
the bait antidotes sequester the inhibitors in a stoichiometric manner. However, the
binding between the direct FXa inhibitors and bait antidotes is reversible and the affinity
of bait antidotes for the inhibitors is usually similar, if not slightly weaker, relative to
endogenous FXa. This creates an equilibrium between inhibitor-bound antidote, free
inhibitor, and inhibitor-bound endogenous FXa, resulting in a persistant pool of free
FXa inhibitor and inhibitor-bound FXa. As a consequence, an increased ratio between
antidote and inhibitor may be required to sufficiently restore hemostasis. Conversely,
the prohemostatic agents do not rely on the activity of endogenous FXa, but rather
intiate coagulation in the presence of the inhibitors via a bypassing mechanism.
Therefore only small amounts of inhibitor-resistant FXa would be required to restore
hemostasis. Secondly, an antidote should ideally neutralize and clear the inhibitor from
the circulation. Pharmacokinetics studies revealed that andexanet exhibits a terminal
elimination half-life of 4 to 8 hours'?. The relatively slow clearance of andexanet-
inhibitor complexes might potentially explain the necessity for a continuous infusion
of andexanet in addition to the initial bolus injection.

The prohemostatic bypassing agents that are currently in preclinical development
are recombinantly-generated variants of endogenous coagulation factors. As such,
these factor-based products could potentially elicit an immune response which would
limit their efficacy of repeated use. However, the immunogenic potential of FXa-116L
and the FX-F174 variants might be minimal since they comprise only a single amino
acid substitution. In contrast, FX-C contains an unique nine-residue insertion and
substitution of surrounding residues derived from the P. textilis isoform FX® that could
potentially be targeted by the immune response. Whether these variants would elicit
animmune response upon administration is unpredictable. Thus far, non-neutralizing
antibodies against andexanet have been detected in patients albeit with low antibody
titers"3"4 Importantly, neutralizing antibody responses against andexanet have not
been reported and neither have antibodies with cross-reactivity to factor X(a) been
detected™. Moreover, only a few patients with acquired inhibitors against FX have been
reported', which might suggest that the immunogenic potential of FXis low.

Thrombotic complications associated with FXa inhibitor reversal remain a major concern
in clinical practice. Thrombotic events occurred in approximately 10% of the patients
within 30 days following andexanet treatment''>. This is relatively high compared to the
percentage of thrombotic events observed during idarucizumab-mediated reversal of
dabigatran (4.8%)""® or other anticoagulant reversal studies (3.9-7%)""""8. The relatively
high incidence of thrombosis might be explained by the interaction of andexanet with
the natural anticoagulant TFPI. Previous reports have shown that andexanet binds to

224



TFPI with high affinity and dose-dependently increases the thrombin peak height in
normal and hemophilic plasma'®?". Whether andexanet is able to interact with TFPI
when andexanet is bound to the direct FXa inhibitors is unlikely. However, considering
the high administrated dose of andexanet, we speculate that significant amounts of
the antidote circulate in free form and thus could interact with TFPI. Additionally, due to
their reversible binding nature, the direct FXa inhibitors and TFPI compete for binding to
andexenet and establish an equilibrium between andexanet-inhibitor and andexanet-
TFPI complexes. Since the inhibitory constants of the FXa inhibitors are similar to that
of TFPIe3122123 'significant amounts of andexanet might circulate in complex with TFPI.
Jourdi et al. circumvented these potential macromolecular interactions by generating
a GLA-domainless FXa in complex with a2-macroglobulin®'24 Although this antidote
could potentially be safer, it might prove difficult to large-scale purify or recombinantly
produce a2-macroglobulin for therapeutic use.

Even though clinical data for the prohemostatic bypassing agents remain to be
obtained, these agents may potentially induce thrombotic complications. Patients could
be at risk for overdosis since it might prove difficult to determine adequate dosing as
a consequence of individual variation in blood clotting. In addition, the therapeutic
window of these reversal agents is likely narrow because small differences in dosing
may significantly impact the hemostatic outcome. From a safety perspective, FXa-
116L requires FVa to induce catalytic activity towards prothrombin®2'2>. Furthermore,
FXa-116L is unlikely to interact appreciably with plasma proteins, most notably the
endogenous protease inhibitors, due to its disordered active site'> which could
limit the risk for reversal agent-induced thromboembolisms. In our studies, we have
generated FX variants in zymogen form. When coagulation is triggered, these factors
will be activated through the intrinsic and extrinsic pathways in a similar manner as
endogenous FX. Mareover, by making use of the zymogen form of FX-F174 variants,
productive interactions or sequesteration by plasma proteins might be prevented. As
such, these reversal agents have the potential to restore hemostasis in case of life-
threatening bleeding events that are induced by the direct FXa inhibitors and might
minimize the risk for thrombotic complications.

Concluding Remarks

The aim of the research in this thesis was to gain further insights into the remarkable
procoagulant adaptations of Pseudonaja textilis venom-derived FV and FX. To achieve this
goal we examined the structure-function relationships of several structural elements
unique to ptFV and ptFX. A better understanding of the procoagulant enhancements
of ptFV and ptFX could provide significant opportunities for the generation of novel
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therapeutic agents. The FX-C and FX-F174 variants originated from research on the
extended 99-loop in ptFX and provide important examples of how unique structural
elements can be used for therapeutic purposes or how the exceptional functionalities
increase our knowledge of important physiological processes.

Our findings in chapters 3 and 4 strongly suggest that the ptFV A2 domain loop2 and
the uniquely extended ptFV A2T are responsible for the functional resistance of ptFV
to APC. Furthermore, we revealed that the ptFV A2T facilitates prothrombin conversion
in the absence of membranes by enabling productive interactions with ptFXa and
prothrombin. By making use of the ptFX activation peptide we showed in chapter 5 that
the human FX activation peptide comprises an essential binding site for the intrinsic
tenase complex. In addition, the venom-derived activation peptide allows FVa binding,
inducing structural rearrangements that allow for the maturation of the active site
and thereby enable catalytic activity while in zymogen state. Finally, in chapter 7 we
generated FX variants that have the potential to serve as rescue therapeutic agents
to overcome the effect of the direct FXa-inhibitors. Collectively, these studies have
identified the mechanistic principles by which ptFV and ptFX have circumvented the
normal regulatory mechanisms of blood clotting. Translation of these procoagulant
enhancements to human coagulation proteins might provide unique opportunities
towards the generation of novel therapeutic agents for bleeding disorders.
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ptFV/ptFVa ptFX/ptFXa

Lipid-independent Activity/
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Extended A2 Domain C-terminus
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A2 Domain Loop2

-
-

Zymogen Activity/
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APC Resistance Constitutively Active*
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Cleavage Site the Basic and Acidic Regions

A

’
’
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Figure 1. Schematic summary of the unique procoagulant enhancements of venom-derived
ptFV and ptFX. Venom-expressed ptFV comprises several unique structural modifications that
are responsible for ptFV's constitutive cofactor activity, the functional resistance to APC, and the
lipid-independent cofactor activity. Furthermore, venom-expressed ptFX comprises a shortened
activation peptide and insertion in the 99-loop that facilitate zymogen activity and resistance
to activation by the human intrinsic tenase complex, and a reduced sensitivity for active site
inhibitors, respectively. *Upon activation to ptFVa, the ptFV B domain that covalently connects
the C-terminal A2 domain (A2T) with the N-terminal A3 domain is proteolyically removed. Ab-
breviations: A2T, A2 domain C-terminus; GLA, y-carboxyglutamic acid domain; EGF, endothelial
growth factor 1 and 2 domains; AP, activation peptide; SP, serine protease domain. S-S indicates
the disulfide bond covalently linking the EGF-2 and serine protease domains.
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