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Abstract. Coagulation factor VIIa (FVIIa) is an
atypical member of the trypsin family of serine
proteases. It fails to attain spontaneously its catalyti-
cally competent conformation and requires its protein
cofactor tissue factor (TF) to accomplish this. Over a
number of years, this unique behaviour of FVIIa has
prompted investigations of the TF-induced activation
mechanism and the zymogenicity determinants in

factor VIIa. Factor VIla has gained additional interest
in the past decade because of its development into a
clinically useful haemostatic agent. Here, we present
an overview of the current knowledge about the TF-
induced allosteric activation of FVIIa and the various
molecular approaches to enhance the intrinsic activity
and efficacy of FVIIa.

Keywords. Factor VlIla, tissue factor, factor VIIa analogue, factor X activation, allostery, intrinsic activity,
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Introduction

Upon vascular injury, the cell surface receptor tissue
factor (TF) is exposed to the circulating blood and
binds coagulation factor VIIa (FVIIa) and any
extravascular, preformed FVIIa:TF complexes are
also exposed to the blood [1-4]. This complex is the
trigger for blood coagulation through factor IX (FIX)
and factor X (FX) activation and FVII autoactivation
on the TF-bearing cells. The FX activation to FXa in
turn generates enough thrombin to activate platelets
and convert factors VIII (FVIII), V and XI to their
activated forms [5, 6]. The thrombin-activated plate-
lets provide a perfect template for binding of FVIIIa
and FIXa (tenase complex), leading to further activa-
tion of FX, and binding of factor Va and FXa
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(prothrombinase complex) resulting in large-scale
thrombin generation and a fibrin clot. In addition to
initiating blood coagulation, the FVIIa:TF complex
also induces signalling events influencing cellular
responses and pathophysiological processes [3, 7].

FVIIa consists of a trypsin-like serine protease
domain and an N-terminal, disulphide-linked light
chain composed of a membrane-binding y-carboxy-
glutamate-rich domain (Gla domain) and two epider-
mal growth factor (EGF)-like domains (EGF1 and
EGF2 (Fig. 1) [8, 9]. Apart from binding to TF, the
light chain domains help to position the protease
domain and its active site at a proper distance above
the membrane surface [10]. Like other serine pro-
teases in the trypsin family, FVII is secreted as a
zymogen (single chain) and needs endoproteolytic
cleavage of the peptide bond preceding position 153
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{16}! (trypsinogen numbering in brackets) to become
catalytically active. In trypsin, the newly formed N
terminus spontaneously inserts into a cavity, termed
the activation pocket, resulting in the formation of a
salt bridge with Asp'* (residue 343 in FVIIa) [11]. The
formation of the salt bridge leads to maturation of the
catalytic apparatus, i.e. the substrate-binding cleft and
the oxyanion hole. However, FVIIa has a very low
catalytic activity due to poor N-terminal insertion. TF
allosterically facilitates this process [12] and markedly
accelerates the activity of FVIIa towards its physio-
logical substrates [13].

Protease
domain

EGF2

EGF1

Gla

Figure 1. Overview of the FVIIa:TF complex (Protein Database
entry code: 1dan.pdb). (A) The structure of FVIIa is shown in a
surface-rendered representation while that of TF is shown as a
cartoon model in green. The domain structure of FVIla is depicted
using different colors: the Gla domain in deep blue, the EGF1
domain in light blue, the EGF2 domain in blue and the protease
domain in grey. A covalent inhibitor is present in the active site
(green carbon atoms). The atoms in FVIIa closer than 3.5 A from
TF are in red. (B) Cartoon model of FVIIa. Ca®>* ions are shown as
magenta spheres: seven are bound to the Gla domain, and one in
each of the EGF1 and the protease domains.The structures were
drawn using PyMol v0.99.

Patients with haemophilia A and haemophilia B lack
or have dysfunctional FVIII and FIX, respectively.
These patients are usually treated by replacement
therapy using factors of either plasma or recombinant
origin. A considerable percentage of these patients,
however, develop inhibitory antibodies against the
administered protein which makes replacement ther-
apy inefficient [14]. Recombinant FVIIa (rFVIIa,
NovoSeven®, Novo Nordisk A/S, Bagsvaerd, Den-
mark) constitutes an efficient substitution therapy for

! Trypsinogen numbering is as follows: Arg'*?, 15; Ile'**, 16; Val'>,
21; His'”, 57; Asp*?, 102; Glu*®, 154; Met*®, 156; Leu®®, 163;
Met™, 164; Cys*"’, 168; GIn*"®, 170A; Ser’™*, 170B; Asn*?, 175;
Cys™, 182; Lys™, 188; Asp™®, 189; Asp™?, 194; Ser**, 195;
His*”, 224; Phe®™, 225.
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the treatment of this group of patients. At pharmaco-
logical concentrations, rFVIla is able to bind to
thrombin-activated platelets and is capable of activat-
ing factor X directly, in the absence of TF, thereby
generating thrombin and bypassing FVIII and FIX.
Outside the haemophilia indication, NovoSeven is
approved for use in patients with congenital FVII
deficiency and with a platelet disorder, Glanzmann’s
thrombasthenia, and it is continuously being evaluat-
ed in a variety of other medical and drug-induced
conditions [15-17]. The natural next step in drug
development would be to search for rFVIIa analogues
with higher intrinsic activity and an improved clinical
efficacy. Such analogues may prove to be clinically
more useful because they would induce haemostasis
more rapidly and potentially result in the formation of
a more rigid clot. This review describes the structure
and natural activation mechanism of FVIIa, the
pharmacological mechanism of action of rFVIIa, the
approaches used to date to generate various classes of
improved rFVIla analogues and the properties of
these new molecules.

Structural properties

The X-ray crystallographic structure of FVIIa in
complex with TF [18] was a major breakthrough in
the understanding of the molecular details of this
pivotal interaction and the first structure solution of
an enzyme-cofactor complex in the coagulation cas-
cade. Earlier, alanine scanning mutagenesis had
revealed sites in FVIIa important for interaction
with TF [19]. The structure of FVIIa is depicted in
Figure 1 with the trypsin-like protease domain shown
in grey and the N-terminal light chain in blue. The
interaction between FVIIa and TF is characterized by
a large interface divided into several domains. The
structural characteristics of each domain of FVIla are
described in some detail below.

The Gla domain including the neighbouring hydro-
phobic stack consists of the first 45 amino acid residues
[20]. The structure of the FVIIa Gla domain is similar
to that of other vitamin K-dependent coagulation
factors including prothrombin, FIX, FX and protein
C. The posttranslationally y-carboxylated first nine
glutamic acid residues in FVIIa (referred to as Gla
residues [21]) are clearly resolved in the structure [18],
while Glu®, the tenth glutamic acid residue and the
last potential carboxylation site, is disordered and
possibly not (completely) modified. The Gla residues
are responsible for Ca’" binding, which induces a
significant structural reorganization into a membrane-
binding conformer [22-24]. The Gla domain binds
seven calcium ions, six of which are arranged in a
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planar fashion. When bound to a lipid membrane, the
array of calcium ions is presumably placed in the plane
of the phospholipid headgroups. Binding of calcium to
Gla® and Gla’ induces an w-like conformation of the
first 10 residues which exposes Phe*, Leu’ and Leu® to
the solvent in a manner suitable for binding to cell
membranes containing phophatidylserine [22-26].
Despite the homology and a high degree of sequence
identity between the Gla domains of the coagulation
factors, the binding affinity for synthetic anionic
phospholipid membranes varies by several orders of
magnitude [27]. Hence, the dissociation constant for
bovine prothrombin was determined to be 150-fold
lower than that of bovine FVIIa despite a sequence
identity of 70 %. Biochemical data and X-ray struc-
ture elucidation suggest specific interactions with
phosphatidylserine [22]. The FVIIa interaction with
TF in this region is mainly hydrophobic and involves
residues in the C-terminal helix (hydrophobic stack)
of the Gla domain.

EGF-like domains are small, rigid protein building
blocks held together by a tight network of disulphide
bonds. The EGF1 domain, consisting of residues 46—
88, binds a single calcium ion close to the N-terminal
end which is required for optimal affinity for TF [28].
There are indications that the presence of Ca*" in the
EGF1 domain locks the relative orientation of the Gla
and EGF1 domains which would reduce the entropy
loss upon TF binding [29]. Most of the hydrophobic
interactions and hydrogen bonds in the FVIIa-TF
complex are between the EGF1 domain and TF and
the majority of the binding energy of the complex
comes from this part of the interface (Fig 1A).

The EGF2 domain is tightly connected to the protease
domain and together they form a structural unit
bridged by a disulphide bond. The linker between the
two EGF-like domains is flexible and acts as a hinge
region between the two structural units, Gla/EGF1
and EGF2/protease domains. This notion is supported
by the X-ray crystallographic structure of Gla-do-
mainless FVIla where the orientation of the EGF1
domain appears to be dictated by crystal packing, and
a single residue, GIn*, seems to act as the hinge [30].
The observed orientation probably represents one of a
number of possibilities in solution. In another struc-
ture of Gla-domainless FVIIa, only the EGF2 and
protease domains were well resolved suggesting a
flexible arrangement of the EGF1 domain or disorder
within the crystal [31]. Regardless of orientation and
occupancy by TF, the EGF-like domains exhibit
essentially identical conformations as expected con-
sidering their structural rigidity.

The protease domain structure is outlined in Figure 2.
The core structure is similar to that of other trypsin-
like serine proteases and consists of two halves, an N-
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terminal and a C-terminal B-barrel. His"*{57} and
Asp*?*{102} of the catalytic triad are located in the N-
terminal barrel, while the active site Ser’***{195} is
placed in the other subdomain. A comparison of X-ray
crystallographic structures of trypsin and trypsinogen
[32] shows that loops in the C-terminal [-barrel
become ordered during trypsinogen activation (seen
as markedly decreased crystallographic B factors).
This prompted the definition of the activation domain
which encompasses the N-terminal tail created upon
endoproteolytic activation and the three so-called
activation loops (Fig.2). Insertion of the newly
formed N terminus (Ile'**{16}) into the activation
pocket to form a salt bridge with Asp***{194} occurs
spontaneously in most trypsin-like proteases and is
required to define the active site region, i.e. to order
the activation loops, mature the S1 pocket and
generate the oxyanion hole. Zymogen FVII is con-
verted to the activated form by proteolytic cleavage of
the Arg'**{15}-1le'**[16} peptide bond. The propensity
of the N terminus in free FVIla to become buried is
low, rendering the protein zymogen-like. An exposed
N terminus leads to a more rapid decrease in activity in
experiments chemically modifying the a-amino group
[12, 33]. FVIIa realizes its full catalytic power first
when bound to TF, which allosterically promotes the
N-terminal insertion [12], and TF binding activates
FVIIa thereby creating optimal conditions for proc-
essing of the natural substrates, factors VII, IX and X.
Apart from TF, Ca*" also activates FVIIa albeit more
modestly [34]. In Figure 2, the Ca*" bound to the
protease domain is shown as a purple sphere in the N-

Figure 2. The protease domain of FVIla (Protein Database entry
code: ldan.pdb) in cartoon representation (grey). Parts of the
EGF2 domain are visible (blue). The TF-binding helix (306{164}—
312{170}), the 170 loop (313{170A}-325{178}) and the 99 loop
(233{93}-242{102}) are in red. The TF-interactive Met**{164} is
shown as a stick model in yellow. The activation loops 1 (285{142} -
294{152}), 2 (331{184A}-342{193}) and 3 (365{216}-372{223}) are
in cyan. The carbon atoms of the active site inhibitor FFR-cmk are
in green and the Ca”" ion is in purple.
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terminal B-barrel. The presence of Ca®" stimulates the
enzymatic activity and, together with the other bound
calcium ions, facilitates binding to TF [35]. This
illustrates that apo-FVIla is in a state of lower activity
and in an equilibrium shifted further towards the
zymogen-like conformation than Ca**-loaded FVIIa.
In contrast, Zn*" binding to the protease domain of
FVIla resulted in decreased activity. Theoretical
methods identified two putative Zn>"-binding sites in
the vicinity of the Ca*"-binding loop and suggested
competition between the two ions [36]. X-ray crystal-
lography has confirmed that Zn*" indeed binds in the
vicinity of the Ca®" loop in the protease domain [37].
In recent years, a number of X-ray structures have
illustrated the conformational plasticity of the pro-
tease domain of FVIIa in its catalytically competent
conformation, i.e. with the N terminus buried in the
activation pocket and an inhibitor occupying the
active site. This is, in particular, observed in the
vicinity of the S1 pocket [37, 38], in the first part of
activation loop 3 and in the area of the TF-interactive
helix and the 170 loop [18, 39]. The oxyanion hole and
the rim of the S1 pocket may undergo minor
conformational changes depending on the type of
inhibitor bound. A structural comparison shows that
not only the classical activation loop 3 (residues
365{216}-372{223}) is flexible in the substrate-binding
cleft of FVIIa. Altogether, these observations indicate
a high degree of flexibility in this region of FVIIa.
When the inhibitor benzamidine is soaked out of
FVIIa, the resulting structure reveals a slightly rotated
TF-binding helix and a disordered 170 loop [39]. Thus
there is a larger conformational flexibility in the
absence of the inhibitor also in this region also.
However, the N terminus remained buried in the
activation pocket whether benzamidine was present
or not suggesting that FVIIa did not return to the
zymogen-like conformation when the inhibitor was
soaked out.

Zymogen FVII has been crystallized in complex with
an exosite-binding inhibitory peptide. The structure
revealed a new registration of two P strands which
considerably changed the TF-binding region and the
macromolecular substrate exosite when compared to
previous structures of FVIIa [40]. Subsequent analysis
of the crystal packing showed intermolecular contacts
at the site of the reregistration which makes it unlikely
that the 3 sheet organization plays a role in FVIla
activation [41]. This was further substantiated by
mutagenesis [42] and most recently by hydrogen
exchange experiments on zymogen FVII and FVIla
in solution [43]. Nevertheless, locking the two f
strands by an introduced disulphide bond in what was
assumed to be the position in the active form of FVIla
resulted in variants with an apparently enhanced
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amidolytic activity accompanied by an altered specif-
icity profile, but the intrinsic ability to activate the
natural macromolecular substrate FX was not im-
proved [44]. Detailed insights into the structure of
uninhibited, free FVIla are very much needed in order
to reveal both the salient and subtle differences
between the zymogen-like form and the enzymatically
active (TF-bound) form of FVIIa.

Allosteric activation

A fraction of the FVII molecules in the blood are
cleaved after Arg'*?{15} and circulate in a form ready
to assume the active conformation upon TF exposure.
This patrolling function of FVIIa ensures rapid
initiation of blood clotting upon tissue injury. At the
same time, the preferred zymogen-like conformation
of free FVIIa prevents untimely procoagulant activity.
The allosteric activation of FVIla by TF has been
explored by a variety of techniques, e.g. site-directed
mutagenesis and structural comparisons of TF-bound
[18] and free FVIIa [30, 31], and reviewed [45, 46].
The alanine scanning mutagenesis [19] of 112 solvent-
exposed residues identified the importance of
Met*®{164} for activation by TF, and the X-ray
structure of the complex confirmed its pivotal role
[18]. The activation was indeed abolished when
substituting with an Asp residue at this position [47].
Met**{164} fits into a small surface cavity on TF and
the interaction appears to induce an a-helical struc-
ture comprising residues 307{165}-312{170}, the TF-
binding helix, that restricts the flexibility of the 170
loop. In the structure of free FVIIa, the a helix as well
as the 170 loop was less ordered, suggesting an
important impact of TF [18, 30]. The alanine scan
also revealed exosites in the protease domain impor-
tant for binding of the macromolecular substrates that
are confined to the vicinity of the activation pocket.
Recently, studies using hydrogen exhange monitored
by mass spectroscopy [43] further elucidated the
allosteric impact of TF on FVIIa. The hydrogen
exchange kinetics of FVII and FVIla were indistin-
guishable, indicating very similar solution structures.
Upon TF binding, FVIla underwent dramatic struc-
tural stabilization as indicated by decreased exchange
rates distributed throughout the protease domain and
in distant parts of the light chain. In an attempt to track
the conformational changes induced by TF, exchange
data were supplemented with molecular dynamics
simulations [48]. This analysis suggested an allosteric
activation mechanism in which TF stabilizes the
environment of Met* {164}, in particular the
Leu®™{163}/Phe*’*{225)} pair, which in turn stabilizes
activation loop 3, the S1 and S3 substrate binding sites,
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the activation pocket and the N-terminal insertion.
The replacement of Leu’”{163} with Val has been
shown to give improved catalytic activity [49] support-
ing the hypothesis and the importance of the TF-
interactive region.

Three regions of FVIIa are stabilized by TF [45]; the
TF-binding region mentioned above (including the
170 loop) and, allosterically, the active site region and
the macromolecular substrate exosite (encompassing
the activation pocket) which determines physiological
substrate specificity [50, 51]. This is why TF binding
results in both an insertion of the N terminus into the
activation pocket and a maturation of the active site.
Interestingly, binding of an inhibitor in the active site
of FVIIa increases the affinity for TF (stabilizes the
TF-binding region) and promotes the insertion of the
N terminus [33, 52, 53]. Analogously, the macro-
molecular substrate exosite is connected to the active
site and TF-binding region [54, 55]. This demonstrates
the bidirectional nature of the allosteric cross-talk.

Pharmacological mechanism of action of FVIIa

The total concentration of circulating FVII is 10 nM
and only about 1 % of this is in the potentially active,
cleaved FVIIa form. Keeping this in mind, one can
anticipate that the administration of a typical dose of
rFVlIla, around 100 pg/kg body weight which results in
a circulating concentration of about 25 nM (or 250
times the endogenous FVIIa concentration), opens up
an alternative mechanism of action. The affinity of
FVIIa for the platelet membrane is characterized by
an equilibrium binding constant of about 90 nM [56]
or even as high as a couple of hundred nanomolar [E.
Persson, unpublished data]. The high FVIIa concen-
tration during haemostatic therapy makes it thermo-
dynamically possible for a significant number of
molecules to bind to the surface of activated platelets
making platelet localization of an amount of FVIla
sufficient for haemostasis feasible during treatment
with rFVIIa. FX has a higher affinity for the platelet
membrane (binding constant around 30-50 nM, i.e.
below the plasma concentration of FX of 140 nM).
The colocalization of the enzyme FVIIa and its
substrate FX allows for the pharmacological action
of rFVIIa and forms the basis for its TF-independent
mechanism of action (Figure 3).

Under haemophilic conditions, platelet-bound rFVIIa
carries out the activation of FX normally done by the
FIXa-FVIIla complex. When added to ‘normal’ blood
with intact functional levels of all factors, rFVIla
assists the tenase complex in the FXa generation
process. In both cases, rFVIIa-catalysed FX activation
provides the needed augmentation of the process and
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Figure 3. Schematic illustration of the colocalization of FVIIa and
FX on the activated platelet surface during rFVIla therapy. FX
(blue) has an affinity for the platelet membrane that permits
binding at the physiological concentration, whereas FVIIa (brown)
only binds at pharmacological concentrations. The platelet surface
brings the enzyme and the substrate together and serves as a
template for (TF-independent) FVIla-catalysed FX activation, a
reaction that occurs extremely slowly in solution. Other surface
molecules are omitted for clarity.

occurs on the surface of activated platelets. The
thrombin that is subsequently generated by FXa not
only cleaves fibrinogen to form a fibrin clot but also
down-regulates fibrinolysis by activating the throm-
bin-activatable fibrinolysis inhibitor (TAFI). Thus the
thrombin generation resulting from the addition of
rFVIla has both procoagulant and antifibrinolytic
effects by promoting the formation of the fibrin clot,
its structure [57] and its stability [58].

The limitations of FVIla lie in its low platelet
membrane affinity and low intrinsic activity, and the
currently prevailing mechanism of action [59-61]
suggests two obvious main routes towards an en-
hanced and more immediate pharmacological effect
of FVIla: the accumulation of a larger number of
FVIIa molecules on the platelet surface by increasing
the phospholipid affinity, or the enhancement of the
intrinsic enzymatic activity of the individual FVIIa
molecule. FVIIa variants with such improved proper-
ties have been constructed and are described in the
following sections.

FVIIa analogues with increased membrane affinity

The major function of the Gla domain is to attach
FVIla to membranes, in other words to add binding
energy to the interaction with membrane-associated
TF. During treatment with rFVIIa, the task is changed
to include mediation of platelet membrane binding.
As mentioned above, the membrane affinity varies
drastically between Gla domains of different proteins.
An analysis of the correlation between amino acid
sequence and membrane-binding properties suggest-
ed the importance of a few specific residues, namely
those at positions 10,32 and 33 in FVIIa (11, 33 and 34
in prothrombin numbering) [27]. Furthermore, the ®
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loop of FVIla is one amino acid shorter than in
prothrombin. These observations prompted Nelses-
tuen and coworkers to construct a range of FVIla
mutants. The mutant P10Q-FVIIa showed a mere 2-
fold enhancement in membrane binding affinity over
FVIIa. A combination with K32E gave a further 25-
fold enhancement [62], and this double mutant
displayed a significantly improved procoagulant effect
in haemophilic blood [63]. The analogue with the
highest membrane affinity, P10Q/K32E/D33F/A34E-
FVIla, with a Tyr residue inserted at position 4,
showed 150- to 300-fold improvement over FVIla.
The enhancement of membrane affinity of the FVIla
variants was related to an improvement in their
coagulant activity of up to 40-fold depending on the
assay method [64, 65]. An FVIla variant based on this
family is currently a clinical development candidate
with Maxygen under the name MAXY-VII [66].
Except for the insertion at position 4, most of the
mutations are in a region close to residue 32. This
region is situated on the opposite side of the Gla
domain relative to the common solvent-exposed
hydrophobic patch (Phe®, Leu’ and Leu® in FVIIa)
and quite far from the N-terminal end of the domain
where the membrane contact is generally assumed to
take place. X-ray and nuclear magnetic resonance
(NMR) spectroscopy structures of the bovine pro-
thrombin Gla domain in complex with Ca*" and
lysophosphatidylserine allowed the identification of
critical interactions between the phospholipid and Gla
[22]. In Figure 4, the Gla domain os FVIIa is shown in
a cartoon model with mutated residues shown as sticks
and lysophosphatidylserine modelled using a confor-
mation found in the Gla domain of prothrombin.
Molecular dynamics simulations provided structural
and dynamic support for the role of the P10Q and
K32E mutations in the improvement of the membrane
contact [67]. A rotation of the Gly" main chain
occurring during the simulation results in a hydrogen
bond with the GIn'’side chain and the appearance of a
hydrogen bond between Glu** and GIn'". This forces
the loop harbouring Arg’ and Arg” to shrink and
thereby enhances the accessibility of the phospholi-
pids to the Ca*" ions.

FVIla analogues with a stabilized activation domain
and N-terminal insertion

As mentioned above, a structurally well-defined
activation domain and insertion of the protease
domain N terminus are prerequisites for the activation
of trypsin-like enzymes, and TF promotes this tran-
sition of FVIIa from a zymogen-like to an active
conformation [12]. Therefore, in the attempts to
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J
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(__K\g,
Figure 4. X-ray structure of the Gla domain of FVIIa (Protein
Database entry code: 1dan.pdb) in complex with lysophosphati-
dylserine (yellow carbon atoms). The Ca*" ions are in purple and

side chains of interest are shown as stick models.

generate FVIla variants with elevated intrinsic enzy-
matic activity, mutations aimed at stabilizing the
activation domain in the conformation that permits
burial of the N terminus as well as mutations that
should restrict the motional freedom of the N-
terminal tail have been exploited. The sites and nature
of the mutations are decided based on analyses and
comparisons of the three-dimensional structures of
FVIla and its relatives and amino acid sequence
alignments. One of the most active FVIla variants,
V158D/E296V/M298Q-FVIla (FVIlapy, currently in
clinical development by Novo Nordisk A/S under the
name NN1731), combines these contributions, and its
N terminus is very inaccessible to solvent (even
slightly more buried than that of FVIIa in complex
with soluble TF) [68, 69]. Figure5 depicts the
activation pockets of FVIIa and FVIlapy, with buried
N termini. The introduced changes in FVIlapyq
presumably promote generation of a strong hydrogen
bond network fixing the N terminus in the activation
pocket which may explain why the local, structural
effect of the mutations is more profound than that
allosterically induced by TF. However, the N terminus
of an FVIlapyo molecule is presumably not buried in a
different way than that of TF-bound or free FVIla
(when buried). Rather, the active conformation is
favoured in FVIlapyo and the equilibrium between
zymogen-like and active conformation is dramatically
shifted towards the latter. As a consequence,
FVIlapyo has a more mature active site than FVIla
and activates factor X about 30 times faster in solution
as well as on the surface of activated platelets [68, 70].
This is apparently only, or at least predominantly,
because of an increase in k. The only marginally, if at
all, reduced K, of FVIlapyo for FX fits with the
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observation that the affinity of the interaction be-
tween FVIIa and FX appears to be unaffected by the
burial status of the protease domain N terminus [71].
The dramatically enhanced procoagulant or haemo-
static potential of FVIlapy, and related FVIla var-
iants has also been demonstrated in haemophilic
human plasma [72], in a murine model of haemophilia
A [73] and, most recently, in whole blood from
patients with severe haemophilia A [74, 75]. Of the
individual substitutions in FVIlapyq, only the M298Q
mutation is able to enhance significantly the intrinsic
activity, albeit to a more modest extent [68, 76].
However, the charged aspartic acid residue at position
158{21} is pivotal for high proteolytic activity (without
it, amidolytic and proteolytic activities increase in
parallel) [69] and removal of the charged residue in
position 296{154} alleviates the electrostatic repulsion
between the activation domain and the Ca’"-binding
loop (residues 210-220) [77]. Along with the en-
hanced activity of FVIlapyg and the other analogues
comes an increased susceptibility to inhibition wheth-
er mediated by small active site inhibitors or by
macromolecules such as antithrombin or tissue factor
pathway inhibitor [68, 69, 76, 78, 79]. Not only
glutamine but also lysine at position 298{156} can
increase the intrinsic activity of FVIIa if in the correct
environment [80]. The entire loop containing
Glu**{154} and Met*®{156} was replaced by that
from FXa and unfavourable intramolecular contacts
were removed. Interestingly, we observed an en-
hanced rate of FIX cleavage, but not of FX, indicating
that it is possible to selectively improve macromolec-
ular substrate processing.

An unrelated, activity-enhancing mutation in the
vicinity is the replacement of Lys*’{188} by Ala [68]
(see Fig.S5). It was originally hypothesized that the
lysine residue, situated in activation loop 2, might
repel the N terminus on its way into the activation
pocket and that a charge elimination would facilitate
N-terminal insertion. A threefold increase in intrinsic
enzymatic activity was indeed obtained with the same
absolute activity increase both on wild-type and
FVIlapyo backgrounds, but the accessibility of the N
terminus was unaltered. Thus the mechanism behind
the activity enhancement of the K337A mutation
remains elusive, but it is presumably related to its
proximity to a catalytically important residue such as
Asp¥¥{189).

FVIla analogues with modifications affecting
the 170 loop

Upon binding to FVIIa, as part of the stabilization of
its active conformation, TF restricts the flexibility and
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Figure 5. Close-up of the activation pockets in FVIIa (Protein
Database entry code: 1dan.pdb) and in a model of FVIIapy. In the
top panel, the side chains of Ile'*{16}, Val'*{21}, Glu**{154},
Met**{156} and Lys*’{188} are in stick models and a structurally
conserved water molecule is shown as a magenta sphere. The N-
terminal Ile'#{16} is buried in the activation pocket surrounded by
the activation loops (in cyan). The water molecule, Ile'*{16},
Val'*¥(21}, Glu**{154} and Met**{156} all play a role in the, albeit
poor, N-terminal insertion in FVIIa. In the bottom panel, a model
of FVIlapy is shown. A hydrogen bond network is presumably
established between the water molecule and the introduced Gln
and Asp side chains in position 298 and 158, respectively,
promoting the burial of the N terminus.

alters the conformation of the 170 loop which is
located between cysteines 310{168} and 329{182} and
extends strategically from the cofactor-binding site
towards the active site. The TF effect is perhaps best
illustrated by the reduction of the susceptibility of the
carbohydrate moiety on Asn*?{175} to deglycosyla-
tion [48] but it has also been inferred from hydrogen
exchange experiments [43]. In analogy to the case with
the activation domain and N-terminal insertion, muta-
tional approaches were also designed to try to mimic
this effect of TF in order to identify FVIIa variants
with higher intrinsic activity. Leu’”{163} determines
the relative orientation of the short, TF-interactive
307-312 a-helix and in turn influences the direction of
the following long 170 loop. By mutating it to valine, a
helix (and loop) orientation more similar to that of
related and more active enzymes such as thrombin and
factor Xa might be obtained. This has not been
verified, but L305V-FVIla displayed three times
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higher intrinsic activity than FVIIa [49]. An attempt
to restrict the flexibility of the 170 loop more directly
was made by introducing the S314E and F374Y
mutations to anchor the loop to the body of the
protease domain [78]. When introduced individually,
the former mutation gave a 2.5-fold increase in the
intrinsic activity, whereas the latter mutation was
silent. When combined with the L305V and K337A
mutations, giving FVIlayg,y, the resulting molecule
exhibited more than 20-fold enhanced catalytic effi-
ciency as measured with a peptide substrate (4-fold
higher k., and 5.5-fold lower K,, values) and was
capable of activating factor X about 10 times faster
(exclusively k., improvement) than FVIIa [78].
Figure 6 shows a close-up of the TF-binding helix
and the 170 loop in FVIIa and a model of FVIIayg,y.
In FVIlaygay, hydrogen bonds have been suggested
between the side chains of the Tyr residue in position
374 and GIn’"*{170A} and between the Glu residue in
position 314 and His*"*{224}. Together they may
tighten the connection of the TF binding helix and
the rest of the protease domain, resulting in general
structural stabilization. This notion is supported by the
experimental observation that the enhanced activity
of FVIlayg,y is mediated by maturation of the S1
subsite which results in an increased k., value and, for
substrates whose binding affinity is dictated by
interactions close to the scissile bond, a reduced K,
value. In contrast to FVIlapy, there is no evidence of
a shift in the equilibrium towards the active FVIla
conformation in FVIlayg,y because the N terminus is
left as exposed as in FVIIa.

Along another avenue, variants of FVIIa with en-
hanced intrinsic activity were made by truncating the
170 loop or replacing it with that from trypsin. The
rationale is that the loop in FVIIa is five residues
longer and therefore more flexible and counterpro-
ductive than the corresponding loop in other members
of the trypsin family. The grafted variant displayed
increased activity but with an accompanying specific-
ity change and without evidence of N-terminal
insertion [81], whereas the simple truncation had a
marginal, if any, effect on factor X activation. This
demonstrates that the influence of the 170 loop on the
intrinsic FVIIa activity is more complex and not only
dictated by loop length. Additional grafting of the so-
called 99 loop from trypsin had a slight opposite effect
on the ability to activate factor X although it further
improved the amidolytic activity [82].

Future perspectives

Even though much knowledge has accumulated, many
details of the TF-induced structural changes in FVIla

Stimulation of zymogen-like factor VIla

Figure 6. Close-up of the TF-binding helix and the 170 loop in
FVIIa (Protein Database entry code: 1dan.pdb) and in a model of
FVIlaygay- Activation loops 2 and 3 (in cyan) interact with the TF-
binding helix and the 170 loop. In the top panel, the side chains of
Lys*{188}, His*”*{224}, Phe®”*{225}, Leuw’{163}, GIn**{170A} and
Ser’™{170B} are in stick models. Phe’*{225}, Leu’”{163} and
Ser**{170B} form a cluster in the interaction region between the
TF-binding helix and the body of FVIIa. In the bottom panel, a
model of FVIlaygsy is shown. Hydrogen bonds have been
suggested between the Tyr side chain in position 374 and
GIn*®{170A}, and between the Glu side chain in position 314 and
His*{224} which may tighten the connection of the TF binding
helix to the rest of the protease domain.

and the consequent activity increase remain elusive.
The solution of the structure of free and uninhibited
FVIla, either by high-resolution X-ray crystallograph-
ic or solution techniques, would be a giant leap
forward in our understanding of this pivotal biological
event, and future efforts will certainly be focused on
this endeavour. The identification and development of
new, superior FVIIa analogues for clinical use has
great potential. The crucial challenge might be to
balance haemostatic efficacy and safety. An insurance
against adverse events while improving the biological
activity is the preservation of FVIIa specificity. It will
be exciting to follow the ground-breaking FVIla
analogues, MAXY-VII and NN1731, on their journey
towards approval and we will hopefully see new
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analogues approaching and entering clinical develop-
ment in the future.
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