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Abstract Discoidin (DS) domains occur in a large variety of proteins. We have recently reported the
D1 domain of galactose oxidase (GOase), a copper-containing enzyme whose structure has been deter-
mined at 1.7 Å resolution, as distant member of the DS domain family. The D1 domain of GOase
consists of a five-stranded antiparallel β-sheet packing against a three-stranded antiparallel β-sheet. We
here show that it is possible to build 3D models for DS domains using GOase as initial template and
propose a 3D structure for the C1 and C2 domains of factor V (residues 1879-2037 and 2038-2196).
Factors V (FV) and VIII (FVIII) are essential and homologous non-enzymatic cofactors in the coagula-
tion cascade. They share the domain organization A1-A2-B-A3-C1 and C2 and their C domains are
members of the DS family. The C1 and C2 domains of FV are rich in positively charged residues.
Several clusters of amino acids, most likely involved in inter-domain interactions, protein-protein inter-
actions and/or phospholipid binding, are identified. Our report opens new avenues to study the struc-
ture-function relationships of DS domains.
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Introduction

It is known that the amino acid sequence of proteins can
diverge significantly during evolution while the 3D fold can
be conserved. It seems that partial conservation of a key set
of residues is sufficient for conferring topological similari-



Figure 1 Ribbon diagram for
the C1 and C2 domains of FV.
Some key residues discussed
in the text are highlighted
(e.g. glycosylation sites). A
peptide segment from the C2
domain of FVIII has been
suggested of importance for
membrane binding and this
region was expected to be α-
helical. The homologous re-
gion in the C2 domain of FV
is colored in blue and it is not
helical (residues S2170-
F2191). Residues Y2021 and
P2024 or W2180 and I2184
would mimic cysteines that
are known to form a S-S bond
in the C1 domains of PAS-6/
7 C1 (C234-C238). This ex-
tra disulfide bridge in PAS-
6/7 is not compatible with the
presence of an α-helix. The
epitope of mAb H1 known to
inhibit membrane binding is
shown in green (residues
C2038-K2087). Part of the
epitope of mAb 6A5, antibody
that is known to have no ef-
fect on membrane binding is
presented in magenta (resi-
dues A2088-K2148). The pu-
tative secondary binding site
for galactose within the
GOase enzyme is also shown.
Clusters of residues of poten-
tial functional importance
are listed in the text.
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ties. Remote homologues are the result of divergent evolu-
tion that often share common fold and function despite of a
low sequence identity (≈10-20%). They generally have strong
signals in their linear amino acid sequence to be detected
accurately. Several powerful approaches have been developed
to detect remote homologies, like for instance, the genera-
tion of profiles or the use of hidden Markov models analysis
[1]. Using generalized profile-based sequence search method
it has been found that the DS domains are unambiguously
related to the D1 domain of galactose oxidase (GOase) [2].

GOase is 639 residues long and is composed of three (D1-
D2-D3) predominantly β-structure domains [3-4]. The first
domain (D1, 155 residues), at the N-term of the protein, con-
tains eight β-strands. A five-stranded β-sheet (B1-B2-B7-B4-
B5) faces another three-stranded β-sheet (B8-B3-B6). The
core interior of this domain is rich in hydrophobic residues
coming from both β-sheets. The D1 domain of GOase possi-
bly binds galactose within a hydrophobic/aromatic and hy-
drophilic pocket which is not the active site of the enzyme
but a secondary binding site. This cavity could play a role in
the binding of carbohydrates present in the cell wall of trees
and therefore acts as an anchor to fix the protein at its appro-
priate location. One edge of the five-stranded β-sheet of D1
(B5) has numerous non-covalent interactions with the sec-
ond domain (D2).

FVa, the activated form of FV (2196 residues), serves as
cofactor within the prothrombinase (PT) complex, a multi-
molecular machinery (FVa, factor Xa, calcium, phospholipids)
which enhances significantly the conversion of prothrombin
to thrombin [reviewed in 5]. Structurally and functionally,
FV is similar to FVIII, a key protein within the X-ase com-
plex (FVIIIa, factor IXa, calcium, phospholipids). Detailed
understanding of the FV and FVIII functions has been lim-
ited due to a lack of structural information. Only the 3D struc-
ture of the A domains of FV [6] and FVIII [7] have been
recently predicted using the X-ray structure of ceruloplas-
min [8] as initial framework. Starting from the N-terminus,
FV (or FVIII) consists of domains A1, A2, B, A3, C1 and C2.
FV is cleaved by thrombin within the B domain to give rise
to the active cofactor (FVa), which is composed of a heavy
chain (domains A1-A2) and a light chain (domains A3-C1-
C2). Proteolytic inactivation of FVa by activated protein C
(APC) is one of the key reactions in the regulation of thrombin
formation. A congenital resistance to APC due to a point
mutation in FV (R506Q) is the most common genetic risk
factor for venous thrombosis [9-11]. Naturally occurring
mutations in the FVIII gene can cause bleeding disorder (hae-
mophilia A).

The roles of the C domains are not well characterized yet.
However, it is known that both FV and FVa bind with high
affinity to membranes that contain negatively charged
phospholipids [12-14] and it has been proposed that the C2
domain of FVa interacts with the membrane through ionic
forces [15,16]. Anti-FV antibodies binding to the C2 domain
have been associated with hemorrhagic manifestations as they
often do not allow for the formation of the PT complex [17].
Two forms of FV have been found in plasma, FV1 and FV2.
FV1 has a lower affinity for negatively charged phospholipids

as compared to FV2 and thus reduced cofactor activity for
the generation of thrombin [18,19]. The difference between
these two forms of FV is presumably due to differences in
glycosylation of N2181 within the C2 domain with the FV1
variant being glycosylated [18-20]. A role for C domains in
phospholipid binding is further suggested because a C do-
main found in a receptor tyrosine kinase present in breast
carcinoma cells has been shown important for cell-cell inter-
action and recognition [21].

Methods

A sensitive multiple alignment-based search technique [1]
was used to align a large family of DS domains [2]. Second-
ary structure prediction using the profile-fed neural network
systems from Heidelberg (PHD) [22] was performed on this
multiple sequence alignment and two threading methods
[23,24] were used (giving the sequence of FV as query input)
to gain further information about the DS module. The se-
quence identity between the C domains of FV and the GOase
D1 domain is around 15 % but the multiple sequence align-
ment and structural analysis of GOase allow to align these
sequences accurately. The (semi)-conservation of residues in
the central core region in the DS domain family indicates
clearly which residues of FV should be built using the amino
acid residues of GOase. The sequences in the connecting re-
gions (e.g., loops) are in some cases more difficult to align as
the identity is low [2]. However, once the central core region
of FV had been built it was easier to align the sequences
within the loop segments. The X-ray structure of GOase (en-
try 1gof, [3,4]) was used as initial framework to build the
two C domains of FV. Conservative side-chain replacements
were modeled in conformations similar to the ones present
in the GOase structure. Other residue replacements were
modeled using the GOase coordinates as initial template but
optimized, if needed, using low-energy rotamer conforma-
tions. The insertion regions were built using the random tweak
algorithm which generates a peptide segment de novo by ran-
domly searching the conformational space for a suitable back-
bone conformation while a screening for steric overlap vio-
lations and a set of distances between the two anchor resi-
dues are taken into account [25]. Deletions in FV when com-
pared to GOase were effected by computationally removing
the appropriate residues. Both models were energy minimized
using Discover (Biosym-MSI). Calculations were carried out
using the CVFF force field parameters [reviewed in 26], a
dielectric constant of 1 and a 20 Å cutoff distance for non-
bonded interactions. Hydrogen atoms were added to the mod-
els and partial charges were assigned to all atoms. Poten-
tially charged residues were given appropriate parameters to
obtain electrostatic neutrality as water molecules were not
included in the calculations [26]. The stereochemistry of the
models and X-ray template were analyzed using ProStat
(Biosym-MSI). Electrostatic calculations were performed
with DelPhi [27].
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Figure 2 Electrostatic sur-
face potential of the FV C1
and C2 models. The models
are shown with the same ori-
entation than the one used in
figure 1. These domains con-
tain more positively charged
residues than negative ones.
The C1 and C2 domains have
17 and 24 positively charged
residues respectively (count-
ing only R and K but not H).
The electrostatic isosurfaces
are shown at a level of –1
(red) and +1 (blue)
kcal/mol/e

C1 domain
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Results and discussion

It is known that fold recognition and structural prediction of
remote homologues is basically achieved in 100% of the cases
with the computational methods available at present (e.g.,
threading, secondary structure prediction) and a survey of
the literature [28]. Errors can however occur, essentially in
the loop regions [29], but even in this situation, the models
are sufficiently accurate to predict binding sites or other func-
tional features as well as to disqualify wrong interpretations
of experimental data.

Overall validation of the FV models

The overall structure of the C1 and C2 models of FV shows
the basic features of the GOase D1 domain (Fig. 1). Thus,
the C domains are built of antiparallel β structures with a
well defined hydrophobic core. Eight lines of evidence, which
can not occur by chance, support strongly our structural pre-
dictions:

First . Analysis of the models (backbone angles, bond lengths
and chilarity) using ProStat did not reveal any unusual struc-
tural feature.

Second. No major steric clashes occurred during the mod-
eling process, supporting the fact that the D1 domain of GOase
is an appropriate template to build the C domains.

Third . Secondary structure prediction [see Fig. 2 in ref. 2]
with PHD [22] is in good agreement with the β-strand as-
signments in GOase (the accuracy of the PHD prediction is
≈62%). The sequence of the C domains of FV were also sub-
jected to the prediction-based threading method TOPITS [23].
Although the Z-scores were low (+2.3), the D1 domain of
GOase was reported as most similar fold (top score). The
UCLA-DOE fold recognition server [24] was also used. The
(top) Z-score (+5.8) identified also the D1 domain of GOase.
With this last method the confidence threshold is a Z-score
of 4.8 ±1. As our Z-score is above this threshold, our struc-
tural predictions should be reliable. The sequence alignments
resulting from both threading experiments introduced slight
shifts in some areas that seem clearly homologous in our origi-
nal multiple sequence alignment [2]. Attempt to build a 3D
model with these sequence alignments did not give satisfac-
tory results (some steric clashes, which indicate that the se-
quences had to be re-aligned locally). Therefore, we used the
sequence alignment reported in ref. [2] to build the FV mod-
els.

Fourth . In the models, all insertions-deletions as compared
to GOase are in solvent exposed areas. Important amino acid
conservation (or conservative substitution) is seen within the
core interior of the models while non-conservative replace-
ments tend to be solvent exposed. The ability to reproduce
the tightly packed hydrophobic core, which should confer in

part topological similarity in this family of modules, sup-
ports our structural predictions.

Fifth . Spatially correlated mutations are often observed in
the models. For example, the disulfide bridge in GOase in-
volves residues C18-C27 and nearby A21 is found. These
residues are replaced in the C1 domain of FV by A1897,
L1908 and F1900 respectively. F1900 would have severe steric
clashes with residue 1897 if this latter had a longer side chain
while L1908 points away from F1900.

Sixth. The few charged residues, which tend to be buried
from the solvent make hydrogen bonds with surrounding
amino acids (e.g., K1954-Q1951) or are involved in salt
bridges (e.g., E1905-R1910, D1938-R2011, K2048-D2194,
E2119-K2178). Interestingly, a salt bridge present in the D1
domain of GOase involving D58 (end of strand B2) and R122
(end of strand B6), highly conserved in the DS sequences
reported in ref. 2 is also present in FV (residues D1938-R2011
and D2098-R2171). Most hydrophobic residues, as expected
for a well-folded protein, are buried into the core.

Seventh. The disulfide bridges (S-S bonds) have been reported
for the C domains of FVIII and FV [30,31]. Such bonds have
also been found in two glycoproteins containing two DS do-
mains called PAS-6 and PAS-7 (present in membranes of
bovine milk fat globules) [32]. These disulfide bridges are
not conserved in GOase and the ability to form S-S bonds
was critical to the validation of our models. It is here impor-
tant to note that the absence of conservation of disulfide bridge
is often observed in a protein superfamily (e.g., serpin). In
the C1 domain of FV, the S-S bond involves C1879-C2033
and in the C2 domain, C2038-C2193 (Fig. 1). It is possible
to connect the appropriate cysteines in both domains of FV.
These FV disulfides are conserved in PAS-6 and PAS-7 while
the C1 domain of both proteins has an extra disulfide (PAS
C234-C238). The residues homologous to PAS C234 and
C238 are Y2021-P2024, in the FV C1 domain and W2180-
I2184 in the FV C2 domain (Fig. 1). These residues in FV are
sufficiently close in space (7-8 Å for the Cα atoms, the Cα
atoms of two Cys involved in S-S bond are usually about 6 Å
apart) to be consistent with the observation of an S-S bond in
the corresponding position in PAS-6 and PAS-7 proteins. Fur-
thermore, a DS domain is found in two mammalian receptor
tyrosine kinases [21,33]. These proteins should have an extra
disulfide bridge as compared to the C domains of FV. This
disulfide would correspond to residues S1921-T2025 in the
C1 domain of FV and to residues Q2085-T2185 in the C2
domain. Interestingly, the distance between the Cα atoms of
these residues in the models is 6 Å, thus perfectly appropri-
ate for the formation of a S-S bond. This data not only sup-
port the accuracy of our models but also the quality of our
sequence alignment. A free cysteine is found in the C1 and
C2 domains of FV (Fig. 1). These two residues in FV (C1960
and C2113) are buried into the core interior of the domains,
which is consistent with their absence of functional role as
free cysteine residues solvent exposed could react with sur-
rounding molecules.
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Eighth. Asparagine residues (N1982 in C1 and N2181 in C2),
part of a consensus sequence for N-glycosylation, are identi-
fied in figure 1. In the C1 domain of human FV, N1982 has
reduced solvent accessibility. In the C2 domain of FV, N2181,
known to be glycosylated, is fully solvent exposed.
Glycosylation of this Asn seems to interfere with membrane
binding, suggesting that this region could be involved in the
interaction with the phospholipids. N209 is glycosylated in
PAS-6 [32] and this residue corresponds to FV D1995 (C1
domain) or N2155 (C2 domain) which are both solvent ex-
posed and located in loop structures.

Structural analysis

Regions of potential functional interest were identified by
scanning the surface of the models for unusual features such
as partially exposed hydrophobic clusters (Fig. 1) and/or out-
standing electrostatic potential (Fig. 2). On each C domain,
two main clusters (C1a and C1b, C2a and C2b) presenting
with solvent exposed hydrophobic/aromatic and positively
charged residues were observed (Fig. 1). These regions could
be involved in protein-protein or protein-membrane interac-
tions. Cluster C1a contains M1881, P1882, M1883, L1885,
I1944, I1978, P2006, I2008, V2009 and V2035; cluster C1b:
Y1903, W1904, R1907, R1910, Y1917, K1924, L1925,
Y1956, L1957, and R2023; cluster C2a: P2041, L2042,
M2044, K2101, I2102,  K2104, K2137, Y2139, R2140,
L2141, P2166, I2168, I2195 and Y2196, and cluster C2b:
I2049, K2052, F2059, K2060, K2061, W2063, W2064,
Y2067, W2068, F2071, R2072, R2074, R2080, K2087, L2116
and W2180.

The presence of a solvent exposed insertion loop in the
C2 segment around residues K2060-K2061-W2063-W2064,
as compared to the homologous region of C1, provides a sig-
nal for an interaction site (most likely a membrane binding
site) (Fig. 1). In FVIII, this segment within the C2 domain
also displays an insertion when compared to the FVIII C1
domain, but the two K and two W are unique to FV. The C1
and C2 domains are essentially covered by a positive elec-
trostatic potential isosurface (Fig. 2). The electropositive char-
acter of these two domains together with the fact that they
present solvent exposed hydrophobic/aromatic patches could
explain the ambiguity in differentiating which of the electro-
static and hydrophobic forces dominate during membrane
binding.

Membrane binding

Not only electrostatic but also hydrophobic interactions can
act in concert to anchor proteins to negatively charged
phospholipids. The regions of a protein that are involved in
membrane binding can have a helical conformation but other
type of structures have been reported. A recombinant FV lack-
ing the C2 domain lost its ability to bind the membrane sug-
gesting that this domain is important for phospholipid inter-
actions [16]. The epitope of a spontaneously arising FV in-

hibitor (this antibody is called H1) [16] that interacts with or
near the phosphatidylserine (PhS) binding site in the C2 do-
main of FV involves some of the solvent exposed residues
from the segment G2037 to K2087 (Fig. 1, green). The H1
antibody neutralized the procoagulant activity of FVa, inhib-
ited membrane binding and has been associated with fatal
hemorrhagic outcome. After analysis of different chimeras
and monoclonal antibodies, Ortel et al. [16] have proposed a
membrane binding site within the N-term region of the C2
domain and suggested that the structural organization of these
FV and FVIII domains should be similar. They also pointed
out that antibody 6A5 binds to an epitope that requires the
presence of residues A2088 to K2148 (Fig. 1, magenta) but
that this epitope does not participate in PhS binding. The
epitopes for antibodies 6A5 and H1 are known to be different
which is consistent with our model structure since the two
peptide segments are on two different “sides” of the C2 do-
main (Fig. 1). Antibody 6A5 was also found to inhibit FVa
procoagulant activity, most likely by interfering with factor
Xa or prothrombin binding. These data help to identify the
potential membrane binding site(s) as well as the regions of
the C2 domain that could interact with approaching molecules
(i.e., regions which are away from the other FV domains).
The results obtained from the analysis of the H1 antibody are
consistent with the structural analysis of the C2 model. We
suggest that the C2b cluster is likely to play an important
role in membrane interaction. This result would be also con-
sistent with the FV variants presenting with different
glycosylation of N2181 since this residue is in the area of
cluster C2b (Fig. 1). This region in FV would be close to the
putative secondary binding site for galactose in GOase.

Studies based on NMR spectroscopy of a peptide corre-
sponding to the C-term region of the C2 domain of FVIII
indicated this segment to be of importance for membrane
binding [34]. Indeed, these authors suggested that this short
peptide, which formed an amphipathic α-helix, interacted
with the membrane via its hydrophobic face.  This area would
encompass region of FV C2 residues S2170 to F2191 (Fig. 1,
blue). This α-helix can not be formed in the native FV and
FVIII molecules because PAS-6/7 C1 domains have an extra
disulfide bridge (PAS C234-C238) there, that is not compat-
ible with the presence of such secondary structure element.
Because these modules have a conserved overall 3D fold, it
would be very surprising if an α-helix was present in the C2
domain of FVIII but not in the corresponding region of the
PAS-6/7 proteins. This segment in the FV models is not heli-
cal. The structure of these areas involves instead β-strands
and a loop, with the hydrophobic residues facing the core
interior and the polar side chains pointing more toward the
solvent. The fact that a short peptide in solution adopts a
different conformation than the corresponding segment within
a protein or undergoes structural changes depending on the
experimental conditions is well known and could apply here.
It is also important to note that the structure of this 22 resi-
due peptide, as followed by circular dichroism spectroscopy,
changed from a random coil structure to an α-helical confor-
mation upon addition of micelles/SDS into the solution [34].
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Secondary structure of the FV or FVIII light chain

Secondary structure evaluation for the human FVIII light chain
(A3-C1-C2, 650 residues) has been performed by CD
spectroscopy [35]. It was found that this region of FVIII con-
tains about 22% of α-helix and 36% of β-strand structures.
These investigators pointed out that the A domain was rich in
helical structures as compared to the C domains. However,
modeling studies for the A domains of FV [6] and FVIII [7]
and the present investigation indicate that the light chain of
both cofactors contain 6-7% of α-helix and 32% of β-strand
structures. Departure of the FVIII A3 domain from the heavy
chain (domains A1 and A2) could induce some conforma-
tional re-arrangements thereby increasing the α-helical con-
tent. It is known that FVIII is not stable [36]. This property
could alter the secondary structure evaluation. Also, CD meas-
urements are sensitive to many parameters (e.g., purity of
the protein) that can easily induce an over- or under-estima-
tion of the secondary structure content. We are confident in
our structural prediction and suggest that the DS domain do
not contain helical segments.

Conclusion

Several lines of evidence strongly suggest that the overall
structure of the C domains of blood coagulation FV presented
here is accurate. These modules are thus built essentially of
β-strand and do not contain α-helices as hypothesized in pre-
vious reports. The region encompassing residues K2060-
K2061-W2063-W2064 within the C2 domain should be in-
volved in membrane binding. Because of the similarity be-
tween FV and FVIII, it will become possible in a near future
to speculate on how missense mutations in these coding re-
gions of FVIII can lead to dysfunction and to understand the
mechanism by which some of the FV and FVIII inhibitory
antibodies found in patients inactivate the molecules. Possi-
bly, models for entire FVa and FVIIIa could be developed
thus helping in the analysis of their interactions with other
blood coagulation factors and cofactors.
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