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Abstract Discoidin (DS) domains occur in a large variety oftpins. We haveecently reported the

D1 domain of galactose oxidase (GOase), a copper-containing enzyme whose structure has been deter-
mined at 1.7 A resolution, as distant member of the DS domain family. The D1 domain of GOase
consists of a five-stranded antiparafetheet packing against a three-stranded antipapatibkeet. 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 domainaabrf V fesidues 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 orgéiniza1-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.

Keywords Protein modeling, Blood coagulation, Thrombosis, FV, FVIII

Abbreviations APC, activated protein C; FVadtor V; FVa,activated FV; FVIII, &ctor VIII; FVllla,
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ties. Remote homologues are the result of divergent evads-compared to FVand thus reduced cofactor activity for
tion that often share common fold and function despite oftee generation of thrombin [18,19]. The difference between
low sequence identity=0-20%). They generally have stronghese two forms of FV is presumably due to differences in
signals in their linear amino acid sequence to be detecggytosylation of N2181 within the C2 domain with the FV1
accurately. Several powerful approaches have been developetnt being glycosylated [18-20]. A role for C domains in
to detect remote homologies, like for instance, the genepaospholipid binding is further suggested because a C do-
tion of profiles or the use of hidden Markov models analysisain found in a receptor tyrosine kinase present in breast
[1]. Using generalized profile-based sequence search metbactinoma cells has been shown important for cell-cell inter-
it has been found that the DS domains are unambiguoustyion and recognition [21].
related to the D1 domain of galactose oxidase (GOase) [2].

GOase is 639 residues long and is composed of three (D1-
D2-D3) predominantlyB-structuredomains [3-4]. The first Methods
domain (D1, 155 residues), at the N-term of the protein, con-
tains eigh3-strands. A five-strandegisheet (B1-B2-B7-B4- . . ) ]
B5) faces another three-atided B-sheet (B8-B3-B6). The A sensitive mgltlple allgnmer)t-based searqh technique [1]
core interior of this domain is rich in hydrophobic residud¥as used to align a large family of DS domains [2]. Second-
coming from bottB-sheets. The D1 domain of GOase posslY structure preqllctlon using the profile-fed neural networ.k
bly binds galactose within a hydrophobic/aromatic and h§¥stems from Heidelberg (PHD) [22] was performed on this
drophilic pocket which is not the active site of the enzynfaultiple sequence alignment and two threading methods
but a secondary binding site. This cavity could play a role[#3,24] were used (giving the sequence of FV as query input)
the binding of carbohydrates present in the cell wall of tre€sgain further information about the DS module. The se-
and therefore acts as an anchor to fix the protein at its apjsigence identity between the C domains of FV and the GOase
priate location. One edge of the fiveastdedB-sheet of D1 D1 domain is around 15 %'but the multiple sequence align-
(B5) has numerous non-covalent interactions with the s8Nt and structural analysis of GOase allow to align these
ond domain (D2). sequences accurately. T_he (seml)-conser.vatlon_of fes!dues in

FVa, the activated form of FV (2196 residues), servesh§ central core region in the DS domain family indicates
cofactor within the prothrombinase (PT) complex, a mulflearly which residues of FV should be built using the amino
molecular machinery (FVa, factor Xa, calcium, phospholipidd§id residues of GOase. The sequences in the connecting re-
which enhances significantly the conversion of prothromb#ns (€.g., loops) are in some cases more difficult to align as
to thrombin [reviewed in 5]. Structurally and functionallythe identity is low [2]. However, once the central core region
FV is similar to FVIII, a key protein within the X-ase com9f FV had been built it was easier to align the sequences
plex (FVllla, factor 1Xa, calcium, phospholipids). DetailedVithin the loop segments. The X-ray structure of GOase (en-
understanding of the FV and FVIII functions has been liffy 190f, [3,4]) was used as initial framework to build the
ited due to a lack of structural information. Only the 3D strufw0 C domains of FV. Conservative side-chain replacements
ture of the Adomains of FV [6] and FVIII [7] have beenWere modeled in conformations S|mllar to the ones present
recently predicted using the X-ray structure of cerulopld§-the GOase structure. Other residue replacements were
min [8] as initial framework. Starting from the N-terminusnodeled using the GOase coordinates as initial template but
FV (or FVIII) consists of domains A1, A2, B, A3, C1 and c2ptimized, if needed, using low-energy rotamer conforma-
FV is cleaved by thrombin within the B domain to give ris#ons. Thensertion regions were built using the random tweak
to the active cofactor (FVa), which is composed of a hea@gorithm which generates a peptide segndemovady ran-
chain (domains A1-A2) and a light chain (domains A3-cfomly searchlng the Co.nformatlona'l space for_aswtable be}ck-
C2). Proteolytic inactivation of FVa by activated protein €0one conformation while a screening for steric overlap vio--
(APC) is one of the key reactions in the regulation of thromp@fions and a set of distances between the two anchor resi-
formation. Acongenital esistance to APC due to a poinflués are taken into account [25]. Deletions in FV when com-
mutation in FV (R506Q) is the most common genetic rifidred to GOase were effected by computationally removing
factor for venous thrombosis [9-1Naturally occurring the appropriate residues. Both models were energy minimized
mutations in the FVIII gene can cause bleeding disorder (hg&lng Discover (Biosym-MSI). Calculations were carried out
mophilia A). using the CVFF force field parameters [reviewed in 26], a

The roles of the C domains are not well characterized y@iglectric constant of 1 and a 20 A cutoff distance for non-
However, it is known that both FV and FVa bind with higRonded interactions. Hydrogen atoms were added to the mod-
affinity to membranes that contain negatively charg&ds and partial charges were assigned to all atoms. Poten-
phospholipids [12-14] and it has been proposed that the &&gly charged residues were given appropriate parameters to
domain of FVa interacts with the membrane through iorfd®tain electrostatic neutrality as water molecules were not
forces [15,16]. Anti-FV antibodies binding to the C2 doma#fcluded in the calculations [26]. The stereochemistry of the
have been associated with hemorrhagic manifestations as fRefl€lS and X-ray template were analyzed using ProStat
often do not allow for the formation of the PT complex [17{Biosym-MSI). Electrostatic calculations were performed
Two forms of FV have been found in plasma, FV1 and FV#ith DelPhi [27].
FV1 has a lower affinity for negatively charged phospholipids
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Figure 2 Electrostatic sur-
face potential of the FV C1
and C2 modelsThe models C1 domain
are shown with the same ori
entation than the one used i
figure 1. These domains con
tain more positively charged
residues than negative oneg
The C1 and C2 domains hav{
17 and 24 positively charged
residues respectively (count
ing only R and K but not H).
The electrostatic isosurfaced
are shown at a level of -1
(red) and +1 (blue)
kcal/mol/e

C2 domain
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part topological similarity in this family of modules, sup-
ports our structural predictions.

It is known that fold recognition and structural prediction fith . Spatially correlated mutations are often observed in
remote homologues is basically achieved in 100% of the caggs models. For example, the disulfide bridge in GOase in-
with the computational methods available at present (e\gves residues C18-C27 and nearby A21 is found. These
threading, secondary structure prediction) and a survey@fidues are replaced in the C1 domain of FV by A1897,
the literature [28]. Errors can however occur, essentially iRgog and F1900 respectively. F1900 would have severe steric

the loop regions [29], but even in this situation, the modelgshes with residue 1897 if this latter had a longer side chain
are sufficiently accurate to predict binding sites or other fungnjje L1908 points away from F1900.

tional features as well as to disqualify wrong interpretations

of experimental data. Sixth. The few charged residues, which tend to be buried
from the solvent make hydrogen bonds with surrounding

o amino acids (e.g., K1954-Q1951) or are involved in salt

Overall validation of the FV models bridges (e.g., E1905-R1910, D1938-R2011, K2048-D2194,
E2119-K2178). Interestingly, a salt bridge present in the D1

The overall structure of the C1 and C2 models of FV shoygmain of GOase involving D58 (end of strand B2) and R122
the basic features of the GOase D1 domain (EigThus, (end of strand B6), highly conserved in the DS sequences
the C domains are built of antijaéiel B structures with a reported in ref. 2 is also present in FV (residues D1938-R2011
well defined hydrophobic core. Eight lines of evidence, whigfhq D2098-R2171). Most hydrophobic residues, as expected

can not occur by chance, support strongly our structural pig- a well-folded protein, are buried into the core.
dictions:

Results and discussion

Seventh The disulfide bridges (S-S bonds) have been reported
First. Analysis of the models (backbone angles, bond lengtBgthe C domains of FVIIl and FV [30,31]. Such bonds have
and Chllanty) USing ProStat did not reveal any unusual Strl#FSo been found in two giycoproteins Containing two DS do-
tural feature. mains called PAS-6 and PAS-7 (present in membranes of

) . ) bovine milk fat glolles) [32]. These disulfide bridges are

Second No major steric clashes occurred during the mogot conserved in GOase and the ability to form S-S bonds
eling process, supporting the fact that the D1 domain of GOgggs critical to the validation of our models. It is here impor-
is an appropriate template to build the C domains. tant to note that the absence of conservation of disulfide bridge

is often observed in a protein superfamily (e.g., serpin). In
Third . Secondary structure prediction [see Fig. 2 in ref. @le c1 domain of FV, the S-S bond involves C1879-C2033
with PHD [22] is in good agreement with tiflestrand as- and in the C2 domain, C2038-C2193 (Fig. 1). It is possible
signments in GOase (the accuracy of the PHD predictiondsconnect the appropriate cysteines in both domains of FV.
=62%). The sequence of the C domains of FV were also sgthese FV disulfides are conserved in PAS-6 and PAS-7 while
jected to the prediction-based threading method TOPITS [28k C1 domain of both proteins has an extra disulfide (PAS
Although the Z-scores were low (+2.3), the D1 domain @f234-C238). Theasidues homologous to PAS C234 and
GOase was reported as most similar fold (top &jcofhe 238 are Y2021-P2024, in the FV C1 domain and W2180-
UCLA-DOE fold recognition server [24] was also used. The184 in the FV C2 domain (Fig. 1). These residues in FV are
(top) Z-score (+5.8) identified also the D1 domain of GOasgfficiently close in space (7-8 A for thexGitoms, the &
With this last method the confidence threshold is a Z'ch@ms of two Cys involved in S-S bond are usua”y about 6 A
of 4.8 1. As our Z-score is above this threshold, our strygart) to be consistent with the observation of an S-S bond in
tural predictions should be reliable. The sequence a”gnmech'@corresponding position in PAS-6 and PAS-7 proteins. Fur-
reSUlting from both threading eXperimentS introduced Sliglﬁrermore, a DS domain is found in two mammalian receptor
shifts in some areas that seem clearly homologous in our ofigiipsine kinases [21,33]. These proteins should have an extra
nal multiple sequence alignment [2]. Attempt to build a 3fsulfide bridge as compared to the C domains of FV. This
model with these sequence alignments did not give satisfaigulfide would correspond to residues $S1921-T2025 in the
tory results (some steric clashes, which indicate that the 8- Jomain of FV and to residues Q2085-T2185 in the C2
quences had to be re-aligned locally). Therefore, we useddBghain. Interestingly, the distance between thea@®ms of
sequence alignment reported in ref. [2] to build the FV moghese residues in the models is 6 A, thus perfectly appropri-
els. 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
Fourth. In the mOdelS, all insertions-deletions as Comparggquence aiignment_ A free Cysteine is found in the C1 and
to GOase are in solvent exposed areas. Important amino @gitiomains of EV (Fig. 1). These two residues in FV (C1960
conservation (or conservative substitution) is seen within theq C2113) are buried into the core interior of the domains,
core interior of the models while non-conservative replacghich is consistent with their absence of functional role as

ments tend to be solvent exposed. The ability to reprodyg&s cysteine residues solvent exposed could react with sur-
the tightly packed hydrophobic core, which should confer jgunding molecules.
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Eighth. Asparagine residues (N1982 in C1 and N2181 in Cajbitor (this antibody is called H1) [16] that interacts with or
part of a consensus sequence for N-glycosylation, are idenéiar the phosphatidylserine (PhS) binding site in the C2 do-
fied in figure 1. In the C1 domain of human FV, N1982 hasain of FV involves some of the solvent exposed residues
reduced solvent accessibility. In the C2 domain of FV, N218fgm the segment G2037 to K2087 (Fig. lea). The H1
known to be glycosylated, is fully solvent exposedntibody neutralized the procoagulant activity of FVa, inhib-
Glycosylation of this Asn seems to interfere with membraited membrane binding and has been associated with fatal
binding, suggesting that this region could be involved in themorrhagic outcomeifter analysis of different chimeras
interaction with the phospholipids. N209 is glycosylated and monoclonal antibodies, Ortel et al. [16] have proposed a
PAS-6 [32] and this residue corresponds to FV D1995 (@fembrane binding site within the N-term region of the C2
domain) or N2155 (C2 domain) which are both solvent eslemain and suggested that the structural organization of these
posed and located in loop structures. FV and FVIII domains should be similar. They also pointed
out that antibody 6A5 binds to an epitope that requires the
presence ofasiduesA2088 to K2148 (Fig. 1, magenta) but
Structural analysis that this epitope does not participate in PhS binding. The
epitopes for antibodies 6A5 and H1 are known to be different
Regions of potential functional interest were identified byhich is consistent with our model structure since the two
scanning the surface of the models for unusual features speptide segments are on two diéfer“sides” of the C2 do-
as partially exposed hydrophobic clusters (Fig. 1) and/or ootain (Fig.1). Antibody 6A5 was also found to inhibit FVa
standing electrostatic potential (Fig. &n each C domain, procoagulant activity, most likely by interfering with factor
two main clusters@la and C1lb, C2aandC2b) presenting Xa or prothrombin binding. These data help to identify the
with solvent exposed hydrophobic/aromatic and positivefyptential membrane binding site(s) as well as the regions of
charged residues were observed (Fig. 1). These regions cthedC2 domain that could interact with approaching molecules
be involved in protein-protein or protein-membrane intera@-e., regions which are away from the other FV domains).
tions. Cluster Clacontains M1881, P1882, M1883, L1885The results obtained from the analysis of the H1 antibody are
11944, 11978, P2006, 12008, V2009 and VV208&ster C1b: consistent with the structural analysis of the C2 model. We
Y1903, W1904, R1907, R1910, Y1917, K1924, L1925uggest that the C2b cluster is likely to play an important
Y1956, L1957, and R2023;luster C2a P2041, L2042, role in membrane interaction. This result would be also con-
M2044, K2101, 12102, K2104, K2137, Y2139, R214@istent with the FV variants presenting with different
L2141, P2166, 121682195 andY2196, andcluster C2b: glycosylation of N2181 since this residue is in the area of
12049, K2052, F2059, K2060, K2061, W2063, W2064]uster C2b (Fig. 1). This region in FV would be close to the
Y2067, W2068, F2071, R2072, R2074, R2080, K2087, L21p8tative secondary binding site for galactose in GOase.
and W2180. Studies based on NMR spectroscopy of a peptide corre-
The presence of a solvent exposed insertion loop in gEonding to the C-term region of the C2 domain of FVIII
C2 segment around residues K2060-K2061-W2063-W20é4dicated this segment to be of importance for membrane
as compared to the homologous region of C1, provides a bigding [34]. Indeed, these authors suggested that this short
nal for an interaction site (most likely a membrane bindimgptide, which formed an amphipathichelix, interacted
site) (Fig. 1). In FVIII, this segment within the C2 domaiwith the membrane via its hydrophobic face. This area would
also displays an insertion when compared to the FVIII @bcompass region of FV C2 residues S2170 to F2191 (Fig. 1,
domain, but the two K and two W are unique to FV. The Gdue). This a-helix can not be formed in the native FV and
and C2 domains are essentially covered by a positive ele¢!ll molecules because PAS-6/7 C1 domains have an extra
trostatic potential isosurface (FR). Theelectropositive char- disulfide bridge (PAS C234-C238) there, that is not compat-
acter of these two domains together with the fact that tHble with the presence of such secondary structure element.
present solvent exposed hydrophobic/aromatic patches cdgdause these modules have a conserved overall 3D fold, it
explain the ambiguity in differentiating which of the electrowvould be very surprising if an-helix was present in the C2
static and hydrophobic forces dominate during membrag@main of FVIII but not in the corresponding region of the
binding. PAS-6/7 proteins. This segment in the FV models is not heli-
cal. The stucture of these areas involviestead 3-strands
and a loop, with the hydrophobic residues facing the core
Membrane binding interior and the polar side chains pointing more toward the
solvent. The dct that a short peptide in solution adopts a
Not only electrostatic but also hydrophobic interactions céitferent conformation than the corresponding segment within
act in concert to anchor proteins to negatively charggdrotein or undergoes structural changes depending on the
phospholipids. The regions of a protein that are involvedérperimental conditions is well known and could apply here.
membrane binding can have a helical conformation but otligis also important to note that the structure of this 22 resi-
type of structures have been reported. A recombinant FV lagke peptide, as followed by circular dichroism spectroscopy,
ing the C2 domain lost its ability to bind the membrane sugfanged from a random coil structure tooahelical confor-
gesting that this domain is important for phospholipid intefation upon addition of micelles/SDS into the solution [34].
actions [16]. The epitope of a spontaneously arising FV in-
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