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Abstract. Factor V is a plasma protein essential for parison to the bovine, human, and murine proteins.
Porcine factor V has the highest level of homology withblood coagulation. This protein is involved in activated

protein C resistance, the most common inherited throm- bovine factor V, but also has high levels of conservation
of important residues with all the species. Radiationbotic disorder known. We utilized the polymerase chain

reaction to clone the porcine factor V gene by generat- hybrid mapping assigned the porcine factor V gene to
chromosome 4. Three-dimensional models of factor Ving overlapping clones amplified with primers chosen by
were generated and used to analyze membrane-bindingcomparison with known nucleotide sequences. The
sites in terms of conserved, and therefore likely impor-porcine factor V cDNA contig encodes a predicted

2258-amino acid protein, making it the largest in com- tant residues.
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Factor V is an approximately 333-kDa glycoprotein
which is an essential component of the blood coagula-
tion pathway [1–4]. Activated factor V (factor Va)
functions as a member of the prothrombinase complex

to convert prothrombin to thrombin [5–7]. Factor V is
also critically involved in regulating coagulation, since it
is the target of cleavage and inactivation by activated
protein C (APC) [1, 2, 8–11]. A point mutation in the
factor V gene is responsible for the most common
inherited thrombotic disorder known, called APC resis-* Corresponding author.
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tance (APC-R) [12]. The mutation in the human factor
V gene changes an amino acid (aa) at a position crucial
for APC interaction [12].
Factor V has been cloned in several species and the
primary structure of the protein has been determined to
consist of domains organized in the sequence of A1-A2-
B-A3-C1-C2, similar to that found in factor VIII [5–7,
13–15]. The three A domains are homologous to those
found in the copper-binding protein ceruloplasmin and
the two C domains are homologous to the discoidin
family of adhesion proteins [16–18]. The B domain has
no homology with any other known protein.
Because of its significant involvement in inherited
thrombosis and its characterization in several other
species, we have characterized porcine factor V. We
report here the cloning and mapping of porcine factor
V and analysis of the predicted membrane-binding sites
in three-dimensional (3-D) protein models. We also
compared aa sequences and 3-D structures to determine
regions of conservation to predict the residues likely to
be functionally important.

Materials and methods

Isolation and cloning of porcine factor V. Fifty-milli-
gram tissue sections of porcine liver were used to extract
total RNA with the SV Total RNA Isolation System
according to the manufacturer’s protocol (Promega,
Madison, Wisc.). mRNA was then isolated from total
liver RNA according to the recommendations in the
protocol of the PolyAtract mRNA Isolation System

(Promega). cDNA was synthesized from porcine liver
mRNA and ligated to EcoRI adapters as recommended
by the manufacturer of the Universal Riboclone cDNA
Synthesis System (Promega). For cloning of the 5� cod-
ing region and untranslated region (UTR) of factor V,
250 ng of cDNA was then ligated to EcoRI Vectorette
II adapters according to the protocol supplied with the
Vectorette II System (Genosys Biotechnologies). Ten
nanograms of this cDNA were then used for poly-
merase chain reactions (PCRs) which included 1 �l of
each primer at a concentration of 10 �M. Overlapping
fragments of the porcine cDNA were then amplified by
PCR using primers originally chosen by comparison of
the bovine, human, and murine sequences [5, 14, 15].
The sequences for primer selection also included the
porcine factor V 3� coding and UTR sequence in Gen-
Bank (accession number D85329). After successfully
cloning and sequencing the initial fragments, additional
primers were chosen from the cloned porcine sequences.
A summary of the primers used is shown in table 1.
PCR was performed essentially as described in the pro-
tocol from the Advantage cDNA PCR Kit in 50-�l
reaction volumes using the buffer, dNTPs, and poly-
merase mix provided (Clontech, Palo Alto, Calif.). The
PCR reactions were carried out in a Perkin Elmer 480
Thermocycler for 35 cycles using the following cycle
profile: 94 °C for 40 s, the Tm of each primer pair listed
in table 1 for 1 min, and 72 °C for 2 or 4 min depending
on the length of the amplified fragment. This was fol-
lowed by one 10-min extension step at 72 °C. PCR
products of the expected size were isolated from 1%

Table 1. Summary of primer pairs used to clone and map porcine factor V.

Size (bp)Tm (°C)Primer sequence (5�–3�)Primer location Primer numberPrimer pair Chosen from*

Genosysunknown‡1 Vec. II†5�UTR
exon 1 65swine 248GTGGGCTCAGGGT-FV87

GATAGTTC

2 exon 1 FV85 MARGTAAGGCAGTTC- homology
TAYGT

174152homologyGCCACTGGACAGTGT-FV66exon 12
CATCA

3 exon 12 FV69 GCCTGAGAGCATACCCA- swine
CAC

4062exon 17 FV11 CCCATTGGCATCTTA- swine 64
CATTCTC

homologyGCACCAGTTAGGGGTCTGFV10exon 174
57swineGCAGAAACAATAGTCAT- 1294FV9exon 25

CATCT

5 exon 13 FV90 CACCATGTTCCTC- swine
TATCTCCA

exon 13 151960swineGGCCTCTGACCAAGATCTFV95

* Primers were either designed by Genosys, from comparisons of bovine, human, and murine sequences for regions of homology, or
from porcine sequence data.
† Vectorette II is the adapter primer provided with the Vectorette II System (Genosys Biotechnologies, The Woodlands, Tex.).
‡ The sequences of the primers provided in the Vectorette II system are considered proprietary and are not provided.
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low-melting agarose gels and ligated into pT-Adv using
the protocol from the Advantage PCR Cloning Kit
(Clontech). Purified templates were sequenced on an
ABI Prism 377 Sequencer using the BigDye Terminator
Cycle Sequencing chemistry (PE Applied Biosystems,
Foster City, Calif.). The nucleotide (nt) sequences ob-
tained were analyzed by BLAST searches and found to
be homologous to factor V from several other species.
The full-length porcine factor V and cDNA were sub-
mitted to the GenBank database under the accession
number AF191308. Computer-assisted alignment
(MacVector 6.0, Oxford Molecular Group) was used to
compare porcine factor V with the bovine, human, and
murine protein sequences.
Radiation hybrid mapping. Pig genomic DNA was iso-
lated from pig liver tissue using the Wizard Genomic
DNA Purification Kit (Promega) according to the man-
ufacturer’s protocol. Mouse genomic DNA was pur-
chased from Promega. Ten nanograms of each genomic
DNA sample were subjected to PCR as described above
using primers FV90 and FV95 (table 1). The PCR
reaction was then visualized on a 1% agarose gel to
determine the specificity of the primer pair for amplifi-
cation of the correct size fragment from porcine ge-
nomic DNA (table 1). After successfully amplifying the
correct fragment from porcine genomic DNA only and
not from mouse genomic DNA (data not shown), this
primer pair was then used for radiation hybrid map-
ping. The primer pair was used to map factor V on the
IMpRH panel as previously described [19]. All reactions
were performed in duplicate and gels were indepen-
dently scored by two people. A two-point likelihood of
difference (LOD) score �6 was used as a cutoff value
for significant linkage.
Protein modeling of 3-D structures. The predicted mem-
brane-binding sites of porcine factor V were analyzed
using 3-D protein models generated with the Swiss
Institute of Bioinformatics (SIB) program SWISS-
MODEL [www.expasy.ch; 20–22]. Figures were gener-
ated using the RasMol version 2.6 viewer. Comparisons
of the models of the porcine protein were made to the
available models in the National Center for Biotechnol-
ogy Information’s (NCBI) Entrez structural PDB data-
base [www.ncbi.nlm.nih.gov] and the SIB’s ExPDB
database [www.expasy.ch]. The 3-D structures used for
comparison were human ceruloplasmin (MMDB Id no.
5142; PDB Id no. 1KCW; ExPDB Id no. 1KCW–) [23]
and human factor V C2 domain (MMDB Id no. 11477;
PDB Id no. 1CZT; ExPDB Id no. 1CZTA) [18].

Results

A contig of the porcine factor V cDNA was created and
the full-length nt and deduced aa sequences were sub-

Table 2. Percentage of aa sequence identity between porcine,
human, and mouse factor V.

RegionSpecies

A2 BA1 A3 overallC1 C2

84.791.461.988.588.4Bovine 78.390.0
46.7 89.5 79.8 70.689.484.6 85.7Human

82.482.1 86.374.2 67.5Mouse 81.246.5

mitted to GenBank under the accession number
AF191308. The porcine factor V cDNA encodes a pre-
dicted 2258-aa protein, which includes a 28-aa leader
peptide, making it the longest of the four species used in
our comparisons. The sequence includes 99 base pairs
(bp) of the 5�UTR prior to the start codon and 186 bp
of the 3�UTR past the stop codon. A poly(A) signal
(AATAAA) is also present in the 3�UTR, 114 bp past
the stop codon.
The percentages of identity at the aa level between the
four species examined are shown in table 2. Porcine
factor V has the highest percentage of homology with
bovine factor V, followed by human and then murine
factor V. This pattern observed for the overall levels of
homology is the same for each domain (table 2). The B
domain is not only the largest domain but also exhibits
the lowest levels of identity, the homology levels being
significantly lower than for any of the other domains.
Radiation hybrid mapping assigned factor V to porcine
chromosome 4 (SSC4) (fig. 1). Factor V was linked to
marker Sw1364 (LOD 9.07) at a distance of 45 centi-
Rays (cR), the next closest marker being Sw841 (LOD
5.11) at a distance of 70 cR (fig. 1). This would corre-
spond to a location between the markers Sw841 at a
relative position of 71.2 centiMorgans (cM) and Sw1364
at a relative position of 72 cM on the USDA Meat
Animal Research Center (MARC) linkage map of SSC4
(fig. 1) [sol.marc.usda.gov]. This region is located at
SSC4q1.5–1.6 [www.toulouse.inra.fr/lgc/pig/cyto/gen-
mar/htm/4GM.HTM; 24].
The 3-D structures of the two C domains of the factor
V light chain, C1 and C2, are shown in figures 2 and 3.
Both C1 and C2 are primarily composed of an enclosed
�-barrel domain with loops that protrude like spikes
from the bottom of the barrel. Within the C2 domain,
the three protruding spikes found in humans have been
conserved in pigs [18]. Spike 1 is made up of serine
(Ser)2092-tryptophan (Trp)2102 and contains several
surface-exposed aromatic residues including phenylala-
nine (Phe)2093, Trp2097, Trp2098, and tyrosine
(Tyr)2101, as well as lysine (Lys)2095 (fig. 2A,B).
Phe2093 is below the other spike 1 residues in figure 2B
and therefore cannot be seen in this figure. Spike 2 is
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made up of asparagine (Asn)2110-Asn2116 and con-
tains Gln2112, glycine (Gly)2113, and Arg2114 at its
most surface-exposed positions (fig. 2A,B). Spike 3 is
made up of Gly2146-Tyr2155 and contains Lys2148,
leucine (Leu)2150, Ser2151, and glutamic acid
(Glu)2153 at its most surface-exposed positions (fig.
2A,B). Two additional porcine aa residues, Gln2119
and Arg2221, are positioned in a groove at the base of
the three spikes that would allow them to function as
membrane contact points (fig. 2A). The porcine C2
domain contains three cysteine (Cys) residues, Cys2072,
Cys2147, and Cys2227, two of which form a disulfide
bond (Cys2072/Cys2227; fig. 2A).
The 3-D structure of the C1 domain was generated

from that of the C2 domain and is shown in figure 3.
The two overall structures are similar, but differences
exist in the spikes. The most prominent spike in C2,
spike 1, is largely absent in the C1 domain. This results
in the appearance of spike 3 in C2 as the most predom-
inantly protruding spike in C1 (fig. 3A). The region that
would comprise spike 1 only extends slightly beyond the
bottom of the � barrel of C1. However, similar to spike
1 in the C2 domain, this region also contains several
surface-exposed aromatic residues like Phe1934,
Trp1935, histidine (His)1937, and Trp1938 (fig. 3B).
Spike 2 is made up of Asn1946-Asn1952 and contains
Gly1949, Ser1950, and Tyr1951 at its most surface-ex-
posed positions (fig. 3A,B). Spike 3 is made up of

Figure 1. Radiation hybrid mapping of porcine factor V to SSC4. The figure highlights the markers linked to the region around factor
V on the IMpRH porcine panel [19] and on the US-MARC SSC4 linkage map [sol.marc.usda.gov]. Porcine factor V was mapped on
the IMpRH porcine panel using primers FV90 and FV95 (table 1) as previously described [19]. Factor V was linked to SW1364 with
a two-point LOD score of 9.07 at a distance of 45 cR. The next closest marker was SW841 with a two-point LOD score of 5.11 (not
significant) at a distance of 70 cR. This would place factor V at approximately 72 cM on the US-MARC SSC4 linkage map between
SW841 (71.2 cM) and SW1364 (72 cM).
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Figure 2. 3-D model of the C2 domain of the heavy chain of porcine factor V. The model was generated with the SIB program
SWISS-MODEL and the figures were generated with the RasMol viewer version 2.6. (A) The overall shape and structure of the porcine
C2 domain as seen in ribbons. Spike 1 (red), spike 2 (orange), and spike 3 (yellow) extend down from the bottom of the � barrel. The
Cys residues are spacefilled and highlighted in green. The two conserved, membrane-anchoring residues at the base of the three spikes
are shown with their side-chains as sticks highlighted in cyan. (B) Spacefilled view of C2 as seen from the bottom of the structure in
(A). Spike 1 residues are shown in red, spike 2 residues are shown in orange, and spike 3 residues are shown in yellow.

Gly1986-Tyr1995 and has Lys1988, Tyr1989, Tyr1990,
Leu1991, and Lys1992 at its most surface-exposed posi-
tions (fig. 3A,B). Unlike the C2 domain, C1 has an
additional spike (spike 4) which is directly across from
spike 2 when viewed from the bottom of the � barrel
(fig. 3A,B). Spike 4 extends out to the side of the �

barrel approximately 90° from the direction of spikes 2
and 3 (fig. 3A,B). Spike 4 is made up of threonine
(Thr)1956-Lys1966 and has almost the entire loop sur-
face exposed (except Thr1956 and Lys1966; fig. 3A,B).
However, several of these exposed residues are not
visible in the view used for figure 3B. As in C2, the
porcine C1 domain has residues positioned in a groove
at the base of the spikes that could function as mem-
brane contact points [Arg2061, isoleucine (Ile)1955 and

Lys2057] (fig. 3A). The porcine C1 domain also con-
tains two Cys residues, Cys1913 and Cys2067, that form
a disulfide bond in the same position found in C2 (fig.
3A).
The aa sequences of each domain were then used to
make comparisons across species for primary regions of
conservation. The results of this analysis are shown in
figure 4. When conserved types of residues are included,
the percentages of conservation in each domain across
all four species are 83.3% (A1), 82.1% (A2), 83.3% (A3),
77.9% (C1), and 87.5% (C2) (fig. 4 and GenBank acces-
sion number AF191308). The sequence comparison also
showed that porcine factor V contains 18 highly con-
served Cys residues and 28 Asn residues that represent
potential N-linked glycosylation sites.
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Discussion

The full-length cDNA sequence for porcine factor V has
been cloned and sequenced (GenBank accession num-
ber AF191308). Porcine factor V is predicted to have
2258 aa, which makes it the longest of the four factor V
aa sequences examined. This is partly due to the 36
imperfectly conserved repeats with the consensus Thr-
Leu-Ser-Pro-Asp-Leu-(Gly/Ser)-(His/Gln)-Thr found
within the B domain. This repeat region is also found in
the other species, but the porcine factor V has the
highest number of repeats. Porcine factor V has the
highest level of homology (overall and for each domain)
with bovine factor V, followed by human and then
murine factor V. This is the same pattern of homology
we have previously seen with the constant region of the
porcine T cell receptor delta chain gene and porcine
interleukin-15 [25, 26]. The aa sequence comparisons

not only showed a high level of homology within do-
mains of the heavy and light chains of each species, but
also a high level of conservation of the locations of
porcine Cys residues and potential N-linked glycosyla-
tion sites (table 2, fig. 4).
Factor V was mapped to SSC4q1.5–1.6 linked to
Sw1364 using the IMpRH radiation hybrid panel [19].
This region corresponds to the human position
HSA1p22–q25. Human factor V was mapped to
HSA1q22–23 [www.ncbi.nlm.nih.gov/genemap99/] in
this region. Thus, our results aid in comparative fine
mapping of syntenic areas between porcine and human
chromosomes.
Several 3-D models of porcine factor V domains were
generated. When the A domains of porcine factor V
were modeled (data not shown), all of them had flat-
tened, diamond-shaped structures made up of numer-

Figure 3. 3-D model of the C1 domain of the heavy chain of porcine factor V. The model was generated with the SIB program
SWISS-MODEL and the figures were generated with the RasMol viewer version 2.6. (A) The overall shape and structure of the porcine
C1 domain as seen in ribbons. This view of the C1 domain is from the left side of the view used for the ribbon structure of the C2
domain in figure 2A and is used to accentuate the position of spike 4. The area that occupies the spike 1 region in C2 is shown in red.
Spike 2 (orange) and spike 3 (yellow) extend down from the bottom of the � barrel as in the C2 domain. Spike 4 (green) extends out
to the side of the � barrel. The Cys residues (shown spacefilled) are also green and the three potential membrane-anchoring residues
at the base of the spikes (Ile1955, Lys2057, and Arg2061, shown with their side chains as sticks) are highlighted in cyan. (B) Spacefilled
model of C1 as viewed from the bottom of the structure in (A), but using the same orientation used for this view of the C2 domain
in figure 2B. The residues that would constitute the spike 1 region in C2 are shown in red. The spike 2 residues are shown in orange,
the spike 3 residues are shown in yellow, and the spike 4 residues are shown in green.
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ous � sheets. The A domains have prominent loops that
extend up from the body of each domain and the
residues creating these loops are shown in figure 4. All
but one of the disulfide bonds found in the A domains
of bovine factor V are conserved in porcine factor V
[27, 28]. Disulfide bonds are formed between Cys139/
Cys165 in A1, Cys471/Cys497, and Cys574/Cys655 in
A2 and Cys1731/Cys1757 in A3 (data not shown). Only
the disulfide bond in the bovine A1 domain correspond-
ing to porcine Cys220 and Cys301 is lacking in porcine

A1 (data not shown) [27]. However, since the structure
of this region appears open and poorly defined (and the
primary structure of this region is conserved in both
species), our model may not provide sufficiently high
resolution to adequately resolve the structure between
these two Cys residues.
Several other important residues were located in our
3-D models of the A domains and in figure 4. At the
junction of A1 and A2, two clearly accessible APC
cleavage sites (Arg306 and Arg505) can be found (data

Fig. 4.
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Fig. 4.
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not shown) [9–11]. A significant amount of data has
shown that Arg306 is the most important cleavage site
for inactivation of factor Va by APC and that the
region around Arg505 (Arg506 in humans) is a critical
area for the function of factor Va [29–35]. The residues
around Arg505 (and Arg505 itself) may be involved in
prothrombin binding, factor Xa binding, inactivation of
factor Va by APC, and interaction with its own B
domain [29–35]. In figure 4, we did find a high level of
conservation of residues around the putative factor X-

and protein S-binding sites. A third APC cleavage site
found in the A2 domain of human factor V (Arg679)
was not successfully modeled so we were unable to
determine if this residue represents an APC cleavage site
in pigs.
The residues between the A2 and A3 domains of factor
V make up the B domain. The B domain is not only the
largest domain of factor V but it also exhibits homology
levels that are significantly lower than any of the other
domains. This is not surprising since the vast majority

Fig. 4.
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Figure 4. Comparisons of the aa sequences of the A and C domains of porcine, bovine, human, and murine factor V. The sequences
used for comparison to porcine factor V were taken from the published sequences [5, 14, 15]. Identical residues among all four species
are boxed and conserved residues are underlined in the porcine sequence. Conserved Cys residues are indicated by and conserved
potential N-linked glycosylation sites are indicated by �. Numbering of residues is according to the mature porcine factor V sequence.
Sites/residues of importance discussed in the text are labeled and indicated by a line above the residues. The loops detected by our 3-D
model of the A domains are also labeled this way. Additional residues identified that may also be important for binding to other factors
are labeled above by *. Periods were inserted within sequences where necessary to maintain optimal alignment.
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of this region is cleaved out upon activation of factor V
and is therefore probably not a critical component for
the coagulant activity of factor V [6, 36, 37]. Structural
analyses have indicated that the B domain forms a
two-stranded, rod-like tail that extends from a globular
head containing two spheres [35–37]. The structural
models suggest that the B domain brings the A domains
into position for activation where they remain in close
contact before and after activation by thrombin [38]. In
our 3-D model, the A domains formed a triangular-
shaped structure that could represent one of the two
spheres that make up the globular head in the original
structural models of factor V [36, 37]. This would agree
with the summary of Villoutreix and Dahlback [35] that
the A domains must all lie in close contact. However,
since our attempts to model the B domain proved
unsuccessful, we were unable to determine exactly how
this domain would bring the A2 and A3 domains to-
gether structurally.
3-D modeling of the membrane-binding domains
pointed out the conservation of residues and structures
that may be of functional importance, as well as some
differences within these domains. In our models of the
C domains, the overall structures are similar to that
seen for the C2 domain in humans, which is essential
for calcium-independent binding of PLS-containing
membranes via interactions with three protruding spike-
like loops [18]. Within the C2 domain, the three pro-
truding spikes found in humans have been conserved in
pigs [18]. The positions of Trp2097 and Trp2098,
thought to be important for immersion into PLS-con-
taining membranes, have been conserved in spike 1 [18].
The position of Leu2150 in spike 3, also thought to be
important for immersion into PLS-containing mem-
branes, has been conserved [18]. Two residues proposed
to be initial anchoring points for binding PLS-contain-
ing membranes, Gln2119 and Arg2221, have also been
conserved [18].
The structure of the porcine C1 domain was very simi-
lar to that of C2, but there were also some differences
between the two in the spike regions. Spike 1 is largely
absent from the C1 domain which has a unique fourth
spike. Several residues important for C2 immersion into
PLS-containing membranes in humans were also found
in porcine C1 [18]. Trp1935 and Trp1938 in the spike 1
region and Tyr1990 and Leu1991 in spike 3 have been
conserved as those described above for C2. The position
of the Arg residue proposed to be an initial contact
point for PLS-containing membrane interaction is con-
served in Arg2061. The position of the Gln residue also
thought to be involved in membrane contact is replaced
by Ile1955 in C1. Lys2057 is another residue that is
located in a position next to Ile1955 that could poten-
tially be involved in membrane contact.

An identical arrangement is found within the structure
of both the C domains where the N terminus lies
directly on top of the C terminus and the two ends are
held together by a disulfide bond. The C domain struc-
tures taken along with the primary structure of porcine
factor V would indicate that the termini of the A3, C1,
and C2 domains must be located in very close proximity
to one another. One model to account for this would
have the terminal regions of C1 and C2 (the tops seen in
figs 2A and 3A) facing one another directly above the C
terminus of A3 with the spike regions of each facing in
opposite directions. This would result in a linear
configuration of C1 and C2. This arrangement with
spike 2 of each C domain lying against A3 could result
in steric hindrance problems when a PLS-containing
membrane is contacted and the spikes are triggered to
widen [18].
An alternate model would have C1 and C2 side by side
with their terminal regions (the tops seen in figs 2A and
3A) facing A3 and the spike regions of each facing out
from the A3 domain. This arrangement would predict
that the spikes of C1 are also involved in membrane
binding. The high level of conservation of both residues
and the structures of C1 and C2 would indeed implicate
C1 in membrane binding. Additional surface-exposed
aromatic residues in C1 that may be important for this
include Tyr1951 in spike 2, Tyr1989, Tyr1990, and
Tyr1994 in spike 3, and Phe1959 in spike 4.
In summary, the results obtained from the sequence and
3-D models in this study provide further insight into the
structure and function of factor V. The configurations
of our models help define the residues and structures
that are critical for its interaction with substrates, cofac-
tors, and membranes. This gives us a better understand-
ing of the mechanisms involving factor V in the
maintenance of blood fluidity. These results will also
enable us to develop further studies to answer addi-
tional questions and test them directly in the porcine
model.
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