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ABSTRACT: Activated coagulation factor V (FVa) is a cofactor of activated factor X (FXa) in prothrombin
activation. FVa is composed of a light chain (LC) and a heavy chain (HC) that are noncovalently associated
in a calcium-dependent manner. We constructed a recombinant FV Asp111Asn/Asp112Asn mutant (rFV-
NN) to abolish calcium binding to a potential calcium-binding site in FVa in order to study the specific
role of these residues in the expression of FVa activity. Whereas thrombin-activated recombinant FV
wild type (rFV-wt) presented with stable FVa activity, incubation of rFV-NN with thrombin resulted in

a temporary increase in FVa activity, which was rapidly lost upon prolonged incubation. Loss of FVa
activity was most likely due to dissociation of HC and LC since, upon chromatography of rFVa-NN on
a SP-Sepharose column, the HC did not bind significantly to the resin whereas the LC bound and could
be eluted at high ionic strength. In contrast, rFVa-wt adhered to the column, and both the HC and LC
coeluted at high ionic strength. In the presence of phospholipid vesicles, the loss of rFVa-NN activity
was partially prevented by FXa, active site inhibited FXa, and prothombin in a dose-dependent manner.
We conclude that the introduced amino acid substitutions result in a loss of the high-affinity (calcium-
dependent) interaction of the HC and LC of FVa. We propose that the introduced substitutions disrupt
the calcium-binding site in FV, thereby yielding a FV molecule that rapidly loses activity following
thrombin-catalyzed activation most likely via dissociation of the HC and LC.

Activated human blood coagulation factor V (FVa) is the of the B-domain and formation of the FVa heterodimer
essential nonenzymatic cofactor in activated factor X (FXa) composed of a heavy chain (A1-A2) and light chain (A3-
catalyzed activation of prothrombin that occurs during blood C1-C2) 8). The FVa heavy chain (HC) and light chain (LC)
coagulation {). The presence of FVa, calcium ions, and a are noncovalently associated in a divalent metal ion-
procoagulant phospholipid surface increases the catalyticdependent manneB<{11).

efficiency (ea/Km) Of FXa toward prothrombin more than  pyv and Fva have been reported to bind the metal ions
300000-fold 2, 3), which in effect renders prothrombin  caicium and coppes( 9, 12), but the binding sites for these
activation subject to downregulation via inactivation of FVa jons remain to be identified. One high-affinity calcium-
through the activated protein C pathway (reviewed in fefs binding site has been reported in bovine A (< 1.1 x
and4). , _ 108 M) and in bovine FVaq = (24 + 4.0) x 10°¢ M]
Factor V (FV), the precursor of FVa, is a single chain (g) whereas the isolated bovine HC and LC have been
plasma glycoprotein with a domain structure (A1-A2-B-A3-  reported not to bind calciumi(). The calcium ion in FV
C1-C2) similar to that of factor VIII (FVIIl) 6=7). Activa-  and Fva readily exchanges with calcium ions in solution
tion of FV is catalyzed by thrombin and occurs through an( js removable with chelating agents such as EDTA, which
proteolysis of specific peptide bonds resulting in dissociation ¢5,se dissociation of the FVa heterodimer and a rapid loss
of FVa activity @, 9). Functional FVa can be reconstituted
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Human FV:
Bovine FV:

Muri FV:
Porcine FV:
Human FVIII:
Murine FVIII:
Porcine FVIII:
P. textilis FV:
D. rerio FV:
Human CP:

83 KLSEGF«SYLEH".‘FPH%KMI;;A‘JAP
53 KFSEGASYSDHTLPMEKMDDAVAFP
92 KFSBEGASYADHTFFPAERKDDAVAF
93 KFABGASYPDHTFLVEKMDDAVAFP
107 KASEGAEYDDOTSQREKEDDEVFP
108 KASEGDEYEDQTSQMEKEDDKVFP
108 KSSEGAEYEDHTSQREKEDDEVLE
a5 SDGTSDVERLDDAVEP
112 KQSEGSLYFDNTSLLEKNDDVIQP
10% KEHEGAIYPDNTTOFQRADDEVYF
Ficure 1. Potential calcium-binding site in human FV. (A)
Polypeptide @ trace (ribbons) of the A1 domain (blue) and A3
domain (green) of the human FV A-domain model rendered with
the software PyMol 7). The residues potentially involved in
calcium binding in the Al domain (Glu96, Aspl102, Glul08,
Aspl11, and Asp112) and the proposed copper-binding site (His85
and His1815) are presented as sticks with the following atom
coloring code: oxygen, red; carbon, yellow; nitrogen, blue. (B)
Amino acid sequence alignment of human FV (NCBI accession
number P12259) and FVIII (P00451), bovine FV (Q28107), murine
FV (NP_032002) and FVIIl (Q06194), porcine FV (AAG28381)
and FVIII (P12263), human CP (P0045®), textilis pseutarin C
nonenzymatic subunit3Q), and Danio rerio FV-like protein
(CAC94896). Multiple amino acid sequence alignment was per-
formed using CLUSTAL W (version 1.83). Amino acid numbering

refers to the position in the (predicted) mature protein. The numbers

22
146 SHENLIED
146 SYVNLVED
145 SYENLTOD
146 SYENLIQD
160 SHVDLVED
161 SHVDLVED
161 SHVDLVED
138 SHVNMVED
165 SHFDIVRD
162 SHIDAPKD

3 32 3
1570 QRETDIEDSDDIPEDT
1561 QsD: DVDYVPEDT
1530 QSEMDHEDTGHTPEDT
1608 QRE- - --DIDDVPEHT
1714 SSPHVLENRAQSGSVP
1684 TS-HVLRNRYQSDNVE
1496 ESPRALRNRAQNGEVE
805 KSQ VRSRARKT
1466 QRR--LDETAQONERPT

above the sequence indicate the residues suggested to be involve

in the potential calcium-binding sites in the human FV A1 domain
(1), the A1 and A3 domain (2), and the A3 domain (3).

structure with an average oxygenalcium distance of2.4
A (16). On the basis of the FV A-domain model a potential

calcium-binding site has been suggested to involve some or

all of the following residues: Glu96, Aspl102, Glul08,
Asplll, and Aspl12, which are located in the A1 domain
at the AT-A3 domain interface (see Figure 14). Different
calcium-binding sites have been proposEs),(one involving
residues Glul48, Asnl149 in the A1 domain, and Aspl1577
in the A3 domain and the other comprising Glul1572,
Glul576, and Glul583 in the A3 domain (see Figure 1B).
A protein sequence alignment of FV and FVIII from
several different species as well as two FV-like proteins and

human CP is presented in Figure 1B. The residues proposec{l

to be involved in the potential calcium-binding site in the
FV Al domain (region 96112) are completely conserved

in all aligned sequences except CP. In an attempt to abolis
calcium binding to this potential calcium-binding site we
have used site-directed mutagenesis to substitute Asp for As
at positions 111 and 112 in human FV, thereby removing
two side-chain oxygen atoms from the proposed binding site.

Assessment of expressable FVa activity of the recombinant

human FVa Aspl111Asn/Aspl12Asn (rFVa-NN) and wild
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type (rFVa-wt) was used to study the stability of the FVa
heterodimer in solution and in the presence of components
of the prothrombinase complex. Dissociation of the FVa
heterodimer was probed using radiolabeled recombinant FV
and ion-exchange chromatography followed by immunopre-
cipitation, SDS-PAGE} and quantification of the HC and
LC by autoradiography.

From the data presented we conclude that the amino acid
substitutions introduced in a highly conserved potential
calcium-binding site result in loss of the high-affinity
(calcium-dependent) interaction of the HC and LC of FVa.
Because the substitutions are structurally tolerated, we
propose that they disrupt the calcium-binding site in FV,
thereby yielding a FV molecule that rapidly loses activity
following thrombin-catalyzed activation most likely via
dissociation of the HC and LC.

EXPERIMENTAL PROCEDURES

Materials. Hepes and ovalbumin were purchased from
Sigma, and acid-free bovine serum albumin was obtained
from ICN Biomedicals (Aurora, OH). Natural-a-phos-
phatidylcholine (chicken egg) anda-phosphatidylserine
(porcine brain) extracts were from Avanti Polar Lipids
(Pelham, AL). DMEM, OptiMEM GlutaMax, and Cys/Met-
free DMEM were purchased from Gibco (Paisley, Scotland).
Redivue Pro-Mix®*S cell labeling mix, PD-10 columns, and
protein A—Sepharose were from Amersham (Uppsala,
Sweden). Fast-flow SP-Sepharose, diethylaminoethyl- (DE-
AE-) dextran, and Hoefer electrophoresis equipment were
purchased from Pharmacia (Uppsala, Sweden). Restriction
enzymesSfil and Xcm were from New England Biolabs
(Beverly, MA), and DNA ligation kit 2 was from Takara
Shuzo Co. (Otsu, Japan). The chromogenic substrates S2238
and S2765 were kindly provided by Chromogenix (Milano,
Italy), and the micro-BCA protein assay reagent kit was from
Pierce (Rockford, IL). 1,5-DNS-GGACK was obtained from
g albiochem (San Diego, CA), and PefaBloc TH was
purchased from Kordia Laboratory Supplies (Leiden, The
Netherlands). Prestained molecular weight standards were
from Bio-Rad (Hercules, CA).

Proteins.Human prothrombin was purified according to
the method described by Stenflo for bovine prothrombir) (
and activated with the Taipan snake vend@)( Thrombin
was purified by chromatography on SP-Sepharose essentially
as described by Lundblad et al9). Recombinant hirudin
and human FXa were purchased from Kordia Laboratory
Supplies (Leiden, The Netherlands), and 1,5-DNS-GGACK-
FXa (DEGR-FXa) was obtained as described previouy. (
Molar thrombin and FXa concentrations were determined
by active site titration wittp-NPGB as described previously
(21, 22).

Mutagenesis of Human FV cDNAhe recombinant FV
ariant Asp111Asn/Aspl12Asn was created by PCR-based
site-directed mutagenesis of the eukaryotic expression vector

hpMT2—V using the QuikChange site-directed mutagenesis kit

(Stratagene, La Jolla, CA). Two complementary oligonucle-
otides with the desired mutation were used, the sequence of

n

1 Abbreviations: BSA, bovine serum albumin; DEGR-FXa, factor
Xa inhibited with 1,5-dansyl-Glu-Gly-Arg chloromethyl ketonps;
NPGB, p-nitrophenyl p'-guanidinobenzoate hydrochloride; PAGE,
polyacrylamide gel electrophoresis; S2288&he-(pipecolyl)-Arg-pNA.
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the sense oligo being-8CGGAGAAGATGAACAACGCT-
GTGGCTCCAGG-3 A 2.0 kb restriction fragment was
isolated after digestion witBfi and Xcr and used to replace
the corresponding wild-type fragment in the pMT2-V vector.
The presence of only the desired mutation was confirmed
by DNA sequencing.

Transient Expression and Radiolabeling of Recombinant
FV. Recombinant FV was transiently expressed in COS-1
cells using the DEAE-dextran method described previously
(23, 24) with minor modifications. Briefly, cells were
transfected fo 5 h in a mixture containing 2ug/mL
expression vector in DMEM with 0.5 mg/mL DEAE-dextran,
100 mM Tris (pH 7.3), and 2 mM glutamine. Forty-eight
hours after transfection the culture medium was replaced with
serum-free OptiMEM GlutaMax supplemented with 2.5 mM
CaClh, 0.1 mg/mL BSA, 50 IU/mL penicillin, and 5@g/

mL streptomycin. The conditioned medium was harvested
72 h after transfection and centrifuged at 1§30r 5 min

to remove cell debris. FV expression levels were determined
using a commercial FV ELISA kit (Kordia Laboratory
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Table 1: Expression Levels and Functional Analysis of
Recombinant F¥

rate of prothrombin activation

antigen FV activationin ~ FV activation in
FV construct (ng/mL) the FVaassay(3)  solution (s%)
wild type 5144 11 93.0+ 5.9 106+ 7.2
AsplllAsn/ 494+ 32 41.6+ 1.5 3.5+ 0.2
Aspll12Asn

aFV concentrations were determined using an ELISA, and FVa
activities were determined using the chromogenic FVa assay as
described in Experimental Procedures. FVa activity is expressed as
moles of prothrombin activated per second per mole of FVa calculated
assuming 1 ng/mk- 3.03 pM FV. FVa activity was measured following
FV activation either in the presence of all FVa assay components (i.e.,
in the presence of 2 mM Cag£b nM FXa, 40uM phospholipid, and
0.5 uM prothrombin) or in solution in which case FV was incubated
with 10 nM a-thrombin for 10 min at 37C in 25 mM Hepes (pH
7.9), 150 mM NacCl, 5 mM CaGJ and 5 mg/mL BSA, after which
FVa activity was determined in the FVa assay. Data are averges
the standard deviation of five independent expressions.

Supplies, Leiden, The Netherlands) according to the manu-Nonidet P-40 (v/v) and 0.1% SDS (wl/v), and the ionic

facturer’s instructions. FV antigen levels were read from a

strength was adjusted to= 0.322 M. Samples were added

calibration curve made with pooled human plasma assumingt© Protein A-Sepharose and excess amounts of an in-house-
that full plasma contains #g/mL FV. generated .ra.\bblt ann—hur_nan FV ponclqnaI antibody (no.
Radiolabeling of recombinant FV was done as described 8806) sufficient to precipitate all FV in each sample.
above except that 48 h after transfection the culture medium Following overnight incubation at 4C with end-over-end
was replaced with Cys/Met-free DMEM supplemented with turning the samples were centrifuged at 209@r 1 min.
50 4Ci/mL [35S]Met and f°S]Cys, 2 mM glutamine, 2.5 mM Precipitates were washed three times with 1Q mM Tris (pH
CaCh, 0.1 mg/mL BSA, 50 IU/mL penicillin, and 5@g/  7-5), 150 mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40 (v/
mL streptomycin. v), and O.l% _SDS (wWiv), gftgr which bound protein was
Factor Va AssayFactor Va activity was determined by €luted by boiling for 10 min in 3x SDS sample buffer
quantification of the effect of FVa on the rate of FXa- containing 20/96-mercaptoethanol. Samples were cer_ltrlfuged
catalyzed prothrombin activation as described previously &t 2000@ for 1 min, and the supernatants were subjected to
(25). Briefly, prothrombin activation was allowed to proceed 7-5% SDS-PAGE. A Phosphorimager (Molecular Dynam-
for a fixed period of time (usually 1 min) at 37C in a ics, Sunr_1yvale, CA_) and_ t_he software ImageQuant were used
reaction mixture containing 0&M prothrombin, a limiting {0 quantify the radioactivity of the bands on the gels.
amount of FVa £20 pM), 5 nM FXa (or other amounts if
indicated in the figure legend), 40M phospholipid (10:90
molar ratio of phosphatidylserine to phosphatidylcholine),  Expression and Characterization of the Recombinant FV
0.5 mg/mL ovalbumin, 150 mM NaCl, and 2 mM Ca@t Mutant. To study the functional properties of FV mutated
25 mM Hepes (pH 7.9). Where mentioned, the reaction in a potential calcium-binding site, rFV-NN and rFV-wt were
mixture contained a reversible thrombin inhibitor 421 transiently expressed in COS-1 cells. Antigen levels in
PefaBloc TH) to prevent FV activation by thrombin gener- conditioned medium collected 72 h after transfection were
ated in the FVa assay mixture. The rates of prothrombin determined by ELISA and are presented in Table 1. The
activation were determined with the chromogenic substrate expression level of both rFV-wt and rFV-NN was ap-
S2238 ). proximately 500 ng/mLr{ = 5), indicating that the intro-
lon-Exchange Chromatography of FMaonditioned me- duced amino acid substitutions do not impair the intracellular
dium containing radiolabeled recombinant FV was concen- processing and secretion of the mutant FV molecule and
trated 5-fold on a Vivaspin 100 kDa molecular mass cutoff suggest proper folding of the mutant molecule.
concentrator (Vivascience, Gloucestershire, U.K.) and acti- FVa activity was determined after activation of rFV with
vated with 50 nMa-thrombin for 20 min at 37°C. The thrombin and quantification of the effect of rFVa-wt or rFVa-
sample was loaded on a SP-Sepharose resin (1 mL)NN on the rate of FXa-catalyzed prothrombin activation. For
equilibrated in 25 mM Hepes (pH 7.5) containing 10 mM both rFVa-NN and rFVa-wt, prothrombin activation was
CaCl (buffer A). The resin was washed with five column consistently found to be a linear function of time throughout
volumes of buffer A containing 0.1 mg/mL BSA (buffer B) the period (20 min) during which FVa activity was monitored
and eluted with five column volumes of buffer B containing in the FVa assay (data not shown). However, for rFVa-NN
1 M NH.CI. we observed a marked difference in FVa activity, depending
Immunoprecipitation of FVaTo quantify the relative  on whether FV activation was performed by a 10 min
amounts of HC and LC in fractions from the ion-exchange incubation with thrombin in a separate calcium-containing
chromatography described above, FV was immunoprecipi- activation mixture or whether activation occurred in the FVa
tated essentially as described previousg)( Briefly, all assay mixture (i.e., in the presence of FXa, prothrombin,
column fractions (1 mL) were supplemented with 0.5% calcium ions, and phospholipid vesicles). Table 1 shows the

RESULTS
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rates of prothrombin activation obtained for both conditions
of FV activation. The FVa activity of rFVa-wt activated in
solution (106+ 7.2 s'1) was similar to the activity obtained
after activation in the FVa assay (93#05.9 s'1), and the
turnover numbers obtained are in good agreement with the
turnover number (1007%) on record 27). In contrast, the
FVa activity of rFVa-NN following 10 min of activation in
solution was 30-fold lower (3.5 0.2 s') whereas this
activity was 45% of wild type (41.6- 1.5 s') when
activation of rFV-NN was allowed to occur in the FVa assay.

A 4
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Time Course of rFV Actation in Solution.The observa-
tion that rFVa-NN has substantially reduced FVa activity
following activation in solution prompted us to investigate
the time course of FV activation in solution. To this end
rFV-NN and rFV-wt were activated using a low concentra-
tion of thrombin, and the generation of FVa activity with
time was monitored at various time points by transferring
aliquots from the activation mixture into the FVa assay
mixture. In this experiment 2«M reversible thrombin
inhibitor PefaBloc TH was present in the FVa assay mixture
to prevent activation of rFV-wt or rFV-NN by thrombin
generated during the assay. As can be seen from Figure 2A,
incubation with thrombin caused an increase in FVa activity
for both rFV-wt and rFV-NN. However, whereas the FVa
activity of rFV-wt gradually increased to reach a stable
plateau after 15 min of activation, corresponding to complete C
rFV activation, FVa activity of rFV-NN increased only

Thrombin (nM min")

transiently during the first 2 min of activation and then o

rapidly declined. Furthermore, we observed that the profile €

of thrombin-catalyzed rFV-NN activation in solution was z

dependent on the concentration of thrombin used for activa- ;g' 10 20 %
tion and that the maximal FVa activity determined increased ~ § i

with increasing concentrations of thrombin (see Figure 2B). £ e »
As can be seen from Figure 2B, the rate of rFV-NN = O
activation as well as the rate at which rFVa-NN activity is 2-0 2-5 3-0

lost is enhanced by increasing concentrations of thrombin
present in the activation mixture. In a control experiment
the irreversible thrombin inhibitor hirudin was added to the FiGURE 2: Time course of thrombin-catalyzed rFV activation. (A)
activation mixture before activation of rFV-wt or rFV-NN  fFV-NN (149 pM) and rEV-wt (144 pM, inset) were activated by
was complete. The adciion of hirucin completely blocked 354 KMSM Tiembnt 7. n 25 W, Hepes 0179,
further activation of rFV-wt (Figure 2C, inset), indicating  time points samples of the rFV-NN®j§ and rFV-wt @, inset)
that thrombin activity toward rFV was efficiently inhibited  activation mixtures were diluted 10-fold into FVa assay mixtures
after addition of hirudin to the activation mixture. The containing 2uM PefaBloc TH and 0.5 nM FXa, and the rates of

inhibition of thrombin by hirudin was confirmed using the prothrombin activation were quantified. The plotted data are from
one experiment representative of three independent time courses

thrombin-specific chromogenic substrate S2238 (data not ¢ v/ 2 tivation. (B) rEV-NN (156 pM) was activated by 0.5 nM

shown). Addition of an equal amount of hirudin likewise (@), 1.0 nM @), or 2.0 "M @) humana-thrombin at 37°C in 25
inhibited further activation of rFV-NN, but it did not prevent mM Hepes (pH 7.9), 150 mM NaCl, 5 mM Cagchnd 5 mg/mL
the loss of rFVa-NN activity (Figure 2C). From this, BFSVANQt th<t9_ ingicatef_i :ime pOintSdﬂ}e Fva 3CtiVité/ pfe_St:?né inbthe
; ; i rFV-NN activation mixtures was determined as described above.
L eaments Sl ) U (149 ) o (164 1 ) v st
N by 0.8 nM humaro-thrombin at 37°C in 25 mM Hepes (pH 7.9),
conclude that the observed loss of rFVa-NN activity does 150 mm NaCl, 5 mM CaGl and 5 mg/mL BSA. Following 65 s
not result from further cleavage of rFVa-NN by thrombin. of activation aliquots of the activation mixtures were diluted 2-fold
Dissociation of the rFVa HeterodimefTo assess the mtoznz\ﬂgi;ug)in l%)oor (’\)ASN“'\élhgma,\Té';é’;"%i%P) i? Zféns'\g
H H H : epes .J), m aCl,om n mg/m .
structural integrity of the FFV?"NN hgterodlmer following At Fhe inpdicated time points the FVa activity presegt in the rFV-
thrombin-catalyzed activation in solution, radiolabeled rFVa NN activation mixtures (corrected for 2-fold dilution) was deter-
was subjected to cation-exchange chromatograpy on a SPmined as described above.
Sepharose column in the presence of calcium. As can be
seen in Figure 3, thrombin-catalyzed activation of rFV-wt
(Figure 3A, lane 1) and rFV-NN (Figure 3B, lane 1) gave rFVa-wtadhered completely to the column, and the majority
rise to activation fragments of identical molecular mass with of the HC coeluted with the LC at high salt (Figure 3A, lanes
the B-domain (150 kDa), HC (105 kDa), and LC (74 kDa) 8 and 9). Likewise, the LC of rFVa-NN adhered completely
being clearly visible. As shown in Figure 3A,C the LC of to the resin (Figure 3B,D), but the majority of the rFVa-NN

Time / min
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Ficure 3: Copurification of FVa HC and LC in the presence of calcium ions. (A, B) Radiolabeled rFV-wt (A) and rFV-NN (B) were
activated by thrombin and chromatographed on a SP-Sepharose column as described in Experimental Procedures. Fractions were
immunoprecipitated, and precipitated proteins were separated by 7.5%FSAEE and visualized by autoradiography. Activated FV was

loaded in lane 1, the five wash fractions were loaded in lanres 2nd lanes #11 contain the five elution fractions. (C, D) The radioactivity

of the 105 kDa fragment (HA®) and the 74 kDa fragment (LE)) of rFVa-wt (C) and rFVa-NN (D) from the gels in (A) and (B) were
guantitated as described in Experimental Procedures and expressed as a percent of the radioactivity in the starting material (lane 1). In the
case of both rFVa-wt and rFVa-NN, thrombin adhered to the column and coeluted with the LC at high salt.

HC was recovered in the wash fractions (Figure 3B, lanes 2 min after activation in the presence of 5 nM FXa whereas a
and 3) with a smaller fraction coeluting with the LC at high similar fraction of activity was lost only 1.5 min after
salt (Figure 3B, lanes 8 and 9). Since SP-Sepharose onlyactivation in the absence of FXa. A similar protection of
binds the LC, copurification of HC and LC in the case of the loss of activity of thrombin-activated rFVa-NN was
rFVa-wt indicates that the HC remained associated with the observed when the same experiment was performed with
LC in the presence of calcium ions. In contrast to rFVa-wt, DEGR-FXa (Figure 4B). This indicates that the active site
the HC and LC of rFVa-NN are to a large extent recovered of FXa is not required for stabilization of rFVa-NN.

in separate fractions. This shows that the rFVa-NN het- | the presence of phospholipid, prothrombin also (par-
erodimer dissociates despite the presence of calcium ions4jg|ly) prevented the loss of rFVa-NN activity in a dose-
Stability of rFVa-NN in the Presence of Phospholipid and - gependent manner (Figure 4C), and this effect of prothrombin
FXa or Prothrombin Prothrombin activation in the presence a5 also observed in the presence of phospholipid and 5
of rFVa-NN was consistently found to be a linear function 1 DEGR-FXa (Figure 4D). However, the concentrations
of time in the FVa assay, indicating that the rFVa-NN  of prothrombin required to partially prevent the loss of rFVa-
heterodimer was stable in the presence of FXa, prothrombin, NN activity were much higher than the concentrations of
and phospholipid. To identify the stabilizing component(s), Fxa required for a comparable stabilization. Furthermore,
we activated rFV-NN in the presence of phospholipid and the stapilizing effect of FXa and DEGR-FXa on rFVa-NN
various concentrations of FXa (Figure 4A), active site activity was only observed in the presence of phospholipid

inhibited FXa (DEGR-FXa, Figure 4B), or prothrombin yesicles, but phospholipid by itself did not prevent the loss
(Figure 4C,D). FVa activity was determined at differenttime of rFva-NN activity (data not shown).

points using the FVa assay as described. Increasing concen-

trations of FXa partially prevented the loss of rFVa-NN piscuUsSION

activity, but even the highest concentration of FXa (5 nM)

did not completely stabilize the activity of rFVa-NN (Figure Several reports have shown that the association of FVa
4A). Approximately 40% of rFVa-NN activity was lost 19.5 HC and LC to form functional FVa is dependent on calcium
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Ficure 4: Stability of rFVa-NN activity in the presence of phospholipid and FXa or prothrombin. rFV-NN (156 pM) was incubated with
40 uM phospholipid (10:90 molar ratio of phosphatidylserine to phosphatidylcholine) and various concentrations of FXa (A), DEGR-FXa
(B), prothrombin (C), or prothrombin and 5 nM DEGR-FXa (D) exactly 1 min prior to activation with 1Glirombin at 37°C. At the
indicated time points (after activation) samples were diluted 10-fold into the FVa assay, and FVa activity was determined by quantifying
the rates of prothrombin activation as described. The concentrations of FXa (A) or DEGR-FXa (B) wereZ§, iyl (), 0.5 nM (),

0.2 nM (a), 0.1 nM @), and no FXa or DEGR-FXa®). The concentrations of prothrombin in (C) wer@8 (O), 2uM (O), 1 uM (2),

0.5uM (a), 0.1u4M (W), and no prothrombin®). In (D) the concentrations of prothrombin used wepeM. (O), 0.5uM (O), 0.2uM (2),

0.1uM (a), 0.05uM (W), and no prothrombin®). FVa activity is expressed as a percentage of the activity determined after 1.5 (A) or

2 min (B—D) of activation.

ions 8—11). The experiments presented in this paper were compared to Asp. The structural similarity of Asn and Asp
designed to gain insight into the functional consequences of minimizes alteration of the overall backbone structure as
disrupting a potential calcium-binding site in FZ§). caused by the mutagenesis. The expression level of the rFV-

On the basis of the theoretical model of the FV A-domains NN double mutant is similar to that of the recombinant wild
(14) residues Glu96, Asp102, Glu108, Asp111, and Asp112 type (see Table 1), which indicates that the introduced amino
have been proposed to form a calcium-binding site within acid substitutions do not impair the intracellular processing
the A1l domain, next to the A1A3 interface. It was and secretion of the mutant FV molecule (i.e., if the
suggested, on the basis of structural analysis of the FvaMmutations were to destabilize rFV or lead to conformational
model, that calcium would lock the conformation of this changes, lower expression levels would most likely have been
region in a manner that would allow favorable interactions Observed).
with the FV A3 domain while, in the absence of calcium,  The activity of rFVa-NN varies markedly depending on
some structural changes in amino acid side chains andthe conditions used for FV activation. Upon activation in
backbone atoms would take place, creating clashes with thethe presence of all components of the prothrombinase
FVa LC. Considering the present data discussed below andcomplex rFVa-NN has 45% of the activity of the recombinant
data on record?9), this seems to be the most likely scenario. wild type (see Table 1). Furthermore, the activity of rFVa-
As can be seen from the sequence alignment (Figure 1B) allNN under these conditions was stable throughout the period
mentioned residues are completely conserved in all presently(20 min) during which prothrombin activation was moni-
available protein sequences of FV and the homologous FVIII tored. These observations show that rFVa-NN has at least
as well as in FV-like proteins from zebra fish and the eastern 45% of the activity of rFVa-wt and that the introduced amino
brown snakePseudonaja textilig30). This indicates an  acid substitutions are not incompatible with FVa activity per
evolutionarily conserved function/importance of these resi- se. However, a 10 min thrombin-catalyzed FV activation in
dues. Furthermore, it was recently shown that the Leu94 tothe absence of other prothrombinase components yields a
Lys109 region of the FV Al domain plays a critical role in  rFVa-NN molecule with less than 4% of the activity of rFVa-
the calcium-dependent association of the HC and 80.( wt. Time course analysis of thrombin-catalyzed FV activation

To abolish calcium bmdmg to the potentia| calcium- in solution shows that incubation of rFV-NN with thrombin
binding site in FV, we substituted Asp residues at positions does cause an increase in FVa activity which is rapidly lost
111 and 112 for Asn in a recombinant FV double mutant. Upon prolonged incubation.

The rationale behind this approach is that the Asn residue is A possible explanation for the observed loss of rFVa-NN
the amino acid with a side-chain structure most similar to activity upon prolonged incubation with thrombin is that
that of Asp but with one side-chain oxygen atom less as thrombin inactivates rFVa-NN. However, as shown in Figure
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2C, the loss of rFVa-NN activity occurs despite complete these activities depend on the experimental conditions at
inhibition of thrombin activity by hirudin. Furthermore, the which FV is activated, i.e., the time of activation (Figure
activation fragments of rFVa-wt and rFVa-NN are of 2A), the thrombin concentration (Figure 2B) and the presence
identical molecular mass as judged by gel electrophoresisof prothrombinase components in the activation mixture
(Figure 3A,B, lanes 1), suggesting that the amino acid (Figure 4A), and the temperature at which rFV-NN is
substitutions present in rFV-NN do not introduce novel activated (data not shown).

thrombin cleavage sites. Finally, in the FVa assay (i.e., In 14 oy knowledge there are no reports in the literature of

the presence of all components of the prothrombinase yatients carrying mutations in any of the mentioned residues
complex) the activity of rFVa-NN was stable despite the (Glu96, Asp102, Glul08, Asplll, and Aspll?) in FV.

gengration of high cqncentrations of thrombin (up to 250 However, patients with missense mutations in the corre-
nM) in the reaction mixture. On the basis of these observa- sponding residues in FVIII have been identified. Three

tions it is highly unlikely that thrombin is responsible for : . - . :
o . patients carrying substitutions in FVIIl corresponding to FV
O . asamm o easett posions 90 U110Vl in VI, 102 (ASpL1GGl
concentrations of thrombin in the activation mixture (Figure FVIIT), and 108 (GIU122.LyS in FVIIT) all ;uffered from
oB be explained as follows: at high thrombin concen- severe bleeding tendencies and had functional FVIII levels
) can be explained as follows: at hig © CONCEN- helow 1% (antigen levels were not determined@®-{34).

trations there is a fast accumulation of rFVa-NN that One patient carrying a substitution in FVIII corresponding
subsequently rapidly dissociates into isolated HC and LC, to position 112 in FV (Asp126His in FVIII) suffered from a

whereas at low thrombin concentrations activation is much moderate bleeding tendency and had 2% functional FVIII

Zlov(;/ﬁr g\ir;‘d tggtil\c/):io%f g]}/g:?/(_::\ll\;\llty is partially compensated and 19% FVIII antigen35). These data show that the Glu110
yUsir?g ign-exchange chromaté)graphy of metabolically _to Asp126 region of FVlllais impprtant for FVIIIafunction_
radiolabeled rEV, we observed that thrombin-catalyzed in vivo and support the observation that the corresponding
L ¥ N o ~~ region in FV is important for FVa function. Recently, the
activation of rFV-NN results in dissociation of the rFVa importance of the GIu110 to Asp126 region in FVilla was

NN HC and LC despite the presence of calcium ions. In .
addition, we found that, in the presence of phospholipid, FXa fur_ther demonstrated_ by Wakabayashi e_md cplle_agl_i@_)s (
using several recombinant FVIII mutants, in which individual

and active site inhibited FXa are capable of stabilizing the : ; . : .
P g residues in the region were substituted for alanine. They

activity of the rFVa-NN heterodimer in a dose-dependent b 4 th | i N th . f
manner. A possible explanation for the stabilizing effect of 2PS€Ve€ that several residues In this region o F\/IIIa
FXa is that FXa binds both the HC and LC of rEVa-NN and (ncluding Asp125 and Asp126, which correspond to residues

thereby prevents the loss of activity. In the presence of Asp;Lll a_nd_ Asp:_L12 in '_:V' respecuvely)_ are part of a
phospholipid, prothrombin also stabilized the activity of the Calcium-binding site required for expression of cofactor
rFVa-NN heterodimer in a dose-dependent manner. A activity. Th(_ese obs_ervgtlons support the hypothe5|_s of the
possible explanation for this stabilizing effect is that pro- corresponding region in FV to be part of a functionally
thrombin binds the HC of rFVa-NN, while both prothrombin  important calcium-binding site.
and the LC of rFVa-NN are bound to the phospholipid  In summary, the introduced Asp111Asn/Asp112Asn sub-
surface. This model would explain why high concentrations stitution in a potential calcium-binding site in FV yields a
of prothrombin are required for stabilization of rFVa-NN, molecule that can be activated by thrombin but rapidly loses
since dissociation of the prothrombitC dimer from the FVa activity most likely due to dissociation of the HC and
lipid-bound LC is still possible, whereas this is not the case LC. However, in the presence of all components of the
for FXa which binds to the HC and LC simultaneously. prothrombinase complex the activity of the rFVa-NN het-
Furthermore, the interaction of prothrombin with the FVa erodimer is stable. Furthermore, in the presence of phos-
HC is of much lower affinity than the interaction of FXa pholipid vesicles the rFVa-NN heterodimer is partially
with FVa. Together, these observations indicate that the stabilized by both FXa and prothrombin in a dose-dependent
mutant rFVa molecule most likely loses activity due to manner. The stabilizing effect of FXa on the rFVa-NN
dissociation of the HC and LC complex. heterodimer is likely due to structural features of FXa as
During the preparation of this paper Zeibdawi and col- the effect is independent of the enzymatic activity of FXa.
leagues 29) published a characterization of several recom- In the experiments performed rFV-NN has a phenotype that
binant FV mutants harboring one or more Ala substitutions is consistent with what is expected of a FV molecule that
in the region Asp79 to Glul19. They observed that Ala cannot bind calcium. We thus hypothesize that the introduced
substitution at position 111 (Asp111Ala) or 112 (Asp112Ala) amino acid substitutions disrupt the calcium-binding site in
resulted in 70% and 25% reduction in FVa activity, FV. Further studies, including direct experiments on calcium
respectively. Furthermore, in the case of AsplllAla the pinding, are required in order to quantify the effect of the

reduced FVa activity was accompanied by dissociation of introduced amino acid substitutions on calcium binding to
the FVa HC and LC. Although direct comparisons are Fy.

complicated by the different choice of amino acid substitu-

tion, we think the observations by Zeibdawi et al. for the ACKNOWLEDGMENT

single substitution mutants are in good agreement with the

results reported here for the double substitution to Asp111Asn/ We gratefully acknowledge Ing-Marie Persson for puri-
Aspl12Asn in rFV-NN. However, a direct comparison of fication of prothrombin and thrombin. We thank Drs. Isiva

activities reported by Zeibdawi et al. for the single FV Balogh and Olof Axler for helpful discussions and critical
mutants and our rFV-NN is hampered by our finding that reading of the manuscript.
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