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ABSTRACT. Coagulation factor V (FV) circulates in two forms, FV1 and FV2, having slightly different
molecular masses and phospholipid-binding properties. The aim was to determine whether this heterogeneity
is due to the degree of glycosylation of A&H. FVal and FVa2 were isolated and digested with
endoglycosidase PNGase F. As judged by Western blotting, the FVaz2 light chain contained two N-linked
carbohydrates, whereas FVal contained three. Wild-type FV and three mutarfS@lsn Sef&Thr,

and Set'83Ala, were expressed in COSL1 cells, activated by thrombin, and analyzed by Western blotting.
Wild-type FVa contained the 71 kD&4 kDa doublet, whereas the A3#GIn and Se¥®3Ala mutants
contained only the 71 kDa light chain. In contrast, the?Sérhr mutant gave a 74 kDa light chain. This
demonstrated that the third position in the Asn-X-Ser/Thr consensus affects glycosylation efficiency, Thr
being associated with a higher degree of glycosylation than Ser. TH&Bar mutant FVa was functionally
indistinguishable from plasma-purified FVal, whereas 286In and Set'3Ala mutants behaved like

FVa2. Thus, the carbohydrate at A5H impaired the interaction between FVa and the phospholipid
membrane, an interpretation consistent with a structural analysis of a three-dimensional model of the C2
domain and the position of a proposed phospholipid-binding site. In conclusion, we show that the FV1
FV2 heterogeneity is caused by differential glycosylation of A¥nelated to the presence of a Ser rather
than a Thr at the third position in the consensus sequence of glycosylation.

Blood coagulation factor V (F\)is a 330 kDa single-

chain plasma glycoprotein that circulates in human blood at 2"
a concentration of 21 nMLj. Its domain organization, A1 . -
A2—B—A3—C1—C2, is similar to that of factor VIII (FVIII), i et

and the two proteins share40% amino acid sequence Fgure 1: Schematic representation of the human FVa structure.
identity in their A and C domains2}. Upon activation of The A and C domains are illustrated with their amino acid residue
FV via limited proteolysis mediated by either thrombin, boundaries given. Diamonds denote the 12 potential N-glycosylation
meizothrombin, or factor Xa38), the active procoagulant ~ Sites @). Nine of these sites are located in tt;gz heavy chlaslln and
cofactor, factor Va (FVa), is formed (Figure 1). FVa is a three in the light chain, at positions ASH; A and Asi*.

heterodimeric molecule composed of a heavy chain{Al  Fva assembled on a phospholipid surface in the presence
A2) noncovalently linked to a light chain (A3C1-C2),the  of calcium ions, FVa enhances the rate of prothrombin
chain association being qlependent on tig_htly bound calcium getivation by more than 3 orders of magnitudé, (12). Intact

(9, 10). In the prothrombinase complex, i.e., factor Xa and v has only limited cofactor activity in prothrombin activa-
tion (12). It was recently found that FV not only works as a
"This work was supported by a grant from the Niels Stensen procoagulant protein but also plays a role as an anticoagulant

Stichting, Amsterdam, The Netherlands (G.A.F.N.) and by grants from ; i ;
the Swedish Medical Research Council (Projects 07143 and 11793),mO|ecLlIe in the protein C anticoagulant pathway. There,
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phoserine; FV, coagulation factor V; FVa, activated FV; Gal, galactose; PAGE) migrates as a closely spaced 71 k4 kDa
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dylserine; S2238p-Phe-(pipecolyl)-Arg-pNA; SDS, sodium dodecyl Va2 (71 kDa light chain), can be .separated by cationic
sulfate; SDS-PAGE, SDS-polyacrylamide gel electrophoresis. exchange chromatography, suggesting the molecular mass
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difference between the two is associated with a surface Glutamax, were from Gibco BRL. The double-stranded DNA
charge difference. Ortel and colleagues, using recombinantsequencing kit was from Perkin-Elmer. Bovine serum
FV variants, demonstrated that the FVa light chain hetero- albumin, Hepes, ovalbumin, benzamidine, and Tris-HCI were
geneity resides in the C2 domait§( 17). In a meeting obtained from Sigma Chemical Co. The phospholipids 1,2-
abstract from 1994, the same group hypothesized that thedioleoyl-snglycero-3-phosphoserine (DOPS) and 1,2-dio-
molecular mass heterogeneity was due to glycosylation leoyl-snglycero-3-phosphocholine (DOPC) were purchased
differences 18). A single potential site for N-linked glyco-  from Avanti Polar Lipids. Chromogenix supplied the chro-
sylation is present in the C2 domain at ASA whereas two mogenic substrate S2238. Macrosep 100K concentrating cells
additional sites are present in the FVa light chain, at!&8n  were purchased from Pall Filtron.

and Asr®®? (Figure 1). Equipment for the gel electrophoretic analyses and West-
The two forms of FV are functionally distinct, which is ~ ern blotting were from Bio-Rad Laboratories (Richmond,
related to different phospholipid binding propertid$,(19, CA). FPLC equipment and column materials used for protein

20). FVal binds negatively charged phospholipid membranespurification were purchased from Pharmacia (Uppsala,
less efficiently than FVa2, causing FVal to have a lower Sweden). Prestained molecular mass standards were from
procoagulant potency than FVa2. This is particularly pro- New England Biolabs. A rabbit polyclonal anti-human FVa
nounced at low phospholipid concentrations, or a low light chain serum (8138) has been described previodgly (
percentage of phosphatidylserine (PS) in the membrane. InAlkaline phosphatase-conjugated pig anti-rabbit 19G was
contrast, at high phospholipid levels and/or with a high PS obtained from Dakopatts.
content, little difference in phospholipid binding and pro-  Proteins.Humana-thrombin, FXa, and prothrombin were
coagulant activity is observed. The two forms of FV also purchased from Enzyme Research Laboratories. Purified
differ in their abilities to express anticoagulant APC cofactor plasma-derived FVa was prepared as previously described
activity, the FV1 form being less efficient than FV2. This (31). The Fval and FVa2 forms were isolated by cationic
indicates the anticoagulant activity of FV depends on the chromatography as described previoudl§)( As judged by
ability of FV to interact with phospholipid membranes. SDS-PAGE, they were homogeneous and contained either
FV is synthesized in the liver, and before secretion, the the 74 kDa (Fval) or the 71 kDa (FVa2) light chain. FVa
molecule undergoes several functionally important post- Was brought into 25 mM Hepes (pH 7.5), 150 mM NacCl,
translational modifications, including sulfatior2y, 22), and 5 mM CaGl by buffer change on a PD-10 column
phosphorylation Z3), and glycosylation 24, 25). FV is (Pharmacia). Endoglycc_JS|dase H (E_C 3.2.1.96) was
highly glycosylated, carrying both N- and O-linked carbo- Purchased from Boehringer Mannheim. The enzyme
hydrate side chains, the total carbohydrate content beingPNGase (EC 3.5.1.52), purified as described previotgdy, (
estimated to account for £25% of the molecular masg%). was a kind gift of J. Stenflo. _
The majority (25) of the 37 potential N-linked glycosylation ~ The FV antigen levels were determined by ELISA, as
sites are located in the B domain, the remaining being described previouslyg]. Molar thrombin and factor Xa
distributed between the heavy chain (nine) and the light chain cOncentrations were d(_atermmed by active site titration with
(three) @, 26). During glycosylation of Asn, a dolichol-inked ~ P-NPGB (33, 34). Functional determinations of FV and Fva
high-mannose oligosaccharide is transferred to an Asnconcentrations were performed using the FVa assay, as
residue, which is part of a tripeptide consensus sequence fordescribed below.
N-linked glycosylation, Asn-X-Ser/Thr. In the consensus MutagenesisThree FV mutants, S&° Ala, Sef*®Thr,
sequence, X can be any amino acid except P7Z8). The and Asi®IGIn, were generated with the QuikChange site-
third amino acid in the consensus sequence has in a few casedirected mutagenesis kit (Stratagene) using the expression
been shown to influence the efficiency of the N-linked Vector PMT2-V (containing a full-length cDNA of human

glycosylation process, Thr being associated with a higher FV) as a template30). For each mutant, two complementary
degree of glycosylation than Sezq). oligonucleotides containing the desired mutation were em-

ployed, the sequences of the three sense oligos being
5'-CTAAAACATGGAATCAA GCTATTACACTTCG-3
(Ser®Ala), 5-CTAAAACATGGAATCAAA CTATTA-
CACTTCG-3 (Sef'®Thr), and 5CCTAAAACATGGCAG-
CAAAGTATTACAC-3' (Asr?*81GIn). A 3.2 kb restriction
fragment was isolated for each mutant us8rgBl andNhd
(cleaves at unique sites), and the mutant fragments were used
0 replace the corresponding wild-type fragment in the

MT2-V vector. The presence of only the desired mutations
in each of the three 3.2 kb fragments was confirmed by DNA
sequencing.

Transient Expression of Recombinant FRecombinant
FV was transiently expressed in COS1 cells as described
MATERIALS AND METHODS previously @5, 36). The serum-free medium was collected

72 h after transfection, and the expression levels were

Materials. Restriction enzymes, aprotinin, leupeptin, pep- determined using both ELISA and the FVa assay that is
statin A, and PWO polymerase were purchased from described below. Before the phospholipid binding charac-
Boehringer Mannheim. DNA ligation kit version 2 was from teristics of the FV mutants were probed, they were concen-
Takara Shuzo Co. Serum free cell culture media, Optimem trated using a Macrosep 100K concentrating cell and brought

To investigate whether the FV heterogeneity is caused by
partial glycosylation of Asft®l the consensus sequence for
glycosylation was modified by site-directed mutagenesis and
the mutant FV variants were expressed in eukaryotic cells.
We found that replacement of $&# with a Thr increased
the efficiency of glycosylation, whereas a Bétto Ala
mutation resulted in the loss of glycosylation. Functional
analysis demonstrated that the carbohydrate side chain a
Asr?®l impairs the interaction between FV and the phos-
pholipid membrane. This is consistent with a structural
analysis of a theoretical model of the C2 domain of FV and
the position of a proposed binding site for the phospholipid.
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into the appropriate buffer using a PD-10 column. Cell nM thrombin. Control experiments showed thrombin acti-
extracts were prepared using a Triton X-100 lysis buffer, as vated recombinant FV to be stable for at least 45 min at 37
described previously3(). As a control, the PMT2 vector °C, with a<5% loss of functional activity (data not shown).
containing no FV cDNA was used to transfect cells. No FVa  On the basis of the functional FVa assay, a quick method
was detected in this mock medium, as judged by the ELISA for detecting changes in lipid binding properties of mutant
and functional activity assay. FV, as compared to those of wild-type FV, was created. In
Preparation of Phospholipid VesicleSmall unilamellar this assay, prothrombin activation was performed in the
phospholipid vesicles were prepared by mixing the appropri- presence of (A) 5uM DOPS/DOPC (5:95 molar ratio) or
ate quantities of phospholipids dissolved in CEICH;OH (B) 50 uM DOPS/DOPC (20:80 molar ratio). FVa variants
(9:1 v:v) in a glass tube, after which they were dried under having reduced phospholipid-binding ability were less ef-
a mild flow of nitrogen gas. The phospholipids were ficient in supporting thrombin generation in the presence of
suspended in 25 mM Hepes and 150 mM NaCl (pH 7.5) 5uM DOPS/DOPC (5:95 molar ratio) than in the presence
and vigorously vortexed for 2 min. The phospholipid of 50 uM DOPS/DOPC (20:80 molar ratio). The ratio of
suspension was then sonicated for 10 min &€Qusing an thrombin generated under condition A to that generated under
MSE Mark Il 150 W ultrasonic disintegrator, with arg@n condition B reflected the membrane binding ability of the
peak-to-peak amplitude. Phospholipid concentrations wereFVa, with a low ratio suggesting poor phospholipid binding.
determined by phosphate analysis as described previously
(39). RESULTS
SDS-Polyacrylamide Gel Electrophoresis and Western  FVal and FVa2 Differ in the Number of Carbohydrate
Blot Analysis.The purity and molecular size of the proteins Side Chains, As Judged by Endoglycosidase Digestion.
were analyzed by SDSPAGE under reducing conditions Isolated FVal and FVa2 were subjected to endoglycosidase
according to the method of LaemmB9). Visualization of treatment using PNGase F and analyzed by Western blotting
proteins was carried out after transfer to a PVDF membrane using antibodies against the light chain, to determine the
and subsequent incubation with a polyclonal rabbit antibody number of attached carbohydrate side chains (Figure 2). The
directed against the light chain of FVa and then an alkaline mobility of both FVal and FVaz2 light chains shifted slightly
phosphatase-conjugated pig anti-rabbit 1IgG as describedto lower molecular mass positions during the 48 h incubation,
previously @0). consistent with the liberation of carbohydrate side chains.
Enzymatic Deglycosylation of Plasma-Purified and Re- The pattern observed for FVal suggested removal of three
combinant FVaTo FVa (20ug/mL) were added 100 mM  carbohydrate side chains, whereas FVa2 only lost two chains.
p-mercaptoethanol and 0.5% SDS (final concentrations in The loss of the first carbohydrate side chain from the FVal
the premixture), and the mixture was incubated at 100 light chain yielded a species with a molecular mass similar
for 5 min. Deglycosylation buffer containing 100 mM Tris-  to that of the untreated FVa2 light chain. At the end of the
HCI (pH 8.0), 2 mM PMSF, 10 mM 1,10-phenanthroline, incubation, the FVal and FVaz2 light chains exhibited similar
1.6% Nonidet P-40, 12.7g/mL benzamidine, 12.5 KIU/  electrophoretic mobilities, both migrating as67 kDa
mL aprotinin, 1.25ug/mL leupeptin, and 1.2%g/mL proteins. It proved to be difficult to remove all the N-linked
pepstatin A was added (final concentrations). The total carbohydrate side chains from the FVa light chain, even
reaction volume was 16@L, containing 14ug/mL FVa. though we varied the enzyme concentration between 10 and
Deglycosylation was initiated by the addition of Qg of 1000% of the concentration used in the experiment illustrated
purified endoglycosidase PNGase F, having a specific activity in Figure 2 and extended the incubation time up to 5 days.
of 25 units/tg of protein. The reaction mixture was incubated The longer incubation times yielded nonspecific degradation,
at 37°C, and aliquots were drawn at intervals and mixed which interfered with the interpretation of the Western blots
with SDS-PAGE sample preparation buffer [10% glycerol, (observed in the 48 h incubation depicted in Figure 2).
2% SDS, 2%3-mercaptoethanol, 100 mM Tris-HCI (pH 6.8), Similar experiments were also performed using 15 mIU of
and 0.02% bromophenol blue (final concentrations)]. Heating Endo H. Even after overnight incubation, the electrophoretic
the sample to 100C for 5 min inhibited PNGase activity.  mobility of the FVa light chain did not change (data not
FVa Assay and Functional Assessment of Phospholipid shown), suggesting that it contained no high-mannose
Binding of FVa.The procoagulant activity of FVa was oligosaccharides.
measured as described previoughf)( In brief, the rate of Expression and Characterization of Recombinant FV
factor Xa-catalyzed prothrombin activation was measured Mutants.To elucidate whether the partial glycosylation of
at saturating concentrations of factor Xa (5 nM) and the FVa light chain was related to $€#in the consensus
prothrombin (1«M) and a limiting amount of FVa (between sequence for N-glycosylation, it was mutated to either Thr
1 and 35 pM). The buffer was 25 mM Hepes, 150 mM NaCl, or Ala. In addition, As/#'®was mutated to GIn to determine
and 2 mM Cadl (pH 7.5) containing 0.5 mg/mL ovalbumin,  whether the carbohydrate side chain at position 2181 affected
and the temperature was 3. The reaction mixture the FXa cofactor activity of FVa. The three mutants
contained a saturating concentration of phospholipid vesicles(Sef'83Thr, Sef'8%Ala, and Asi®GIn) and wild-type FV
(40 uM DOPS/DOPC, 10:90 molar ratio), unless otherwise were transiently expressed in COS1 cells, the conditioned
stated. The generated thrombin was quantified using themedia being collected after 72 h. The expression levels of
chromogenic substrate S2238. FVa concentrations werethe four recombinant proteins varied between 100 and 200
determined from the rate of thrombin generation using a ng/mL (Table 1), as estimated by an ELISA. The?8&fhr
turnover number of 6000 mol of prothrombin activated per mutant consistently expressed less efficiently than the other
minute per mole of the factor Xava complex 41). FV was FV forms. The specific activities, i.e., the antigen:activity
quantified by the same method after prior activation with 5 ratio, were similar for all FV variants.
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Mr *10° = Ficure 3: Western blotting of thrombin-activated wild-type and
mutant FV. Concentrated conditioned media from COS1 cells
(approximately 5Qug/mL FV) were incubated with thrombin (5
nM) for 20 min at 37°C and then analyzed by Western blotting
175 = - (7.5% SDS-PAGE under reducing conditions) using a rabbit anti-
human FVa light chain antibody. The lane contents were as
follows: (A) wild-type FVa, (B) the Sét&Thr FV mutant, (C)
83 = s the Set!83la FV mutant, and (D) the AS#!GIn FV mutant.
e R T — Estimated molecular masses are indicated.

62 = serum specific for the FVa light chain (Figure 3). The wild-

475 — & type FVa light chain appeared mainly as a 71 kDa species,
even though a weak band was detected at the slightly higher
molecular mass position expected for the FvVal form (74
kDa). This suggested that the majority of wild-type recom-
0 20° 45 90° 4h 8h 24h 48h binant FV is of the FV2 type. After activation of the
Ficure 2: Removal of N-linked carbohydrate from plasma-purified  S€f**Ala and Asi*®iGIn mutants, their light chains migrated
human Fval and FVa2. Fval and FVa2 were incubated with as the FVa2 light chain, which proved that the Fvd&a2

PNGase F (see Materials and Methods) at@7and analyzed by  light chain heterogeneity is due to partial glycosylation. This

Western blotting after 7.5% SDSAGE, using a rabbit polyclonal \ya5 further illustrated by the results obtained with the
antibody against the human FVa light chain. The various time pomtsS p183Th tant. which vielded a liaht chai iarating t
at which samples were drawn from the reaction mixtures for Fval € I mutant, which yieldéd a light chain migrating to

(A) and FVa2 (B) are denoted. Each lane contained approximately the position expected for the FVal light chain species. Thus,
50 ng of FVa antigen. The molecular masses of the prestainedthe replacement of Ser with a Thr at position 2183 resulted
markers are indicated. in more efficient glycosylation of AL Since Se#83Ala

and Asri*®GIn mutants had similar electrophoretic mobili-
ties, it was concluded that the $EPAla mutant was not
glycosylated at position AgHL Deglycosylation of the four

Table 1: Expression Levels and Functional Analysis of
Recombinant F¥

. . . _  antigen recombinant FV variants yielded FVa light chains with
antigen FVa activity antigen:activity in lysate imil lecul dat t sh It .
construct  (ng/mL) (nM) ratio (ng/mL) ts'mt'l ar Lno eCL:ﬁrh TZSSTS ( alat'no S} Own)'b, WatSF(i(/)nSIS-
n rv ion of recombinant FV w.
wildtype FV 202+ 16 0.31+004  1.95t03 54+ 17 ently observed that deglycosy’ation of recombina as
Sefl®Ala 190+ 16 036+ 0.10  162+03 45+ 15 complete at concentrations of PNGase F that were much
SeP8Thr 101+ 18 0.17+0.01 182404 16+ 6 lower than those required for plasma-purified FVa.

ASP®GIn  173+7 0324003 162:01 40+16 The C2 domain of FV is important for membrane binding
2FV concentrations were determined by an ELISA as described (16), and plasma-derived FVal has in prothrombinase-based

previously §). FVa activities were determined using the chromogenic 4q5ays heen shown to interact less efficiently than FVa2 with
FVa assay as described. As a parameter of specificity, the ratio of FV

antigen to activity was calculated, assuming 1 ng/hmB.03 pM FV. phospholipid containing low phosphatidylserine concentra-
The amount of FV antigen, present in 2 mL cell lysates obtained after tions (15). Similar behavior was reproduced with the different
harvesting conditioned media from culture dishes, was determined via F\Va mutants, the S&#Thr mutant being significantly less
the ELISA method. Data are the averageshe standard error of the  afficient than the other recombinant FV moleculps<(0.05
mean of eight different expressions. using the Student’s test) under suboptimal phospholipid
conditions, .uM DOPS/DOPC (5:95 molar ratio) versus 50
The four recombinant FV variants were activated by M DOPS/DOPC (20:80 molar ratio) (Figure 4). This
thrombin and analyzed by Western blotting using an anti- indicated a loss of membrane binding capacity for the
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Ficure 4: FXa cofactor activity of mutant FV under different
phospholipid conditions. Rates of prothrombin activation were
determined by addition of limiting amounts of thrombin-activated 0%~ 0
recombinant FV (170 ng) to reaction mixtures containing saturating 100 % 11000
amounts of factor Xa (5 nM) and prothrombin 4M). The buffer > ° g
was 25 mM Hepes and 150 mM NacCl (pH 7.5) containing 2 mM =
CaCl and 0.5 mg/mL ovalbumin. The ratios between the rates of 2 G
prothrombin activation at ’M DOPS/DOPC (5:95 molar ratio) b1 f
phospholipid and 5«M DOPS/DOPC (20:80 molar ratio) are © 50 % 500 2
given. Data represent the averafjeghe standard erron(= 4). § 0:100 s
18
Sef®Thr mutant, as compared to the other recombinant FV 32 £
molecules. 0 %, N 0
Separation of Recombinant FvVal and FVa2 by lon 100 % 11000
Exchange Chromatographyhe FVal and FVa2 forms have
different charges, giving them distinct behavior on cationic
ionic exchange chromatographl5j. The separation of the
two forms on a Resource S column using FPLC allowed an 50 % 500
accurate quantification of the ratio between the two forms
in the various recombinant FV preparations. FVal eluted
from the column at~330 mM NH,Cl, whereas FVa2 was 0 %.La— 0
recovered at~500 mM NH,CI. Western blotting confirmed 100 % 11000
the presence of the 74 and 71 kDa light chain forms in the '
first and second peak, respectively (Figure 5). The results
suggested the presence of a carbohydrate af'®sfor
neutralizing positive charges on the C2 domain of FV and 50 %! 500
hence influencing the chromatographic behavior of FVa. The
distribution of the FVa activity in the two peaks eluting from
the FPLC column was used as a means of estimating the 0%k 0
relative degree of glycosylation of A% (Figure 5). '°o * ;o

Glycosylation of Asti®! Affects the Procoagulant Actty
of FVa. The effects of the phospholipid composition and Elution volume (ml)
concentration for expression of procoagulant activity of the
recombinant FV mutants were investigated using a pro-
thrombinase-based assay system containing purified proteins
(Figure 6). At low concentrations of phospholipid vesicles FIGURE 5: Separation of recombinant FVal and FVa2 forms by

. o ; : FPLC. Recombinant FV was, after concentration on Macrosep-
containing<15 mol % phosphatidylserine, FVal forms were 100, activated by 5 nM thrombin at 3T in 25 mM Hepes and

cpnsid_erat_)ly less efficient than the F\_/a2 forms in _proth_rom- 150 mM NaCl (pH 7.5) containing 5 mM Cagind 1 mg/mL BSA.

bin activation. In the presence of vesicles containing higher The activation process was monitored by a prothrombin-based Fva
mole percentages of phosphatidylserine, FVal and FVa2assay, and when full activation was achieved, the incubation was
were almost equally active in supporting prothrombinase allowed to continue for an additional 15 min to ensure complete

L . : .. FV activation. Thrombin was inhibited by the addition of PPACK
activity. The recombinant FVal and FVa2 behaved just like (5 M), and the samples were loadeda1 mLResource S column.

their respective plasma-derived form. Not only the mole The column was washed with buffer A, 25 mM Hepes (pH 6.5)
percentage of phosphatidylserine but also the concentrationcontaining 5 mM CaG| until the baseline absorbency was reached.
of phospholipid was found to be important. Thus, increasing The FVa forms were eluted with a linear gradient of J0H(0 to

ncentrations of oh holipid vesicl ntainin mol % 1 M). Collected fractions were screened for FVa activity as
concentrations of phospholipid vesicles containing 5 mol % described in Materials and Methods: (A) plasma-purified FVa, (B)

phosph_atidylserine resulted in an increased level of pro- .. pinant wild-type FVa, (C) the S&RAla mutant, (D) the
thrombin activation, and above 35 uM, only small SeP83Thr FV mutant, and (E) the A8#¥GIn FV mutant. The
differences between the FVa forms were observed. From this,distribution of the FVa activity in the two peaks is indicated.
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FiGUurRe 6: FXa cofactor activity of FVVa mutants related to phospholipid composition and concentration. FVa (1.5 nM) was incubated with
2.5 pM factor Xa and phospholipid vesicles at®®in 25 mM Hepes, 150 mM NaCl, and 3 mM Ca@bH 7.5) containing 5 mg/mL BSA.

The phospholipid vesicles were (A) AM DOPS/DOPC containing varying mole percents of phosphatidylserine or (B) increasing
concentrations of 5:95 (molar ratio) DOPS/DOPC vesicles. After 5 min, prothrombin activation was started by the addition of prothrombin
to a final concentration of M, and 3 and 6 min later, the amount of thrombin was quantified. Quantitation of the generated thrombin was
performed for the 3 and 6 min samples in duplicate. The data are averages of three different experiments with variation per data point being
<5% of its value: #) plasma-derived FVa2l) the Sef'8Thr mutant, &) plasma-derived FVal, an®J the As#'81GIn mutant.

it can be concluded that the functional differences betweenrelated to which amino acid residue was present in the third
FVal and FVa2 are due to the presence or absence of thgosition in the consensus sequence for N-glycosylation, with

carbohydrate side chain at A3#. the following order: Ala< Ser < Thr. This observation
agrees with the consensus sequence-assisted catalysis mech-
DISCUSSION anism for oligosaccharyl transferase, proposed by Bause and

Legler @4). According to this mechanism, the residue at the
The FVa light chain heterogeneity is an intrinsic property third position plays an active role in the catalysis of
of the C2 domain 15, 16). The aim of the investigation  gligosaccharide transfer to the Asn residue by formation of
described here was to determine whether partial glycosylationa Charge re|ay system with the Asn saccharide receptor and
of the single N-glycosylation site in the C2 domain, at the dolicholpyrophosphate-bound oligosaccharide, which
Asr?'®, was the cause of the heterogeneity. Endoglycosidasefacilitates the saccharide transfer. Partial glycosylation at
treatment suggested that the light chains of FVal and FVa2Asr?18! due to the Ser in position 2183 thus explains the
contain three and two carbohydrate side chains, respectively heterogeneity of FV, despite the presence of only one gene
Thus, FVal contains N-linked carbohydrates at all three for FV.

potential glycosylation sites, at ASI; Asn® and Asi'®, Expression levels of wild-type FV and two of the mutants,
whereas FVa2 presumably contains carbohydrates only atggpissn|g and AsR8GIn, were similar, whereas the level
Asn'®™ and Asi®®2 Despite extensive digestion under fexpression of S&Thr was consistently lower. Although
denaturing condltlong, the deglycosylatlor} of plasma-derlv_e_zd this suggests that the carbohydrate at A&rimpairs the
Fval and FVa2 was incomplete, suggesting the accessibility secretion of FV, additional studies, including metabolic pulse
of the carbohydrate side chains for the PNGase F 10 be|apeling of FV, are required to address this question properly.
limited. This agrees with an observation made by Fernandez(;omlmete blockage of the N-linked glycosylation by tuni-

et al. €5) that treatment of FV withN-glycanase under  camycin has been shown to impair the overall secretion of
nondenaturing conditions did not change the electrophoretic recombinant FV, using CHO T9 celld%).

mobility of the FV light chain. In contrast, we found The interaction between FVa and phospholipid membranes

deglycosylation of recombinant FV to be highly efficient, was probed indirectly via a prothrombinase-based assay

indicating that the oligosaccharide structures of recombinant o :
FV (derived from COS1 cells) may be somewhat different z;r/]sétesr;lggsamn?u?aer:L\;t)a,dcirrlr:jp;céc&r?g |2<a/r;t1|:(\é%§r{rﬁkaarllr:j
from those of plasma FV (derived from hepatocytes). plasma-derived), demonstrated higher procoagulant cofactor
Alt_hough COS1 cells have no record of abnqrmal glyposy- activity in the presence of low concentrations of phospholipid
lation and have proved to be valuable for studies of N-linked containing less than 15 mol % phosphatidylserine. This
glycosylation of recombinant proteindZ, 43), it is likely suggests that the polar carbohydrate attached to*Asn
that small differences in the fine structure of the carbohydrate jiarferes with binding of FVal to the phospholipid mem-
between recombinant and plasma-derived FV exist, which pane gyrface. In this context, it is interesting to note that
may affect the susceptibility to PNGase F. Another less likely mqgification of the carbohydrate side chains in FV has been
possibility is that the reduced susceptibility of plasma-derived ¢5,,nd to affect the procoagulant activity of FV. Thus, the
FV is the result of carbohydrate modification during purifica- - hrocoagulant activity increased slightly when recombinant
tion, or during exposure of FV to plasma in viva4). FV was expressed in the presence of DMJ, an inhibitor of a
Our results demonstrated that wild-type FV, and the two 1,2-mannosidase (causing inhibition of N-linked oligosac-
mutants SeétThr and Set*®Ala, differ in their degrees  charide processingyb). Increased FV activity was also
of glycosylation. The efficiency of glycosylation at A3# observed after neuramidase treatmeM).( The possible
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Membrane surface

Ficure 7: Molecular model of the C2 domain including the carbohydrate side chain. The ribbon diagram of the C2 module is drawn (left
and right) with the same orientation and with two possible orientations for th&'#side chain to which a common carbohydrate motif
(GlcNAc-GIcNAc-Man-[Man-GlcNAcGal)) has been grafted. The loop 2060 most likely contacts the phospholipid surface directly. The
exact location of the glycan cannot be predicted at present. The glycan could be slightly closer to the protein surface, and/or the module
could be tilted slightly differently with respect to the membrane plane. In all cases, it is clear that the size of a common carbohydrate motif
is such that it could interfere with membrane binding.

interference with the FVYamembrane interaction by a of the glycan, it is expected to be very close to the membrane
carbohydrate side chain attached to A&hwas theoretically = and may therefore interfere with membrane binding.

tested by structural analysis of a molecular model of the C2  The C2 domain is highly conserved among at least three
domain @6). In this model, Asf'®!is located in a solvent-  species (human, bovine, and murine), exhibiting a striking
exposed loop where a carbohydrate side chain can easily bejegree of identity of 87.4% between human and mouse and
accommodated. The A3t residue was found to be nearby  89.99 between human and bovine FV, and no insertions or
another solvent-exposed loop containing several Trp anddeletions are observed among the three species. Even more
positively charged amino acids, which was proposed to noteworthy is the 100% degree of identity among the three
constitute part of the phospholipid binding site in the C2 species in the region between amino acid residues 2161 and
domain (Figure 7). The C2 domain is known to interact with 2194, which includes the glycosylation site (numbering as
the membranel(7), and electron microscopy demonstrated in human FV). The bovine FVa light chain is known to be
that the A}-A3 domains are distant from the membradA&(  heterogeneous just like the human FVa light chains. The high
48). A likely possibility is that the C1 and C2 domains adopt degree of conservation between species indicates that the
a rod-like structure with the membrane binding site being C-terminal region of the FVa light chain is important for
located on the opposite side of the N-terminus of the C2 proper FV function. Moreover, it appears that the light chain
domain @6, 49). Collectively, these data are compatible with heterogeneity is also highly conserved, and therefore, it is
the idea that the charged and hydrophobic/aromatic loop apparently functionally important. The FVa2 form is likely
residue 2060 of FV is directly involved in the interaction to be more procoagulant at low phospholipid concentrations.
with the phospholipids. It is known that protetmembrane  However, it is difficult to conclude which are the overall
interactions often involve both hydrophobic effects and other functional consequences of the glycosylation because the two
thermodynamic forces, such as electrostatic interactions.forms of FV and FVa differ in their sensitivities toward APC

Moreover, structural §0) and statistical analyse$1) of and have different potencies as anticoagulant APC cofactors
membrane proteins indicate that aromatic residues are(19, 20). The availability of well-defined recombinant FV
preferentially found at the membransolvent interface. mutants mimicking the FV1 and FV2 forms will allow a

The results presented here are compatible with a localiza-detailed elucidation of pro- and anticoagulant properties of
tion of Asr?®! close to the membrane (Figure 7). The the two FV forms.
structure of the core of N-linked oligosaccharides is remark-  In conclusion, we demonstrate that the FV heterogeneity

ably conserved between different glycoprotei®, (53). is caused by partial glycosylation at &&#, which is due
Thus, by grafting a commonly found N-linked carbohydrate to the presence of a Ser rather than a Thr at the third position
core motif (GIcNAc-GIcNAc-Man-[Man-GIcNAcGad) to in the consensus sequence for N-linked glycosylation. After

Asr?®®l onto the C2 model, we can further interpret our replacement of the Ser with a Thr, an increased level of
biochemical data. Despite the fact that the exact orientation glycosylation at As#8 was obtained. A three-dimensional
of this N-linked glycan is not yet known, we propose an model for the C2 domain was used to interpret the modula-
approximate position for the membrane surface relative to tion of FVa activity and membrane binding ability by the
the C2 module (Figure 7). Regardless of the exact position carbohydrate side chain in the C2 domain.
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