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ABSTRACT: We investigated the functional role gfcarboxyglutamic acid (Gla) residue 21 of human
factor IX, using site-directed mutagenesis to change the glutamic acid residue to aspartic acid (FIX21D).
FIX21D had reduced activity in an activated partial thromboplastin time (aPTT) assay and was activated
by factor Xla more slowly than wild-type factor IX (FIXwt). FIX21D underwent normal, two-stage
calcium-dependent intrinsic fluorescence quenching, indicating that a folding event similar to that seen in
FIXwt occurred upon the addition of calcium ions. Antibody A-7, which recognizes factor 1X-specific
residues at positions 3310, bound FIX21D as well as FIXwt; however, the calcium-specific monoclonal
antibody, JK-1X-2, whose epitope includes residues 1 and 22, did not recognize FIX21D. FIX21D bound
phosphatidylserine/phosphatidylcholine (PS/PC) vesicleskKuitipproximately 10-fold greater than FIXwt,

as measured by a fluorescence light scattering assay. Finally, although FIXwt binds endothelial cells
with a Ky of 2.8 nM, FIX21D did not bind endothelial cells. Molecular modeling simulations of FIXwt
and FIX21D indicate that mutating Gla 21 to Asp causes structural changes in resichiesn@ 8-10,

as well as in two exposed calcium ions, consistent with the reduced function of FIX21D. Immunological
and intrinsic fluorescence quenching assays and the molecular dynamics simulations suggest normal folding
in the C-terminal region of the Gla domain. Thus we hypothesize that FIX21D has reduced JK-IX-2 and
phospholipid and endothelial cell binding due to localized structural changes in resid8saBd the
exposed calcium ions. Our study suggests that the Gla 21 to Asp mutation disrupts function in the
N-terminal region of the Gla domain without affecting structure in the C-terminal Gla domain region.

Factor IX is a 57 kDa serine protease zymogen which has endothelial cell binding and factor Xla recognition (Cheung
sequence homology with other blood proteins including et al, 1991, 1992; Liebmaset al., 1987).

factor X, factor VII, protein C, protein S, and protein Z  Three pairs of Gla residues are conserved among the Gla
(Nelsestuert al, 1974; Stenflet al, 1974). These proteins  domains of coagulation and anticoagulation factors: residues
require a vitamin K-dependent, posttranslational modification 7 gnd 8, 20 and 21, and 26 and 27 (using factor IX
of glutamic acid residues tg-carboxyglutamic acid (Gl&) numbering). From the crystal structure of the bovine
for physiological activity. The modification occurs at & prothrombin Gla domain, it is likely that the first pair of
limited number of residues in the N-terminal region known G| residues, residues 7 and 8, aids in maintaining the proper
as the Gla domain (Stenflet al., 1974; Nelsestuent al, N-terminal loop structure through stabilizing ligations with
1974; Zytkovicz & Nelsestuen, 1975; Fernluedal, 1975, foyr calcium ions (Soriano-Garciet al, 1992). The pro-
Esmonet al, 1975). The Gla domains of vitamin K- thrombin structure indicates that the Gla residues in the
dependent blood proteins are required for calcium-dependentsecond conserved pair of Gla’s, residues 20 and 21, lie in
phospholipid membrane binding (Nelsestuen, 1976). The sjgnificantly different environments. While both Gla 20 and
factor IX Gla domain has further been implicated in Gja 21 bind two solvent-exposed calcium ions, which may
be involved in a membrane-binding calcium bridge, Gla 21
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phospholipid vesicles was 3-fold increased from that of wild-
type recombinant protein C. Ratclifés al. (1993), likewise,
observed a similar loss of activity and a 4-fold decrease in
the affinity of prothrombin mutant E20D (equivalent to Gla
21 of human factor 1X) to phospholipid vesicles. Addition-
ally, Gla 21 is critical forin vivo function; a patient whose

Wolberg et al.

transfect cells grown in 100 mm dishes. Cells were passaged
1:2 and grown in media supplemented with 506/mL
geneticin (G418) (Gibco) plus &g/mL vitamin K (Phy-
tonadione, Abbott Laboratories) 2 days after transfection.
G418-selected colonies were isolated with cloning cylinders
and placed into 12-well dishes. Each clone was grown to

glutamic acid residue 21 is replaced with lysine has about confluence and assayed for factor 1X expression using an

50% of the expected antigen level, with no intrinsic factor
IX activity (Hamaguchiet al,, 1991).

We investigated the structural and functional role of Gla
residue 21 of factor IX. Usingn vitro mutagenesis, we
changed glutamic acid residue 21 to aspartic acid (FIX21D)
and examined the effect on clotting activity, factor Xla

immunoradiometric assay. Clones with the highest levels

of factor IX expression were expanded for further production.
Purification of Recombinant Factor IXInitial purification

of FIX21D was accomplished according to the method of

Yan et al. (1990) using a Q Sepharose Fast Flow resin (1.5

cm column diameter) with a 2 mL bed size per liter of media.

activation, fluorescence quenching, phospholipid binding, and Protein was eluted with TBS (20 mM Tris, 136 mM NacCl,

endothelial cell binding. We also examined the structural
effects of this mutation on the factor IX Gla domain using
monoclonal antibodies against the Gla domain of factor IX.
Finally, we performed molecular dynamics simulations on

pH 7.3) and a calcium chloride gradient from 0 to 30 mM
in 60 mL. FIX21D eluted from the Q column between 9
and 11 mM calcium chloride. Peak fractions of factor 1X
determined by SDSPAGE were pooled and concentrated.

models of the wild-type structure and on the mutant structure Q Sepharose-purified FIX21D was then affinity purified
in order to compare the differences observed in these using the metal-dependent, conformation-specific monoclonal

structures with those observed experimentally.

MATERIALS AMD METHODS

Proteins Human factor 1X was purified from human
plasma as described (Smith & Ono, 1984). Human factor
Xla, a gift from Dr. David Straight, was purified according
to Braunsteiret al. (1981).

Four factor IX-specific monoclonal antibodies were used
in this study: A-1, A-5, A-7, and JK-IX-2 (Smitat al., 1987;
Sugoet al, 1990). Monoclonal antibodies A-1 and A-5
recognize the factor IX activation peptide (residues-147
153) and the heavy chain (residues £810), respectively
(Frazieret al,, 1989). Antibody A-7 is conformation-specific
and divalent metal ion-dependent, recognizing residues 33
40 of the factor IX Gla domain in the presence of calcium
or magnesium ions (Cheurgt al., 1995). Antibody JK-
IX-2 is a calcium-specific monoclonal antibody which
recognizes the N-terminal region of the factor IX Gla domain
(Sugoet al, 1990; Cheunget al., 1996).

In Vitro Mutagenesis and Construction of the Expression

antibody, A-7, coupled to Affi-Gel 10 (Bio-Rad). After
extensive washing with TBS containing 20 mM Mg@hd

5 mM CaC}, FIX21D was eluted from the A-7 affinity
column with 20 mM EDTA in TBS and concentrated with
a Centricon 30 ultrafilter (Amicon), and the concentration
was determined using the Bio-Rad assay.

Gla Analysis Gla analysis was performed according to
the procedure of Przysieclet al. (1987), with alkaline
hydrolysis following the method of Pricet al. (1983).

Clotting Assay One-stage activated partial thromboplastin
time (aPTT) assays were performed according to the
manufacturer’s instructions (Sigma). Partial thromboplastin
time (PTT) assays, in which FIXwt or FIX21D was activated
prior to the clotting assay, were also performed. Briefly,
FIXwt or FIX21D was incubated for 2 h at 3T with factor
Xla and checked for full activation by SDFPAGE. Ali-
quots were then subjected to a clotting assay similar to the
aPTT assay, except without preincubation of the active
proteins with the factor 1X-deficient plasma. The ability of
the factor IX proteins to correct the clotting time of factor
IX-deficient plasma was compared to a standard curve using

Plasmid Site-directed mutagenesis was accomplished asplasma-purified factor IX.

described by Kunkel (1985). The synthetic oligonucleotide
used for mutagenesis '(BAGAGAGAATGCATGGAA-
GATAAGTGTAGT-3') (Oligos Etc. Inc., Guilford, CT)
introduced theNsil restriction site into the factor IX cDNA.

Polyacrylamide Gel Electrophoresig?olyacrylamide gel
electrophoresis was carried out according to the method of
Laemmli (1970).

Activation by Factor Xla FIXwt or FIX21D (0.877uM)

The mutated cDNA was sequenced by the dideoxy chainwas incubated with 9.43 nM factor Xla in TBS, pH 7.5,
termination method using the Sequenase reagent kit (Unitedcontaining 5 mM CaGlat 37°C. Aliquots of the ongoing

States Biochemical, Cleveland, OH) (Tabor & Richardson,
1987).
carried out using the phagemid pMA254 (Kramer & Fritz,
1987), and factor IX mutant cDNA was ligated into the
expression vector pCMV4 at thiganHI site (Thompsoret

al., 1984).

Cell Culture and Transfection by the CaP®ethod
Human embryonic kidney 293 cells were grown in a 1:1
mixture of Dulbecco’s modified Eagle’s medium and F12
medium supplemented with 10% fetal calf serum. The

reaction were withdrawn and subjected to analysis after

Site-directed mutagenesis and sequencing weretreatment with SDS and 2-mercaptoethanol. Gels were

guantitated using densitometry analysis after silver staining.

Intrinsic Fluorescence QuenchingIntrinsic calcium-
dependent fluorescence quenching was performed according
to the method of Nelsestuest al. (1976) and Prendergast
and Mann (1977) using a Shimadzu RF-5000 spectrofluo-
rometer with excitation and emission wavelengths of 280
and 340 nm, respectively.

Phospholipid Binding Phospholipid vesicles were pre-

transfection was performed using the calcium phosphatepared using variations of the method of Barenh@tzal.
coprecipitation method described by Graham and van der(1977). Two milligrams of phosphatidylserine (PS) and 6

Eb (1973). Ten micrograms of pCMV4 factor IX cDNA,
10 ug of pCMV5 carboxylase DNA (Wet al., 1991), and
2 ug of pSV2-neo (Berk & Sharp, 1978) were used to

mg of phosphatidylcholine (PC) (25%/75%) dissolved in
chloroform were mixed and dried under nitrogen, resus-
pended in TBS, and sonicated at room temperature for 30
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min using 10 s pulses followed by 20 s of cooling. The T pe 1

suspension was sedimented by centrifugation at 14900

Gla Analysis, Clotting Activity, Fluorescence Quenching

Data, PS/PC Binding, Endothelial Cell Binding, and Antibody

1 h. The upper third of the supernatant was removed, Binding Results

assayed for phosphorus content by the method of @&en

al. (1956), and used as phospholipid vesicles within 24 h of
preparation. The phospholipid binding assay was performed
and analyzed according to the method of Nelsestuen and Lim
(2977).

Endothelial Cell Binding Bovine aortic endothelial cells
were seeded at & 10* cells/cnf and grown to confluence
in 48-well microtiter plates in Dulbecco’s modified Eagle’s
medium containing penicillin and streptomycin and supple-

mented with 20% fetal calf serum. Confluent wells (1Z&xm

contained an average of 2:2 10° cells. Binding assays

and analysis of data were performed as previously described

(Cheunget al., 1991).

lodination of Protein One hundred micrograms of
monoclonal antibody was labeled with 1 mCi of R
(Amersham) using lodobeads according to the manufacturer
directions (Pierce). Labeled antibody was purified from free
Na'?¥ using a Sephadex G-25 column.

Immunoradiometric AssayOne hundred microliters of
the factor 1X-specific antibody, A-5, was coated onto a 96-
well microtiter plate at 5@g/mL. Factor IX samples, diluted
in TBS containing 0.1% BSA, were added to the wells and
left at either 4°C overnight or 37°C for 4 h. 29-
radiolabeled antibody diluted in TBS containing 10 mM
MgCl, and 5 mM CaGl was added to the wells ats1 1P
cpm/well. After 4 h at room temperature, unbound A-7
antibody was removed and each well was measured for
radioactivity.

Molecular Modeling of Factor IX Gla Domain The
modeling of the Gla domain of human coagulation factor
IX was reported previously (Lét al, 1996). The wild-type
model of factor IX (1-47) was based on the crystal structure
of calcium-bound bovine prothrombin fragment 1 (Soriano-
Garciaet al., 1992). The mutant structure was constructed
from the model of the wild type through computational
mutation of Gla 21 to Asp. Molecular dynamics simulations
(160 ps) on both proteins were carried out using the protocol
reported previously (Let al,, 1995), except that an advanced
technique, the ParticteMesh—Ewald method, was employed
to evaluate the Coulombic forces without truncation (Darden
et al, 1993).

S

RESULTS

Gla Analysis Purified FIX21D was measured to have 9.35
+ 0.05 Gla/molecule of an expected 11 Gla/molecule, one
Gla residue less than human FIXwt which was measured to
have 10.5+ 0.2 Gla/molecule out of a total possible 12 Gla/
molecule (Table I). The total yield of carboxylated FIX21D
was approximately 20g&g/L of serum-free culture media.

Clotting Actiity Assays FIX21D had reduced clotting
activity (9.7+ 4%) when compared to plasma-purified factor
IX in a standard one-step activated partial thromboplastin
time (aPTT) assay (Table ). A clotting assay using activated
recombinant factor IX (PTT) indicated that the activated form
of FIX21D had 7.1+ 0.9% activity compared to plasma-
purified FIXwt.

Activation by Factor Xla FIX21D exhibited a 3-fold
reduced rate of activation by factor Xla compared to FIXwt

Gla analysis FIXwt FIX21D
Gla analysis 10.8-0.2/12 9.35: 0.05/11
aPTT activity (%) 100 9.% 4.0
PTT activity (%) 100 7.1 0.9
AFmax (%) 40 37
Cso of Gla domain quenching (mM) 0.5 0.4
PS/PC bindinggM) 097+ 055 8.67+0.63
endothelial cell binding (nM) 2.8 ND
A-7 binding (%) 100 100
JK-1X-2 binding (%) 100 ND
aND, no binding detected.
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Ficure 1: Intrinsic calcium-dependent fluorescence quenching.
FIXwt (O) and FIX21D @) were titrated with sequential additions

of calcium chloride, and the fluorescence intensity was measured.
Percent fluorescence quenching was determine&/By x 100.

as visualized through SDPAGE (5.5x 10*stand 1.65
x 1073 s71, respectively).

Fluorescence QuenchingFIX21D underwent two-stage
calcium-dependent intrinsic fluorescence quenching at cal-
cium concentrations similar to those of FIXwt (Figure 1).
Initial rapid quenching, characteristic of a calcium binding
event outside of the Gla domain, occurred at low calcium
concentrations for both plasma-purified factor IX and
FIX21D. The total percent change in fluorescence intensity
as well as the calcium concentration required for half-
maximal quenchingdse) of the Gla domain dependent phase
of the quenching response for FIX21D was similar to FIXwt
(Table 1).

Phospholipid Binding AssayPhospholipid binding assays
indicated that FIX21D had a reduced affinity for phospho-
lipid vesicles compared to FIXwt. Thiy of binding of
FIXwt to PS/PC vesicles was 0.9% 0.55uM, similar to
the previously reporte&y (Burri et al,, 1987; Sugcet al.,
1990) (Table I). FIX21D bound PS/PC vesicles witiKa
of 8.67+ 0.63uM. Interestingly, a factor 1X construct in
which glutamic acid residue 20 was changed to aspartic acid,
FIX20D, bound PS/PC vesicles withka only 4-fold above
that of FIXwt (2.63+ 0.06uxM). We were, however, unable
to purify FIX20D to its fully carboxylated form.

Endothelial Cell Binding The endothelial cell binding
assay used radiolabeled FIXwt with cold recombinant factor
IX as a competitor. TheKy of binding of FIXwt to
endothelial cells was 2.8 nM. FIX21D showed no competi-
tion with radiolabeled FIXwt in binding endothelial cells even
using a 100-fold higher concentration of FIX21D competitor
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e | Ficure 3: Model of the human factor IX Gla domain (overlay based

1 2 3 4 5 6 7 8 9 on residues 1347). FIXwt and associated calcium ions are shown
calcium ion number in cyan; FIX21D and associated calcium ions are shown in magenta.

The endothelial cell (FIXwt) and A-7 (FIXwt and FIX21D) binding

Ficure 2: Alignment based on lowest RMSD in residues-43: . e
regions are indicated.

(a) distances betweencarbons in the aligned FIXwt and FIX21D

structures; (b) distances between the calcium ions in the aligned, . . . . . .
FIXwt and é|))(21D structures. 9 highly coordinated calcium ions-5 remained stable in the

FIX21D simulation; however, the less coordinated calcium

relative to FIXwt (Table 1). The incompletely purified i0ns, including calcium ion 7 and calcium ion 6, which is
protein FIX20D, conversely, displaced radiolabeled FIXwt the calcium ion proposed to be involved in an ion bridge to
on endothelial cellsig of 8.1 nM). the phospholipid membrane (Zhang & Castellino, 1993),
RadioimmunoassayRadioimmunoassays were conducted exhibited considerable movement in the FIX21D structure,
using the metal-dependent monoclonal antibody, A-7, and relative to FIXwt.
the calcium-specific antibody, JK-IX-2. Antibody A-7 bound
FIX21D with 100% affinity relative to FIXwt. The antibody ~2'oCUSSION
JK-1X-2 had no affinity toward FIX21D (Table I). y-Carboxylation of glutamic acid residues in the Gla
Molecular Modeling Molecular dynamics simulations domains of the clotting factors is an interesting, physiologi-
were continued on both the FIXwt and FIX21D models until cally significant posttranslational modification. The Gla
the systems reached equilibrium. An average structure ofresidues are critical for calcium binding, proper structure
the final 16 ps of each simulation was constructed and usedformation, phospholipid binding, and physiological activity.
for analysis. Coordinations between calcium ions and Gla The functional significance of individual Gla residues in
residues remained fairly consistent between the FIXwt and prothrombin and protein C has been examined by mutating
FIX21D structures. In the FIX21D simulation model, the normally carboxylated glutamic acid residue to the
calcium ions 1, 3, and 6 (Figure 3) lost 1 protein coordina- noncarboxylated, but similar residue, aspartic acid. From
tion, calcium ions 2 and 5 lost 2 protein coordinations, and these earlier studies, it has been shown that Gla residue 21
calcium ion 7 gained 1 coordination to residue 20, compared (factor IX numbering) is important for activity in both protein
to FIXwt. The FIX21D simulation model was less stable C and prothrombin (Zhang & Castellino, 1992, 1993; Zhang
than FIXwt based on the root mean square deviation (RMSD) et al.,, 1992; Jhingaret al., 1994; Ratcliffeet al., 1993).
of the backbone atoms of the two proteins (Zefsusl.1 Additionally, a patient having the natural mutation to lysine
A, respectively) when compared to their initial model at this position in factor IX has no detectable factor IX
structures (data not shown). Alignment of the two molecules activity (Hamaguchiet al., 1991). We therefore mutated
based on the lowest RMSD in residues-4¥ was used to  residue 21 of factor IX to aspartic acid to examine the
compare the differences in the positions of tikearbons functional significance of this residue in factor IX.
and calcium ions of the two models (Figures 2 and 3). FIX21D had reduced aPTT and PTT activity compared
Residues 35 exhibited significantly larger than average to FIXwt, and SDS PAGE analysis of an activation time
structural changes in the FIX21D model compared to the course of FIX21D indicated that FIX21D was activated by
FIXwt model (3.7, 4.4, and 3.4 A between the aligned FIXwt factor Xla more slowly than was FIXwt. Thus FIX21D
and FIX21D a-carbons, respectivelyyersusan average  possesses reduced enzymatic activity as well as a reduced
distance of 1.1 A) (Figure 4). Neither residues 1 nor 21 ability to be recognized or cleaved by factor Xla. The factor
exhibited a significant change from the FIXwt structure. The IX binding region of factor Xla has been mapped to a site
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Ficure 4: Stereoview of a ¢trace of the FIXwt (black) and FIX21D (gray) Gla domains (overlay based on residuet7)3 Residues
3,4,5,8,9, and 21 are shown.

distal to the factor Xla active site (Bagk al., 1991). Thus the disulfide bridge (residues 18 and 23) and Trp 42 do not
it is likely that factor IX similarly possesses a factor Xla significantly deviate in structure in the FIX21D model
binding region spatially distinct from the activation sites. It compared to that of FIXwt (Figures 2 and 3). Zhang and
is not surprising, therefore, that mutating residue 21 within Castellino (1992) noticed a 3.8-fold increase in the calcium
the Gla domain disrupts the factor IX/factor Xla interaction concentration required for half-maximal quenching in their
and reduces the activation rate. ktial (1994) observed  Gla to Asp mutation at the equivalent position in protein C
that a mutation to alanine at the homologous residue of (rPC20D). The intrinsic calcium-dependent fluorescence
protein C affects the ability of activated protein C to cleave quenching event differs between factor IX and protein C;
factor V, further implicating residue 21 in protetprotein we observed &Fna for the Gla domain dependent quench-
recognition affecting regions distal to the Gla domain. ing of factor IX of approximately 26%, while th&F .« for
Mutating residue 21 (factor IX numbering) to aspartic acid protein C is only approximately 15% (Zhang & Castellino,
similarly reduces the activity of both protein C and pro- 1992). This difference may indicate a variation in the
thrombin (Zhang & Castellino, 1992; Ratclifé al., 1993). environment of Trp 42 in the protein C Gla domain from

Several of the vitamin K-dependent proteins exhibit a the factor IX Gla domain. The lower calcium requirement
calcium-dependent intrinsic fluorescence quenching eventfor intrinsic fluorescence quenching and activity of FIX21D
contingent on calcium binding sites both within and external compared to rPC20lyersuseach of their wild-type coun-
to the Gla domain (Nelsestuest al, 1976; Moritaet al, terparts, may resuIF from a difference in calcm_m bmdmg in
1984; Schwalbeet al, 1989). Titrating factor IX with ~ the C-terminal regions of the two Gla domains, possibly
calcium ions causes an initial drop in fluorescence intensity iNvolving the three additional Gla residues present in the
at low calcium concentrations (below 0.4 mM CaCl C-ter_mmal region of the factor IX Gla domain relative to
resulting from a calcium-dependent binding event outside Protein C.
of the Gla domain (Moritaet al, 1984). Factor IX We used both calcium-specific and metal-dependent
subsequently undergoes Gla domain-dependent fluorescencgonoclonal antibodies to evaluate FIX21D for its ability to
quenching at higher calcium concentrations. The Gla bind metal ions in the same conformationally specific manner
domain-dependent fluorescence quenching response is beas FIXwt. FIX21D bound A-7 normally, indicating normal
lieved to result from the changing environment of Trp 42 folding and epitope expression in residues—28. In
relative to the disulfide bridge between residues 18 and 23, conjunction with the normal calcium-dependent fluorescence
which occurs upon folding to the calcium-dependent structure quenching observed in FIX21D and molecular modeling
(Perssoret al, 1991). In our studies, FIX21D exhibited observations, these results imply that the C-terminal region
maximal fluorescence quenching an€s similar to those of the FIX21D Gla domain through the aromatic stack region,
of FIXwt, indicating that the calcium ion-induced confor- including residue 42 and likely the disulfide bond between
mational changes surrounding Trp 42 in FIX21D are similar residues 18 and 23, approximates the native factor IX
to those observed in FIXwt. Because a lack of calcium- structure.
dependent fluorescence quenching indicates structural defects FIX21D failed to bind antibody JK-1X-2, however,
in the Gla domain, the similarity in calcium-dependent indicating the loss of this epitope which includes the
fluorescence quenching behavior between FIX21D and N-terminal region of factor IX (Cheungt al, 1996).
FIXwt suggests that the conformation of the FIX21D Gla FIX21D also failed to bind bovine aortic endothelial cells,
domain, at least in the region near Trp 42 and the disulfide the binding of which is mediated in residues Bl (Cheung
bridge, approximates that of the native factor IX structure. et al, 1991), in spite of the fact that FIX20D bound
Our simulation model of FIX21D supports this conclusion; endothelial cells withy only 4-fold increased from that of
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FIXwt. Additionally, the binding of FIX21D to phospholipid  lipid binding potential of the FIX21D mutant in the calcium
vesicles was reduced approximately 10-fold compared to bridging mechanism. Calcium ion 6 does, however, appear
FIXwt. Previously, Ryanet al. (1989) observed that to remain coordinated with the FIX21D structure and is not
phospholipid binding and endothelial cell binding by factor lost to the solvent during the simulation despite the reduced
IX are independent phenomena; however, residue 21 appeargoordination provided by the protein; thus it might still be
to be required for both endothelial cell binding and phos- able to contact the phospholipid surface in the event of a
pholipid binding. calcium bridging situation. Two hydrophobic residues which
It has been suggested that Gla domain-containing proteinshave been implicated in protein C binding to phospholipid
participate in phospholipid binding by providing a negative vesicles, residues 6 and 9 (leucine, leucine and leucine,
charge for coordination of a calcium ion in a bridge with phenylalanine in protein C and factor X, respectively), are
the phospholipid vesicle surface (Nelsest@eral, 1976).  gypstantially shifted with respect to the FIXwt model which
The requirement of specific phospholipid molecules (phos- may reduce the phospholipid binding potential in the
phatidylserine and not phosphatidylcholine) for binding of hydrophobic residue burial mechanism. Thus the greatest
the Gla domain-containing proteins (Nelsestuen, 1976) geyiation observed in the FIX21D modekrsus FIXwt
supports this theory. In studies involving the phospholipid ,ccyyrs in the regions previously implicated in endothelial
binding protein, annexin V, with phosphatidylserine and binding (residues 35, 9, and 10) and phospholipid
phosphatidylethanolamine, only the negatively charged phos-binding (residues 6 and 9 and calcium ion 6). Indeed, it
phatidylserine was able to properly function as a surface for appears from these data that the reduced phosphol’ipid
annexin V; phosphatidylserine coordinated calcium ions in binding observed for the FIX21D molecules results from a
a conformationally specific manner, which then functioned combinedeffect of the shifted calcium ion 6 and residues
as a bridge between the protein and phospholipid surface3_11 The reduced coordination provided to calcium 6 may
(Swairjo et al, 1995). In the Gla domain-containing aﬁect.structure within residues-% and 8-10 by an indirect
coagulation proteins, Gla residue 21 (factor IX numbering) hani h h in th | tyt t lona-
has specifically been implicated in this potential bridging mechanism, such as a change in the solvent structure oriong
range electrostatic potentials in these regions. Since N-

interaction because it coordinates an exposed calcium ion lat f the bovi hrombin N . |
(calcium ion 6) in the crystal structure of bovine prothrombin 2c€tylation of the bovine prothrombin N-terminus also causes
reduced binding to phospholipid vesicles (Welssthal.,

fragment 1; thus this calcium ion may be available for - . ;
formation of a bridge with the phospholipid surface (Soriano- 1988), it is possible that changes at the N-terminus of the

Garciaet al, 1992). In contrast to this theory, it has been Cl& domain affect the phospholipid binding ability of the
suggested that the binding of Gla domain-containing proteins Protein by causing a localized structural effect in ineoop
to phospholipid is based primarily on a resietsairface region.
interaction between hydrophobic residues which become Therefore, we hypothesize that the diminished binding
surface exposed upon calcium binding in the Gla domain ability of FIX21D to the calcium-specific antibody, phos-
and subsequently buried in the hydrophobic lipid membrane pholipid vesicles, and endothelial cells results from the
(Christianseret al., 1994, Sunnerhagest al, 1995). Indeed,  structural changes observed in the modeling simulation. That
calcium binding to the N-terminal region of the factor X s, residue 21 may be specifically involved in the binding
Gla domain directs the formation of such a potential epitopes of JK-1X-2, endothelial cells, and the phospholipid
phospholipid binding structure by burying the N-terminus surface, perhaps participating through a calcium bridging
and exposing hydrophobic residues on théoop (residues  mechanism via calcium ion 6. The Gla to Asp mutation
1-11) (Sunnerhageret al, 1995). In support of this  therefore may alter the epitope or calcium bridging properties
hypothesis, surface-exposed hydrophobic residues 5, 6, 9and directly eliminate binding. Alternatively, the Gla to Asp
(factor IX numbering) on thev loop of protein C have  mytation may reduce binding to JK-IX-2, phospholipid
recently been implicated in phospholipid binding (Zhang & yesjcles, and endothelial cells through a localized confor-
Castellino, 1994; Christiansest al, 1995). mational change in the loop. Since the mutation appears
In the bovine prothrombin fragment 1 structure, as well 4 gisrupt both a potential calcium bridge and structure within
as in our model of human factor IX, residue 21 contacts the eqjgues 311, the reduced binding of FIX21D to phospho-
N-terminus and calcium ions 6 and 7. Mutating this resm!ue lipid, endothelial cells, and the calcium-specific antibody
fm”? Gla to Asp therefore shortens the_ length of the S'_de ikely occurs via a combined event involving both mecha-
chain a.”d rgduces th_e ngmber of negative chargeg prow_de isms or by differing mechanisms for each of the lost
for calcium ion coordination. In our model, this amino acid functions
substitution results in a significant structural change in o )
residues in thev loop, as well as in calcium ions 6 and 7 I conclusion, our study suggests that the mutation at
(Figures 2 and 3). The movement observed in calcium ions 'esidue 21 from Gla to Asp destabilizes residues indhe
6 and 7 likely results from the changes in coordinations [00p and calcium ions 6 and 7, resulting in improper folding
provided by Gla residues in FIX21BersusFIXwt. Since  Of the surface loop and loss of affinity to JK-IX-2, phos-
the salt bridge between residues 21 and the N-terminus isPholipid vesicles, and the endothelial cell receptor. The
maintained in the FIX21D model, the high structural devia- mutation does not, however, appear to disrupt either structure
tion observed in residues-% and 8-10 in FIX21D is likely or function in residues in the C-terminal region of the Gla
a secondary effect in response to the movement of calciumdomain. We suggest that Gla 21 is important for recognition
ion 6 away from thev loop. The general trend in movement of factor IX by factor Xla and that Gla 21 also appears to
observed for calcium ion 6 is in a direction away from the be involved in the epitope of at least one factor X specific
proposed orientation of the phospholipid membrane surfacecalcium-specific antibody, but is not required for binding of
relative to the Gla domain, which may reduce the phospho- the nonspecific metal ion-dependent antibody, A-7.
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