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ABSTRACT: The binding of factor IX to cell membranes requires a structured N-terminédop
conformation that exposes hydrophobic residues for a highly regulated interaction with a phospholipid.
We hypothesized that a peptide comprised of amino acids-8Bld411 of factor IX (flXgs-011) and
constrained by an engineered disulfide bond would assume the native faatetddp conformation in

the absence of Ca. The small size and freedom from aggregation-inducing calcium interactions would
make flXz4-011 Suitable for structural studies for eliciting details about phospholipid interactions: i
competes with factor 1Xa for binding sites on phosphatidylserine-containing membranesKyitf &1

uM and inhibits the activation of factor X by the factor VIHdXa complex with aK; of 285 uM. The

NMR structure of flXss4-q11 reveals arw-loop backbone fold and side chain orientation similar to those
found in the calcium-bound factor IX Gla domain, FIX{47)—C&". Dicaproylphosphatidylserine (€

PS) induces HN, H backbone, and Bl chemical shift perturbations at residues Lys5, Leu6, Phe9, and
Vall0 of fIXgs-011, While selectively protecting the NHside chain resonance of Lys5 from solvent
exchange. NOEs between the aromatic ring protons of Phe9 and specific acyl chain protg@Sof C
indicate that these phosphatidylserine protons resieA from Phe9. Stabilization of the phosphoserine
headgroup and glycerol backbone oS identifies that phosphatidylserine is in a protected environment
that is spatially juxtaposed with fl&4—q11. Together, these data demonstrate that Lys5, Leu6, Phe9, and
Vall0 preferentially interact with §2S and allow us to correlate known hemophilia B mutations of factor
IX at Lys5 or Phe9 with impaired phosphatidylserine interaction.

Factor IX is the zymogen precursor for factor 1Xa, an Factor IX is a member of the vitamin K-dependent family
essential enzyme of blood coagulation. Factor IXa functions of serine proteases that is comprised of enzymes and
in a membrane-bound enzyme complex with factor Vllla, cofactors that are critical for regulating the blood coagulation
the tenase (Xase) complex, which activates factor X to factor cascade, including but not limited to prothrombin, factor X,
Xa. The importance of factor IXa in hemostasis is demon- protein C, and protein S (reviewed in refs-5). It is well-
strated by the severe bleeding abnormality, hemophilia B, established that the vitamin K-dependent proteins in plasma
which is associated with factor IX deficiency or altered factor bind to phosphatidylserine-containing membranes through
IXa activity. Phosphatidylserine-containing membranes are a mechanism involving the N-termingtcarboxyglutamic
essential to blood coagulation in providing a molecular acid (Gla} domain 6, 7). This domain is comprised of
surface for the assembly of enzymeofactor complexes  approximately 45 residues and is rich in Gla, a posttransla-
which efficiently convert circulating zymogens to active tionally modified glutamic acid residue possessing a mal-
enzymes, and also act as an activator of the assemblednate-like side chain that chelates divalent metal i@rend
complexes D). references therein). These Gla domains are comprised of

9—-13 Gla residues which bind calcium ions, inducing a
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presses a solvent-exposed loop of hydrophobic amino acidsfactor Ila were from Enzyme Research Laboratories (South

within the ~12 N-terminal residuesl@, 14). This portion

of the Gla domain has been identified ascahoop on the
basis of its conformation, hydrophobic character, and solvent
exposure 15).

Bend, IN). Recombinant human factor VIII was a gift from
D. Pittman of Genetics Institute (Cambridge, MA). Chro-
mogenic substrate S-2765 was from DiaPharma Group (West
Chester, OH).

Several investigations thus far have demonstrated that the Chemical Synthesis of the #Xq1: Peptide The fiXcs-qu

solvent-exposed hydrophobic residues of the Gla domain
w-loop have important roles in phospholipid membrane
binding (14, 16—19). However, these requisite phosphati-
dylserine-specific interactions underlying membrane binding
have not been completely identified®)( Recent X-ray
crystallographic structures of bovine prothrombin fragment

peptide was synthesized using FM@®&hethylpyrrolidone
chemistry on an Applied Biosystems model 430A peptide
synthesizer. Amino acids were coupled as 1-hydroxybenzo-
triazole esters ont@-hydroxymethylphenoxymethyl poly-
styrene resin preloaded with cysteine (Applied Biosystems,
Foster City, CA). Each amino acid coupling proceeded for

1 and heteronuclear NMR spectroscopy studies of a selec-2 total of 91 min with constant vortexing. Following each

tively ®N-labeled peptide comprised of the human prothrom-
bin Gla domain, PT(£46), in complex with calcium, and
calcium with lysophosphatidylserine (lysoPS), have facili-
tated the identification of critical recognition epitopes for
both the prothrombin Gla domain and lysoP®)( The
conformational selection and structural rigidity that are
induced in thew-loop following phospholipid binding are
the result of several interactions between the glycerol
backbone and acyl chain of the bound lysoPS and the
prothrombin Gla domaim-loop (12). Specifically, the side
chain of Lys3 is conformationally fixed in the presence of
lysoPS through interactions between the {Ngtoup of this
residue and all three acyl oxygen atoms of the lipid. In
addition, the side chain of Phe5 is locked into a single
conformation in the PT(#46)—Ca&*—lysoPS ternary com-
plex. These data illustrate with atomic resolution the
importance of thev-loop N-terminal residues in prothrombin
for binding to lysoPS.

A synthetic cyclic peptide incorporating amino acids
Gly4—GIn1l of human factor IX (flX4-011) was used to
probe the contribution of the factor 1%-loop in factor IX/
factor IXa—platelet membrane interaction®0j. These
studies demonstrated that this cycticloop peptide was
responsible for mediating binding of factor IX/factor IXa to
platelet membranes. In this study, we have utilized this
peptide to evaluate the membrane binding properties of the
factor IX w-loop. Specifically, we have used one-dimensional
(1D) and two-dimensional (2D) NMR spectroscopy to
determine the structure of this conformationally constrained
w-loop peptide. We then utilized these structural data as a
platform to investigate interactions with phosphatidylserine.
Our data demonstrate that X q11 is constrained into an
w-loop-like, membrane-binding conformation in which resi-
dues Lysb5, Leu6, Phe9, and Vall0 preferentially interact with
phosphatidylserine. In addition, these data show specific

coupling, all uncoupled-NH, termini were acetylated. After
removal of the amino acid solution and after being washed
with N-methylpyrrolidone (NMP), the residues were depro-
tected with a 20% piperidine/NMP mixture in a 30 min reac-
tion. Five NMP washes preceded the next amino acid addi-
tion. Cleavage of the peptide from its solid support and simul-
taneous side chain deprotection were performed using a triflu-
oroacetic acid/water/thioanisole/phenol/1,2-ethanedithiol cock-
tail (82.5:5:5:5:2.5). The cleavage reaction was allowed to
proceed fo 5 h at 25°C with constant stirring. Following
removal of the resin via filtration, 50 mL of dichloromethane
was added to the cleavage reaction mixture prior to concen-
tration by rotary evaporation. The crude peptide was
precipitated using cold anhydrous ethyl ether and washed
several times with ethyl ether prior to dryirig vacua

fIXca-011 Was cyclized via oxidative disulfide bond
formation between the N- and C-terminal cysteines by
exhaustive dialysis against 50 mM ammonium bicarbonate
at pH 8.0 and 4C for 4 days. The crude peptide was purified
by HPLC using a reverse-phase C18 column (Vydac, 250
mm x 21.5 mm) with a linear gradient of acetonitrile in
0.1% trifluoroacetic acid. The amino acid sequence was
verified using an Applied Biosystems model 491A protein
sequencer. Molecular masses were determined by MALDI-
TOF mass spectrometry on a Voyager linear MALDI-TOF
spectrometer (PerSeptive Biosystems, Foster City, CA)
employing linear mode-positive ionizations. An Ellman’s
assay was performed to determine that all disulfides were
oxidized within refolded fI)64-011 (21). Complete oxidation
of fIX 4011 Was further demonstrated using excess iodo-
acetamide. The subsequent reaction products were separated
using reverse-phase;£HPLC and analyzed by MALDI-
TOF mass spectrometry.

Preparation of Phospholipid Vesicléghospholipid vesicles
with a specific composition were prepared using molar ratios

interactions between phosphatidylserine and the side chain®f €ach lipid dissolved in chloroform (100% PC; 20% PS

of Lys5 and Phe9 in flX¥4-o011, results that help us to better
understand naturally occurring factor IX mutations of Lys5
and Phe9 in patients with hemophilia B.

EXPERIMENTAL PROCEDURES

Materials. Dodecylphosphocholindss (DPC) was from
Cambridge Isotope Laboratories (Andover, MA) and dode-
cylphosphocholine from Anatrace (Maumee, OH). Dicap-
roylphosphatidylserine (#PS), bovine brain phosphati-
dylserine, egg yolk phosphatidylcholine, and egg yolk phos-
phatidylethanolamine were from Avanti Polar Lipids (Ala-
baster, AL). Human factor X, human factor IXa, and human

and 80% PC; 15% PS, 20% PE, and 65% PC; or 20% PS,
20% PE, and 60% PC). The chloroform was evaporated
under a stream of nitrogen gas, and the lipid film was
resuspended in methylene chloride and then evaporated thrice
under argon gas. Phospholipids were then suspended by
gently swirling Tris-buffered saline [50 mM Tris (pH 7.4)
and 150 mM NacCl] over the dried lipid suspension until the
entire lipid was suspended. Vesicles prepared this way were
then sonicated in a high-intensity bath sonicator until they
were clear 22). Vesicles were used fresh, or 1 mL aliquots
were flash-frozen in liquid nitrogen, stored-a80 °C, and
thawed at 37C. The duration of the storage af@ before
incubation with glass microspheres did not exceed 4 h.
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Fluorescein-Glu-Gly-Arg Chloromethyl Ketone Labeling by the addition of EDTA to a final concentration of 7 mM.
of Factor IXa (FITC-IXa). Factor IXa was labeled with  The amount of factor Xa generated was determined im-
fluorescein-Glu-Gly-Arg chloromethyl ketone (Haematologic mediately using the chromogenic substrate S-2765 (0.31 mg/
Technologies), essentially as described for the dansyl-Glu-mL) on a Molecular Devices (Sunnyvale, CA) microplate
Gly-Arg chloromethyl ketone labeling of factor 1)28). The plate reader in the kinetic mode. The results represent the
free fluorescein-labeled peptide was removed by centrifugal mean of triplicates from a representative experiment. The
filtration using a Centricon-30 device (Millipore, Waltham, derivation ofK; in the case of inhibition of factor X activation
MA). Labeling efficiency was determined by comparing the by fIXss-011, based on a one-enzyme, one-substrate model,
ratio of the absorbance at 280 nm to the absorbance at 490vas analyzed by Dixon plots as previously descrik&dg.(
nm, divided by extinction coefficients for factor IXa and Circular Dichroism.Lyophilized fIXg4-011 Was dissolved

fluorescein. in 5 MM NaHPQO, and 5 mM NaHPQ, (pH 7.4) to a final
Flow Cytometry Binding Assalipospheres were prepared concentration of 67.2M. The CD spectra of flX%4—q11 were
as previously describe@4). Glass microspheres 1.6n in collected on a JASCO 810 spectropolarimeter (Jasco Inc.,

diameter (Duke Scientific, Palo Alto, CA) were size-restricted Easton, MD) equipped with a thermoelectric temperature
and incubated with sonicated vesicles of a chosen composi-control unit in buffer alone, dodecylphosphocholine (DPC)
tion, and washed thrice in 20 mM Tris-HCI (pH 7.5), 150 micelles, mixed dicaproylphosphatidylserinesfS)/DPC
mM NaCl, 0.1% defatted bovine albumin, and A®l egg (13:87) micelles, and phospholipid vesicles (20% PS/20%
PC in vesicles. Lipospheres were stored &C4and used PE/60% PC) in the absence and presence of 1.1 mMLCacCl
within 4 h ofpreparation. Fluorescein-labeled factor IXa (128 The spectrometer was calibrated using a standacd(ef)-
nM) was incubated with fl¥s 011 for 15 min at room 10-camphorsulfonic acid. Spectra were recorded as single
temperature; the mixture was added to lipospheres for anscans between 195 and 260 nm using a path length of 0.1
additional 10 min, and the amount of membrane-bound cm, a dwell time of 5 s/nm, and a temperature of&7 All
fluorescein-labeled factor IXa was measured by flow cy- spectra were corrected for light scatter by buffer subtraction.
tometry. This procedure was performed on/5aliquots Results are expressed in terms of molar ellipticity in units
of the 125 uL sample with an approximate liposphere of degrees, square centimeter per mole.
concentration of 1x 10 mL~* using a Becton Dickinson NMR Spectroscopy of f% o011 NMR structures were
(San Jose, CA) FACS Calibur flow cytometer. Forward light determined from several two-dimensional (ZB)NMR data
scatter triggered data acquisition with all photomultipliers sets recorded over a temperature range from 5 t&C6bn
in the log mode. Noise was reduced during analysis by a 500 MHz Varian Unity INOVA spectrometer with a proton
eliminating events with forward and side scatter values frequency of 499.695 MHz. The final data set used to
different from those characteristic of the lipospheres. The determine the three-dimensional structure ofdlXo:11 was
mean log fluorescence was converted to linear fluorescencecollected at 15°C. Samples contained 3 mM synthetic
as reported in the figures. Only experiments in which the fIX g4-011 peptide and 200 mM dodecylphosphocholihe-
fluorescence histogram indicated a normal log distribution, micelles in 90% HO and 10% DO (pH 5.6). The carrier
as judged by inspection, were analyzed quantitatively. Flow frequency was set to the water resonance, which was
cytometry experiments were performed in 20 mM Tris-HC| suppressed using presaturation during the preacquisition
(pH 7.5), 140 mM NaCl, 5 mM Cagl and 0.1% bovine  delay.
albumin. We determined the inhibition constag)(for Final 2D NOESY spectra were recorded with mixing times
fIX ca-q11 Using Prizm 3.0 software (GraphPad Software, Inc., of 250 and 350 ms at 1%C. A total of 4096 real data points
San Diego, CA) and the equation of Cheng and Prugasi;, ( were acquired irt;, and 384 time-proportional phase incre-
where a predeterminegly (1000 nM) for binding of factor ~ ments (TPPIs) were implementedtirwith a spectral width
IXa to bovine brain vesicles (33% PS/33% PE/33% PC) was of 8000 Hz in theF, dimension. A total of 128 summed
used R6). The level of residual nonspecific binding of labeled transients were collected with a relaxation delay of 1.2 s.
factor IXa to 100% PC lipospheres was subtracted from the Additional NOESY data were acquired with samples initially
total bound. flXss—q11 competed for a single population of  Ilyophilized and then reconstituted in 99.996%D(Cam-
saturable binding sites on the lipospheres. In the estimationbridge Isotope Laboratories) at a noncorrected pH of 5.6 to
of the 1G, and K; values, the 16, of fIX 4011 represents  complete the assignments of resonances located near the
the concentration of fl¥s-o11 capable of displacing 50% of  water peak and to discern weak NOE cross-peaks.
the displaceable labeled factor 1Xa molecules. 2D TOCSY spectra were recorded with a mixing time of
Factor Xase Assaylhe activation of factor X by factor 35 or 45 ms at 18C using the MLEV-17 spin-lock sequence
IXa in the presence of fl¥s 011 and in the presence or (28, 29). A total of 4096 real data points were acquired in
absence of phospholipids was assessed using a two-stefy, and 384 TPPIs were implementedtinwith a spectral
amidolytic substrate assag)(with the following modifica- width of 8000 Hz in theF, dimension. A total of 192
tions. Factor 1Xa (0.125 nM) was incubated with factor X summed transients were collected with a relaxation delay of
(0.13 uM), phospholipids (1«M) with a 20% PS/80% PC 1.2 s. Spectra were processed off-line with Gaussian and sine
composition, and varied concentrations of Xq11 in 50 bell functions for apodization i, and a shifted sine bell
mM Tris-HCI (pH 7.4), 150 mM NacCl, 1.5 mM Cagl1 function int; using VNMR (Varian, Inc., Palo Alto, CA).
nM factor VIII, and 0.19 nM thrombin for 5 min at 2%C. All data were zero-filled to 4K by 2K real matrices. A 2D
In the absence of phospholipids, it was necessary to increasd®QF-COSY spectrum was acquired with 4096 real data
the concentration of factor IXa, factor X, and factor VIl  points int,, and 640 TPPIs were implementedtinwith a
(40 nM factor 1Xa, 500 nM factor X, and 40 nM factor VIII).  spectral width of 8000 Hz in th&, dimension. A total of
Final reaction volumes were 44.. The reaction was stopped 96 summed transients were collected for measurement of
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o SPI—Spin coupling constants to derive d'hedral_ torsion rape 1: Synthetic Cyclic Peptides Derived from the Factor IX Gla
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quantum coherence spectrum (HSQC) was acquired with
1024 real data points ith and 160 TPPIs implemented in
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with a spectral width of 17591 Hz in thié, dimension to H;ZEZEIX c P D Ea E \\; 8 P C
verify amino acid assignments and evaluate the prolyl  fix .., CPEFGL Q KV D P C

peptide bond conformations.

Proton Resonance Assignmen&pin-system identifica- o ]
tions of flXa4_o011 proton resonances in the presence of DPC Were collected at 15C for each titration point. For 2D
were completed using DFQ-COSY and TOCSY experiments, NOESY experiments, protonatediS (sodium salt) (Avanti
which provided H—1H through-bond connectivities to Polar Lipids) (flnal_ concentration of _30 mM) was added to
identify specific spin systems. For sequence-specific assign-200 MM DPCélsg with 3 mM X c4-qq1in either a 90% KO/
ments, sequentiali,y, ds, and dyy NOE connectivities 10% DO or 100% RO solut_|on at pH 5.6 and prepared as
obtained from NOESY experiments were used and facilitated described above. A comparison of NOESY spectra collected
the complete assignment of this peptide. The vicinal spin  With flXcs—011 in the presence of DPC alone to spectra
spin coupling constant&Juu., Which were less than 6.3 Hz _collected in DPC with protonatedsES allowed u_s_to |de_nt|fy
or greater than 8.0 Hz, were used to calculate backigone mtermol_ecular cross-peaks between the PS lipid moiety and
torsion angles30). NOE cross-peak intensities were clas- the peptide.
sified as strong, medium, or weak and converted to diStanceRESULTS
restraint upper bounds of 2.5, 3.5, and 6.0 A, respectively
(31). Scalar reference peaks were chosen from nonoverlapped The affinity of flXgs-q11 for activated platelets implies
NH—aH NOE peaks and set to distances of 2.8 A for that the engineered disulfide bond constrains thikop-
calibration of the entire set of distance restrai®®.(Where like peptide to assume the native conformati@f)( Initial
possible, rotamers of; angles were categorized as either studies were focused on evaluating our working hypothesis,
60°, 18, or —60° using a qualitative analysis @Fproton that the native factor IX-loop conformation and phospho-
three-bond coupling®J4s+) and NOE intensitiegys1, dus, lipid binding properties result from the disulfide bond
dns1, anddysz (31). Stereospecific assignments were deter- constraint in fIiXgs—o1:.
mined for the side chain of Leu6. Non-stereospecifically ~ Synthesis and Characterization of #Xq11- fIX ga—011 iS
assigned atoms were treated as pseudoatoms and givebased on residues Gly45In11 of human factor IX (Table
correction distances3p). A 1*C—!H heteronuclear single- 1); Gla7 and Gla8 are replaced with Asp and Glu, respec-
quantum coherence spectrum (HSQC) was recorded to verifytively. The peptide contains complementary N-terminal and
the amino acid assignments and to determine the prolyl C-terminal cysteineproline residues that provide the disul-
peptide bond conformations via the chemical shift difference fide bond constraint 20). The fIXgs-011 peptide was
between the gand C, resonances3g@, 34). synthesized using FastMOGMmethylpyrrolidone chemistry

Structure CalculationsThe structure of fl)4-011 in the as previously described for the Gla domain of factor I1X, FIX-
presence of 200 mM DP@zs was determined from 2BH (1—47) (36). Deprotected fIX4-011 Was purified by reverse-
NMR spectra recorded at 18C. A total of 192 distance  phase HPLC, and the amino acid sequence was confirmed
restraints and six torsion angle restraints and 11 chiral by automated Edman degradation and amino acid analysis
restraints were entered into the distance geometry program(data not shown). Complete air oxidation of the disulfide
DGII (CVFF force field parameters), of Insightll (Accelrys, bond in fIXgs-011 Was confirmed using an Ellman’s assay
San Diego, CA) to generate 75 final structures using a that determined less than 2% of the sulfhydral groups were
combination of simulated annealing and distance geometryfree 1). The molecular mass of oxidized %011,

(35). A convergent family of structures was represented by determined by MALDI-TOF mass spectrometry, is 1333.5
25 conformations that demonstrated no distance violationsDa, which is in agreement with the theoretical molecular
greater than 0.3 A, and this ensemble was used to determineanass of fIXsso11.

the average structure for f4-q11 using the Analysis Membrane Binding of flX—o11. fIX ca-011 Was examined
program of Insightll. Average root-mean-squared deviations for its ability to compete with human factor IXa for
(rmsds) following superimposition of the backbone heavy phospholipid binding sites in a system of purified compo-
atoms of each structure with the geometric average reflectednents (Figure 1A). Various concentrations of §Xq11 were
the quality of the determined structures. mixed with fluorescein-labeled factor IXa prior to the

Titration of GPS into flXss—011 in DPC Micelles. To addition of phospholipid bilayers supported by glass micro-
prepare fleso11 Samples for titration with phosphati- spheres (lipospheres). The membranes were comprised of
dylserine, deuteratedsBS+,, (Avanti Polar Lipids) thatwas  15% PS, 20% PE, and 65% PC. The results demonstrate that
dissolved in chloroform was dried down under nitrogen gas, fIX ca-o011 inhibits binding of factor 1Xa to lipospheres with
resuspended in methylene chloride, and redried a total ofan IGgvalue of 13+ 6 M, and a calculate&; value of 11
three times. A 50Q:L aliquot of 3 mM fIXgs—011 peptide + 6 uM. These data indicated that f&%-o11 is capable of
resuspended in 200 mM DPd@3s in a 90% HO/10% DO competing for 60% of the phospholipid sites recognized by
mixture at pH 5.6 was added to the driedPS4d,; lipid, factor IXa. This degree of competition is consistent with the
and the sample was warmed to 3C and briefly bath competition previously reported for factor IX binding sites
sonicated on ice. Before data were collected, the pH wason activated platelets in which flg¢-qi11 and various
adjusted to 5.6 with NaOH. To monitor chemical shift analogues were capable of displacing-50% of*?3-labeled
perturbation as a function ofsS lipid, 2D TOCSY spectra  human factor 1Xa Z0).

ay is y-carboxyglutamic acid (Gla).
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Ficure 1. Characterization of fl¥4-—q11 phospholipid binding. (A)
The ability of fIXgs-q11 to inhibit binding of FITC-FIXa to

2.0

0.5 25

G4-011

lipospheres comprised of 15% PS, 20% PE, and 65% PC was

determined by flow cytometry as follows. Increasing concentrations
of fIX ga-o11 Were preincubated for 15 min with 128 nM FITC
FIXa in Tris-buffered saline (pH 7.5) with 5 mM CaChlnd then
this mixture was added to lipospheres and incubated for 10 min.
Liposphere-bound FITEFIXa was assessed by flow cytometry.
(B) The ability of fIXgs—q11 to inhibit generation of factor Xa by

the tenase complex was determined as follows. Increasing concen

trations of fIXg4-g11in 50 mM Tris-HCI (pH 7.4), 150 mM NaCl,
1.5 mM CaC}, 1 nM FVIII, and 0.19 nM thrombin were incubated
at 25°C in the presencel) of 1 uM 20% PS/80% PC vesicles
with FIXa (0.125 nM) and FX (0.1aM) or in the absence®) of
vesicles with FIXa (40 nM) and FX (0.56M), where the FVIII
concentration (40 nM) was also increased. Reactions were stoppe
by the addition of excess EDTA. FXa generation was quantitated

Biochemistry, Vol. 43, No. 49, 200415371

(20). Furthermore, no inhibition was observed in the absence
of phospholipid vesicles (Figure 1B), consistent with the
hypothesis that inhibition of the Xase complex by &Xaq11

is due to competition for phospholipid membrane binding
sites recapitulated in our purified system.

The experiments described above were repeated with
fIX scr a disulfide-bonded peptide that contains the amino
acids of fIXss-011 but in a “scrambled” order (Table 1).
Interestingly, flXcr competitively inhibited factor Xa forma-
tion with a 2-fold lower affinity than flXs-o11 (Figure 1B).
One explanation for competition by the scrambtedoop
peptide fiXscris that positional alignment of specific residues
within the constrained peptide is important for mediating a
PS-dependent membrane interaction that competes with
components of the factor Xase complex. A comparison of
the fIXgs-011 and fiXscrSequences (Table 1) shows that the
spatial proximity (four intervening residues) of two residues,
Lys5 and Phe9, which we show below are involved in
specific interactions between phosphatidylserine angsfl s,
is maintained in the scrambled peptide (Phe4 and Lys8).
These data suggest that the positioning of Phe relative to
Lys in fIX scrpossibly preserves the presentation of important
determinants necessary for mediating phosphatidylserine
binding; however, the decreased affinity suggests other
residues that are perturbed by the addition of C6PS are
required, including Leu6, which has previously been shown
to be involved in membrane bindin@g). These data support
other investigations which propose that both sequence
position and spatial proximity play critical roles in defining
the membrane binding properties of the vitamin K-dependent
family of proteins 87). Of note, data of this type were not
determined in the activated platelet system, which is com-
plicated by many factors other than the phospholipid
composition of the membrane surfa@dy.

Three-Dimensional Structure of #X o11. Circular dichro-
ism (CD) was used to evaluate secondary structure changes
of fIX ca—qu1 that result from the presence of membrane-
mimetic dodecylphosphocholine (DPC) micelles. The CD
spectra of flXss—o11 in the presence and absence of DPC
(Figure 2A) are similar, demonstrating that a PC-bearing
membrane-mimetic environment does not significantly change
the backbone conformation of this peptidel NMR was
O;Jsed to further investigate the conformational response of
IX ga—g11t0 DPC. The amidea-proton (NH-aH) finger-

using chromogenic substrate S-2765 which was observed by theprint region of TOCSY spectra of fl&-o11 in the presence

absorbance change at 405 nm. The ability ofs#X(¥) to inhibit

generation of factor Xa by the tenase complex in the presence of;
PS/80% PC vesicles was determined in the same manner,

1uM 20%
that was used for fl¥s-—o11.

To determine whether fl%-o11 inhibits the Xase complex
by competing for functionally important binding sites in a
purified system, we measured the rate of factor Xa formation
with varying concentrations of fl& i1 (Figure 1B).
fIX c4-o11 inhibited the activation of factor X by factor IXa
in the presence of factor VIII and phospholipid vesicles (20%
PS/80% PC). A Dixon plot of these data confirmed that
fIX ca—q11 is @ competitive inhibitor with &; of 285 4+ 62

of DPC exhibited modest backbone chemical shift perturba-
ions for residues Glu8 and Lys5 (data not shown). Taken
together, these data indicated that DPC micelles do not
induce a conformational change in #X o1

IH TOCSY, DQF-COSY, and NOESY spectra of §Xo11
in the presence of DPC at pH 5.6 and IS were collected
to determine the solution structure of #Xqi1 in this
membrane-mimetic environment. Additional NOESY spectra
collected at 25C (H,O) and 15°C (100% DO) permitted
the assignment of proton resonances residing within or close
to the bulk solvent peak. All of the proton resonances were
assigned using canonical intraresidue spin system nomen-
clature with sequential connectivities completed through the

uM (data not shown). These data are consistent with datause ofaH and side chain proton connectivities to backbone

presented elsewherk;(= 165+ 35uM) in which fIXgs4-011
was a competitive inhibitor of factor Xa formation in the

amide (NH) protons of neighboring residu&®), The NH-
oH proton or “fingerprint” region of a representative NOESY

presence of the factor Xase complex on a platelet surfacespectrum (Figure 2B) shows sequential resiodéi, i + 1)
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the intensity of the sequential and NNi(+ 1), aN(i, i + 1), and

< BN(, i + 1) NOE connectivities. Residues for which vicinal spin
¥ spin coupling constant&Xyy,) were measured and used to calculate

backboney torsion angles are marked with circles. Residues for
which side chairy; angle restraints were determined are marked
with an asterisk. (B) Overlay of 25 calculated structures of
Ficure 2: Circular dichroism and 2BH NMR spectral data of fIX ca-o11. All calculated backbone structures (gray) from residues
fIX ga—q11. (A) Circular dichroism spectra of the f4-o11 peptide Gly4—GIn1l (human FIX numbering) are shown superimposed
(67 uM) in phosphate buffer (pH 7.4)«), DPC micelles ¢ — — using the backbone heavy atoms of the geometric average structure
), DPC micelles with 1.1 mM calcium-{), CsPS mixed DPC (black). The peptide backbone heavy atom rmsd compared to the
micelles (- - -), or phospholipid vesicles composed of 20% PS and geometric average structure is 0.84 A for residues 6l4l10

80% PC (=) at 37°C are reported as molar ellipticity (degrees, and 1.08 A for residues Gly4GIn11. In addition to the N- and
square centimeter per mole). Spectra were recorded between 19%-termini being labeled, the Lys5, Leu6, Phe9, and Vall0 residues
and 260 nm using a path length of 0.1 cm and a dwell time of 5 are labeled at the backbone peptide bond, and the side chain
s/nm. Data are corrected by subtracting the respective buffer spectreorientation of these residues in the average structure is shown.
with or without phospholipid. (B) The amidex (NH—aH)

fingerprint region of a 2D NOESY spectrum of f§ q11 in the

presence of 200 mM DP@g recorded at 15C with a mixing structures. Each proylpeptide bond was configured trans
time of 350 ms is annotated to identify specific amino acids. The pas5ed on the gand G proline 13C chemical shift differ-

intraresidue NH-aH cross-peaks are labeled with the amino acid -
number (human FIX numbering). Arrowed-line connectivities are ences observed in a natural abundatf€eHSQC spectrum

illustrated between intraresidue Nt&H and sequentiakN(i, i + (33,34). All of these structural constraints were used as input
1) cross-peaks throughout the peptide. for iterative simulated annealing and distance geometry
calculations.

connectivities observed throughout the peptide backbone. The Twenty-five structures from the final family of fl&-o11
proton resonance chemical shifts are presented in Table S-Icalculated structures were superimposed using the backbone
of the Supporting Information. heavy atoms of residues Ghlyd/all0 (human factor IX
Following proton resonance assignments, short- and numbering) (Figure 3B). The root-mean-square (rms) dif-
medium-range NOE interactions were defined from NOESY ference in the 25 structures calculated for the backbone heavy
spectra. The observed NOE connectivities (summarized inatoms of residues Lys5v/al10 was 0.92 A. The average
Figure 3A) are congruent with the absenceoslfielical or rmsd between these f4-o11 Structures and the calculated
p-sheet structural elements in the CD data (Figure 2A). geometric average structure for the family is 1.08 A for
Backboneg torsion angle conformations were calculated residues Gly4GIn11. The side chains of Lys5, Leu6, and
from 3June coupling constants measured from amide proton Phe9 are positioned along a common face of dhwop-
cross-peak splittings in the resolution-enhanced DQF-COSY like structure; the Phe9 ring is oriented down, while the
spectrum 85). Where possible, thes; rotamers were  aliphatic side chain of Lys5 is positioned perpendicular to
categorized by qualitative analysis @fproton NOE intensi- the plane of the loop (Figure 3B). The side chain of Vall0
ties,dugp1, dagz, Onpr, @nddgs (31). Known distance restraints  is on the backside of the cyclized loop roughly parallel in
for the disulfide-bonded-carbons, as well as paired distance orientation to the side chain of Lys5. The backbone turn
restraints between thcarbon of one cysteine and the sulfur localized around Glu8 combined with the inward orientation
atom of the other cysteine, were added according to of Asp7 exposes a distinct hydrophobic surface patch of the
Richardson et al.38). Following a qualitative analysis of side chains from Lys5, Leu6, Phe9, and Vall0.
the penultimate family of calculated structures, the disulfide  Calcium lon-Independent Membrane-Binding Conforma-
bondys angle was restrained to the left-handed configuration tion of fiXss—011. TO access the calcium independence of the
(—90 + 30°), which was predominant in this family of conformation provided by the proline-flanked, disulfide
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bridge, CD was used to compare the secondary structure of
fIX ca-011 IN DPC micelles with and without calcium. Near
superimposition of the CD data (Figure 2A) demonstrates n
no change in the secondary structure ofdlXg11 following
the addition of calcium. Similarly, TOCSY and NOESY data
of fIXgs-011 in DPC showed no backbone amide (NH),
o-proton (Hx), or side chain proton chemical shift perturba-
tions (data not shown) in the presence of calcium. Thus,
fIX ca—qg11 does not undergo a calcium-dependent conforma-
tional transition. CD was also used to compare the secondary
structure of flXgs—q11 in DPC micelles, in DPC micelles
mixed with GPS, and in phospholipid vesicles. CD data
(Figure 2A) show no secondary structure perturbation
induced by DPC micelles,{2S/DPC micelles (13% RS/
87% DPC), or phospholipid vesicles (20% PS/80% PC),
identifying that the secondary structure of the phospholipid-
bound conformer of flXs+ 011 iS very similar to that of
fIX ga—011in @ DPC or GPS/DPC micelle environment.
Interactions between f4_o11 and Phosphatidylserin&Ve
added GPS to DPC micelles to investigate interactions
between flX4-011 and phosphatidylserine. Interactions be-
tween GPS and flXs-q11 Were investigated using 2EH
NMR to monitor perturbations of fl¥s—q11 that are induced
by GCsPS. TOCSY experiments were carried out with
fIX ga—011 SOlubilized in perdeuterated DPC (DRkg) in the
presence of increasing concentrations of protonatgRiSC
Superimposition of TOCSY fingerprint regions for threg C
PS titration points (Figure 4A) reveals backbone NitH
chemical shift perturbations for specific residues indlXo11
as a function of @PS concentration. The absolute value of 0.1+
the chemical shift change observed for each peptide NH,
Ho, and H3 resonance was measured (Figure 4B). When
these chemical shift mapping data are represented as a : CPGKLDETFVQEPC
stacked bar plot for each fl¢-qi1 residue, the most .
significant proton chemical shift perturbations are localized o Residue o
to Lys5, Leu6, Phe9, and Vall0 of f% 11 These data FicURE 4: CgPS titration experiments monitored by chemical shifts
demonstrate the localized sensitivity of these residues toglt fflé(f:flll'l (iﬁ)tﬁgep';l:s_e%?ereo%Ic\)/gsry(i);;hegg %%Jc%ﬁt?gics)ﬁchcr)a
increasing concentrations offS. These chemical shift data  (pjack), 8Q(blue), and 14 mM (green)] in the presence of 200 mM
are represented by a single set of resonances for each aminDPC are superimposed. Each spectrum was collected in 9% H
acid, suggesting that the interaction of residues Lys5, Leu6,and 10% RO at 15°C with a mixing time of 45 ms. Those

Phe9, and Val10 with €S-containing micelles is in the fast ~ resonances that undergo chemical shift perturbations in the presence
exchange regime on the NMR time scale. of C¢PS are marked with the residue number (human FIX

h ) ) . numbering) and an arrow indicating a downfietet)( or upfield

The interaction of flXs-q11 With CsPS was accompanied  (—) shift of the NH resonance. (B) The fB4 o residues that
by a decreased rate of exchange of the{N$ide chain interact with GPS are denoted with the absolute value of the change
protons of Lys5 (data not shown). In the absence ¢f%; N NH [[OnHope) — OnHorercsps)] (black), aH [[dapre) —
the Lys5 side chain H-NHZ and H/—NHE proton reso-  Ourorccspsi] (gray), andsH [10suoec) — dpropciceesi] (White)

. ... chemical shifts for all resonances of #X 11 in the presence of

nances are not observed in TOCSY data due to the mobility ¢ ,ps ang DPC at a ratio of 1:5.
of this side chain and/or its rapid exchange with the bulk
solvent. However, in the presence of increasing concentra-
tions of GPS, the H—NH¢ and H/—NHC proton resonances  the C1H and C3H *H resonances of the glycerol backbone
are observed. These data combined with a concomitantof CsPS were conformationally perturbed as noted by their
chemical shift perturbation of both the Lys5 backbone and enhanced spectral resolution (Figure 5). These findings

side chain support the possibility that Lys5 is involved in indicate that the association of f§_o11 with CePS in DPC

3.8

'H (ppm)

7.6

vo)

0.4

0.3

0.2

|AS | (ppm)

C6PS binding. micelles changes the mobility, order, and/or structure of
To further examine the interaction o§feS with fIXgs—g11, specific proton groups in the PS headgroup and glycerol

1D *H NMR spectra of GPS were collected in the presence backbone of gPS.

and absence of fl%o11. Assignments of the S reso- To further probe the interactions between ¢Xq11 and

nances were made usifgl spectra and TOCSY spectra CgPS, we collected several 2EH NOESY experiments
collected for GPS/DPC micelles in the absence of peptide aimed at detecting specific peptidphospholipid NOEs.

as well as previously reported NMR data of phosphati- fIX gs-g11 Was solubilized in RO in the presence of perdeu-
dylserine in DPC micelles39, 40). In the presence of terated DPC micelles and increasing concentrations of
fIX ga-011, the GBH H resonance of the PS headgroup and protonated @PS (Figure 6). In the presence ofS, several
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FIGURES: Perturbation of ¢PS protons by fl)4-q11as monitored

by 1D 'H NMR. Select regions of the 1BH NMR spectra of
protonated @PS in DPCdsg micelles (1:6.7 molar ratio) in the
absence (bottom) and presence (top) of 3 mMgfl>%1; acquired

at 15°C. The region of the spectra between 3.5 and 4.4 ppm is
expanded in the boxed inset. The G183H,, and BH peaks of

4.0

Grant et al.

were not able to discern potential NOE interactions between
thesn2 CaH; or sn-1,2 GSH, methylene groups or thefEl

IH of CsPS and the peptide due to the spectral degeneracy
of these resonances with resonances endogenousdo §hX
itself. Nonetheless, the NOE data demonstrate that thgse C
PS acyl chain and/or headgroup protons reside withié 3

A of the Phe9 aromatic ring within this mixed micellar
environment.

DISCUSSION

We report the membrane binding properties and three-
dimensional structure of fl¥-q11, @ membrane binding
determinant of factor IXa. The membrane binding properties
indicate that fl)Xs—q11 contains an essential subset of the
membrane-binding motif of intact factor IX. These structural
studies reveal specific interactions betweengi>:1 and
phosphatidylserine within a mixed-micelle system. The
proline-flanked, disulfide bridge in fl¥:—011 preserves the

CsPS that are further resolved and perturbed in the presence ofw-loop conformation in the absence of calcium. Notably,

fIX a-011 are annotated.

CsPS/DPC CePS/DPC+HTXG4-011
sn-1,2 CBH_;_ s ! i e 001
mliCth) = || —| == |,
sn-1,2 CBHgme— | <& | ——> c?

i il
wlColy - | <> [ =——Pp| <=
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FiIGURE 6: Interaction between Phe9 of % o1 and GPS

observed in 2D NOESY data. The 'Bi NMR spectrum at the
left (vertical) is that of protonated S in DPCésg micelles (1:
6.7 GPS:DPC molar ratio) in the absence of §Xq11, and the
proton resonances of;ES are labeled. In the first panel is a region
(4.92-5.22 ppm) from the 2D NOESY spectrum of protonated C
PS in deuterated DP@zg micelles (at a 1:6.7 molar ratio) in the
absence of flX4-o15 thus, only intra-phosphatidylserine resonances
are observed, acquired at 16 with a mixing time of 350 ms. In
the panel at the right is a region (6:9.2 ppm) from the 2D
NOESY spectrum of protonatedS in DPCelzg micelles in the
presence of flX4- 11 acquired under these same conditions. NOE
cross-peaks (circled) between specifigPS protons, namehsn

1,2 CyHy, snl,2 G5H,, andsnl CoH,, and the degeneratedH
and He aromatic ring protons (7.05 ppm) of the side chain of Phe9
in fIX ca-11 are observed in this region of the NOESY spectrum.

All other resonances in this panel are intrapeptide NOESY cross-
peaks, either intraresidue cross-peaks of Phe9 or NOE cross-peak

we observed €PS-dependent chemical shift perturbations
in fIX gs—q11 that identify Lys5, Leu6, Phe9, and Vall0 as
residues that interact predominantly with phosphatidylserine.
In addition, we determined thatES in a DPC mixed micelle
selectively protects the NHside chain resonance of Lys5
from solvent exchange, indicating that this moiety interacts
with or is sequestered from the bulk solvent only in the
presence of gPS-containing micelles. NOEs between spe-
cific acyl chain and headgroup protons ofRS and the
aromatic ring protons of Phe9 show that these phosphati-
dylserine protons reside-3 A from Phe9. Additional
evidence for this @PS-specific interaction is provided by
data identifying the stabilization of the phosphoserine head-
group and glycerol backbone ofgS in the presence of
fIXcs-012. Taken together, these data provide sufficient
spatial constraints to allow us to propose a model of the
interaction of the factor IX peptide, fl&—q11, with phos-
phatidylserine.

Previous investigations by the laboratories of P. Walsh
and others have identified residues within the factor IX Gla
domain that facilitate both membrane and platelet binding
(18, 41, 42). Residues within the-loop, specifically residues
3—11, were shown to contribute to high-affinity binding of
factor IX/factor 1Xa to activated platelets. Because of the
lack of high-resolution structural information at that time,
computer-generated models were used to rationally design
a constrained synthetic peptide (HXq11) that included
w-loop residues 411 (20).

Here we demonstrate that f&X o1 inhibits binding of
factor 1Xa to lipospheres (15% PS/20% PE/65% PC) with a
Ki of ~11 uM. This factor IX w-loop-derived peptide
competes with active site-labeled factor IXa f060% of
the phospholipid binding sites on these lipospheres, a
percentage that is consistent with that reported fogf1%:1
gompetition on activated platelet binding site) From

between the Phe9 ring protons and other side chain or backbonetheir studies, Ahmed et al. concluded that the site to which

oH protons in fiXgs—g11.

new NOE cross-peaks were identified between ghd.,2
CyH, methylene groups, then1,2 G3H, methylene groups,
and thesn1 CoH;, headgroup of €PS and the degenerate
Ho and H protons of the aromatic side chain of Phe9. We

fIX ca—011 binds is the shared factor IX/factor [Xa binding
site on the surface of activated platelets. They reported that
the w-loop peptide of factor IX, fl)6s—q11, mediates the
binding of factor IX/factor IXa to sites on activated platelets
(~250-300 sites/platelet) that are independent of cofactor
and substrate binding. The interactions that we observed
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FiGure 7: Comparison of the backbone conformations ofdiXy1; and the calcium-bound FIX Gla domain, FIX{#7). Stereoview
images of 25 of the backbone conformations ofdlXq11 in DPC (top), residues Gly4GIn1l, and 17 previously published structures of
the calcium-bound FIX Gla domain, FIX{#7) (bottom), residues Gly4GIn11 @). The flXgs-q11and calcium-bound FIX(#47) structures
share a highly similar backbone fold over the factor IX Gla donaaimop residues, Gly4GIn11. The rms deviations between the backbone
heavy atoms of residues Glyd.eu6 and Phe9GIn11 in the average structures of #X 11 and FIX(1-47)—Ca&" are 0.75 and 0.97 A,
respectively. The factor IXv-loop region residues are identified.

between flXs-011 and phosphatidylserine by NMR are these data suggest that X 11 inhibits the functional Xase
consistent with the notion that the shared factor IX/factor complex by competing for similar membrane binding sites
IXa binding site in our system of purified components is in both our purified system and activated platel&8)(
analogous to the phosphatidylserine-dependent binding site  The backbone structure of fb%-o11 and the analogous
proposed by Walsh and colleagues in activated platelets. region of the calcium-bound factor IX Gla domain, FIX{1
Differences in the binding data obtained in our studies and 47) (9), share a similar backbone fold with a rmsd for the
those previously reported may be attributed to the complexity backbone heavy atoms ef-loop residues Gly4Leu6 of
of the activated platelet system. Although it has not been 0.75 A and forw-loop residues Phe9GIn11 of 0.97 A. A
clearly defined, it is possible that the factor IX/factor IXa stereoview of overlays of the fle4_q11 and calcium-bound
binding site in an activated platelet system is comprised of FIX(1—47) structures in Figure 7 shows the consistency in
PS lipid, a factor IX receptor, or other membrane binding backbone fold between the families of structures. Recent
determinants. It is now well established that it is not simply X-ray data of calcium-bound human FIX{#7) in complex
the exposure of a critical threshold of anionic phospholipids with Fab fragments derived from a humanized, conformation-
on a membrane surface but also the two-dimensional packingspecific anti-factor IX antibody identified a unique role for
of headgroups, vesicle curvature, and other lipid and/or Gla7 in the factor IX Gla domaind@). Gla7 is critical for
nonlipid components that have been previously detected inorienting thew-loop polypeptide backbone and stabilizing
platelet preparations with ligand blotting techniques, but have the positions of the amide nitrogens within the backbone for
remained elusive. Although there are many mechanistic hydrogen bonding. Conservation of the polypeptide backbone
explanations for what occurs on a platelet surface, it remainsconformation in calcium-bound FIX(147) and flXss-011
likely that the factor IX/factor IXa binding site in an activated in the absence of calcium verifies that the structurally
platelet system is comprised of PS lipid, a factor IX receptor, stabilizing interactions between Gla residues and calcium in
or other membrane binding determinants, including but not FIX(1—47) are supplanted by the proline-flanked, disulfide
limited to “receptors” for the cofactor, FVllla, and substrate bond constraint in flX4-q11, providing a functional calcium
FX which facilitate the formation of a 1:1 VIItaX complex ion-independenty-loop-like peptide.
that is in excess (4-fold}¥@). A recent review has further Prior reports suggest that Lys5, Leu6, and Phe9 of factor
speculated that each of the components in the FX-activatingIX and homologous residues in other vitamin K-dependent
complex binds to a unique receptor site on the activated membrane-binding proteins also interact with phospholipid
platelet membrane and the presence of the other componentsnembranes. Substitution of a photoactivatable phenylalanine
required for the conversion of FX to FXa significantly analogue for Leu6 and Phe9 in the factor IX Gla domain
enhances the affinity and specificity of the othetd, (45). FIX(1—47) enabled cross-linking to phospholipid mem-
Our system comprised of coagulant membrane-binding branes, while similar substitutions at positions 25 and 46
proteins, CaGl and a membrane surface is not capable of did not (18). Site-directed mutagenesis of Leu5 and Leu8 in
recapitulating the complexity of the activated platelet system, protein C abrogates binding to phospholipid vesicles and thus
which expresses these unique binding determinants. Of note anticoagulant functionl, 17). Insertion of a Tyr residue
fIX c4-o11 inhibited the activation of factor X by factor IXa  at position 4 in the factor VIl Gla domain resulted in a 2-fold
in the presence of factor VIIl and phospholipid vesicles (20% increase in the level of membrane bindid@); One possible
PS/80% PC). A Dixon plot of these data confirmed that explanation for the enhanced membrane binding was a direct
fIX ca—q11 is @ competitive inhibitor with & of 285 4+ 62 contact between this Tyr side chain and the hydrophobic acyl
uM. These data are very similar to those determined chain region of the phospholipid membrane. Fluorescence
elsewhere {; = 165+ 35 uM) in which fIXgs-q11 Was a guenching experiments carried out with the prothrombin Gla
competitive inhibitor of factor Xa formation in the presence domain substituted with a tryptophan residue for phenyl-
of the Xase complex on a platelet surfa2@)( In summary, alanine 4, PT(+46)F4W, demonstrated phosphatidylserine-
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specific membrane binding and penetration of this residue
into the interfacial phospholipid membrane regid®)(

The protor-proton interactions that we observed between
the aromatic side chain of Phe9 and the acyl chaingf3C
place the Phe9 ring withi5 A of the GPS lipid. Specifically,
intramolecular NOEs between thétdnd H protons of Phe9
and thesn1,2 C/H, methylene groups, then1,2 G5H;
methylene groups, and tise-1 CoH; group of GPS suggest
the phosphatidylserine-specific association of X111
involves both the headgroup and the acyl chain. We observed

a similar mechanism of Gla domain contact between the ! o : )
in a membrane-mimetic environment. Interaction betweeg 11

prothrombln w-loop and th.e phospholipid acyl chain ‘?f and phosphatidylserine within a membrane surface is modeled on
lysoPS in our recently published crystal structure of bovine the basis of several structural features observed in our study,
prothrombin [PT(}+46)—C&"—lysoPS (2)]. In the pro- including proton chemical shift perturbation mapping of specific
thrombin ternary complex, then-1 acyl chain of lysoPS is residues, protection of the Lys5 NHside chain, NOE interactions

; ; ; -~ between the aromatic ring of Phe9 and the acyl chain of dicap-
in van der Waals contact with the phenylalanine at position roylphosphatidylserine, and the stabilization of headgroup and

5 in the prothrombin Gla domain. The importance of the gjycerol backbone protons ofsES by fIXes o:1. The backbone of
Phe9 interaction in factor IX is illustrated by previous studies the fiXgsq11 average structure is illustrated as a ribbon (gray);

identifying that point mutations involving Phe9 (Phe9Ala and the Lys5, Leu6, Phe9, and Val10 side chains are rendered in stick
Phe9Met) result in a factor IX protein that does not bind to épresentation and colored according to atom type, and monomers

: o : of CsPS that are interdigitated into a phosphatidylcholine membrane
activated plateletsi@). In addition, the importance of these surface are rendered in stick representation colored according to

critical Phe9 interactions is observed in a naturally occurring atom type. Lipid protons participating in observed NOE contacts
genetic mutation, Phe9lle in patients with hemophiliadB)( are highlighted in black, and ¢S proton groups stabilized by

These patients have normal factor IXa protein levels but low fIXcs4-qu: are highlighted in purple. The membrane surface was
factor IX activity. We hypothesize that the abnormality is rE.Od.'f'ed from a ph‘?Spho"Fl)'d Tembra”e. S”rf.acel and adapted to
due to abnormal phosphatidylserine binding. this investigation using molecular dynamics simulatiés)(

Our data indicate that thesBS phosphoserine headgroup
CpH proton and glycerol backbone Cildnd C3H meth-
ylene protons are stabilized in the presence ofgil§11.
These data are best explained by the spatial proximity
between flXss-q11 w-loop residues and the glycerophospho-
serine motif of GPS, and are supported by our recent studies
with the prothrombin Gla domain in complex with lyso-
phosphatidylserine [PTA46)—Ca&"—lysoPS (2)]. Follow-
ing phospholipid binding, the prothrombin Gla domain
w-loop is rigidly structured, the result of several interactions
between both the glycerol backbone and acyl chain of lysoPS
and residues within this region, including Lys3. Hydrogen
bond and salt bridge interactions between the acyl an
phosphoryl ester oxygens of the lipid glycerophosphate
backbone and the NHgroup of Lys3 conformationally fix
this side chain.

Our data in this investigation show protection of the Lys5
NH¢ side chain protons from solvent exchange in the
presence of €PS, indicating that Lys5 is involved in
phosphatidylserine binding, a role that is consistent with the
X-ray structure of calcium-bound human FIX{47) in X
complex with a humanized, conformation-specific anti-F1x the factor IX Gla domain.
antibody @6). In this complex, Lys5 within the factor IX The observed interactions between éwoop residues in
Gla domain is a surface-exposed residue without a structuralflX cs-q11 and GPS were used to generate a representative
role in the factor IX Gla domain and the aliphatic side chain model of fIXgs-q11 interacting with GPS on a membrane
of Lys5 makes hydrophobic contacts with the CDR loops surface (Figure 8). The peptie€sPS contacts that were
of the antibody. While these authors hypothesized that Lys5 demonstrated in these studies and used to constrain the model
in factor IX could bind phosphatidylserine in a manner are highlighted. Specifically, the backbone of #Xqi1
analogous to that of Lys3 in the bovine prothrombin crystal residues Lys5, Leu6, and Phe9 is positioned in a plane
structure [PT(+46)—-Ca&"—lysoPS (2)], our data show the  perpendicular to that of the oriented lipid and near the
involvement of the flX4-011 Lys5 NH side chain protons  interfacial region of the membrane. Two molecules gPE
in phosphatidylserine binding. are used to satisfy the observed pepti@gPS contacts;

In addition to the potential hydrophobic contribution to however, a single S molecule positioned between the side
membrane binding by the aliphatic side chain of Lys5, it is chains of Lys5 and Phe9 may also satisfy the constraints of
well established that the net charge and thus surfacethe interaction. In addition, £S is positioned within the
presentation of cationic residues such as lysine and argininemembrane in a manner that best fits the observed interaction

that possess amino (NH and guanidinium (CRH®) groups,
respectively, are potential H-bond donors for anionic phos-
pholipids within the membrane environmed8(50). In the

pH range investigated in our study (5:8.5), the side chain

of Lys5 is expected to be positively charged and thus may
be involved in H-bonding or electrostatic salt bridge interac-
tions, as recently determined for the high-affinity interaction
of mitochondrial creatine kinase with the dianionic headgroup
of cardiolipin 61). Furthermore, studies with another vitamin
K-dependent protein, activated protein C, demonstrated a
cardiolipin-dependent enhancement in the anticoagulant
d activity of the anticoagulant protein C complex which was
attributed to an increased affinity for this anionic membrane
environment $2). More importantly, a naturally occurring
genetic mutation in patients with hemophilia B, Lys5Glu,
which removes this critical NE moiety, results in normal
factor IXa protein levels, but low factor X activity5g),
possibly due to a loss or decrease of membrane binding
potential and thus complex assembly. Taken together, these
data identify an important role for the side chain of Lys5 in
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between specific phosphoserine headgroup and glycerol 13.

backbone protons of €S and flXss—q11.

In summary, this work supports the idea that the factor
IX w-loop is essential for phospholipid binding and identifies
the phosphatidylserine-specific interactions of Lys5 and Phe9
in factor I1X. Although the Gla domain sequences are highly
conserved among the various vitamin K-dependent proteins,

the dissociation constant for binding to model membranes 16.

varies by as much as 3 orders of magnitue ILysine and
phenylalanine at positions 5 and 9, respectively, are unique

to the factor IX Gla domain sequence when compared with 17,

other vitamin K-dependent Gla domains, and thus, the
specific phosphatidylserine interactions described here may
be unique to factor IX. Further structural investigations may
provide new insight into phospholipid structure-specific
interactions with the Gla domains and the manner in which
these impact the physiologic function.
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