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Amphipathic Helices Support Function of Blood Coagulation Factor IXa
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ABSTRACT. Blood coagulation factor 1Xa gains proteolytic efficiency upon binding to a phospholipid
membrane. We have found that an amphipathic, membrane-binding peptide from the C2 domain of factor
VIII, TV 2303-23, €nhances proteolytic efficiency of factor IXa in the absence of phospholipid membranes.
This enhancement is the result of a reduction inKkefor the substrate, factor X, with little effect on the

kear Enhanced function requires interaction of thearboxyglutamic acid (Gla) domains of factor IXa

and factor X since (i) a synthetic peptide comprising the Gla domain of factor IXa and antibodies directed
to the Gla domain of factor 1Xa inhibit this acceleration, (ii) the acceleration is Ca(ll) dependent, and (iii)
conversion of Gla-domainless factor X is not affected by the presence ohL§4lbs. The effect of

fVIII 2303-23 on factor IXa parallels the enhanced function produced by phosphatidylserine-containing
bilayers, and fVllbso3-23 does not further enhance function of factor IXa when phospholipid vesicles are
present. The critical feature of fViHos-23 is apparently its amphipathic helix-forming structure [Gilbert,

G. E., and Baleja, J. D. (199Bjochemistry 343022-3031] because other-helical peptides such as a
homologous peptide from the C2 domain of factor V and melittin have similar effects. Diastereomeric
analogues of fVIlizps-23 and melittin, which have reduced helical content, do not support factor 1Xa
activity. A truncated peptide of fVIbkos-23 with three C-terminal residues deleted retaiaelical content

but loses capacity to enhance factor X cleavage, suggesting that a minimum lengtielof is required.
Although these results probably do not illuminate the physiologic function of the factor VIII peptide
corresponding to fVIHsp3-23, they demonstrate a novel, membrane-mimetic role of amphipathic helical
peptides in supporting function of factor 1Xa.

Blood coagulation results from a sequence of enzymatic growth factor domains, and a C-terminal serine protease
reactions that ultimately produce thrombin and a fibrin clot. domain @). Both factor IXa and factor X bind to phospho-
The tenase complex, composed of the serine protease, factolipid membranes via their respective Gla domains. This
IXa, assembled with its cofactor, factor Vllla, on a phos- interaction is calcium dependent as calcium stabilizes the
pholipid surface in the presence of calcium, is necessary fortertiary structure of the Gla domain, facilitating the exposure
normal blood coagulation. Factor |Xa converts factor X to of a phospholipid membrane binding sig-@). Factor VI
factor Xa. Factor Xa is the serine protease responsible forhas a domain structure of A1-A2-B-A3-C1-C?) (n which
converting prothrombin to thrombin. The physiologic im- the C2 domain mediates the binding of factor VIl to
portance of the tenase complex is highlighted by the human phospholipid membranes8,(9) and the A2 10) and A3
coagulation disorders hemophilia A and hemophilia B, which domains 11) have binding sites for factor IXa.

result f.rorr ?eficier)cies of factor VIl and factor IX, Although factor [Xa can convert factor X to factor Xa in
respectively [for review, seel]. _ solution, the rate is too slow to have physiologic relevance.
Factor IXa and factor X are homologous proteins, both gactor villa and phospholipid membranes accelerate this

containing an N-termingl-carboxyglutamic acid (Gla)-rich  reaction 200 000-fold through a combination of decreased
domain, an aromatic amino acid stack domain, two epidermal - and increasedtes (12). In the absence of factor Vlila

phospholipid membranes decrease Kiyeof factor 1Xa for
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branes apparently function both as condensation sites andenylmethoxycarbonyl (FMOC) chemistry on a Rink amide

as allosteric activators of the factor VIHdactor IXa
complex.

A membrane binding peptide from the C2 module of factor
VIII comprising residues 23032323 (fVIll303-23) competes
with factor VIII for binding to phospholipid membranes and
platelets 15, 1. Antibodies directed against this sequence
prevent binding of factor VIII to phospholipid vesicles,
confirming that this peptide contains determinants of the
membrane-binding motif of factor VIIIA7). FVIIl 2303-23 IS
predominantly a random coil in solution but adopts an
amphipathic helical conformation in a membrane-mimetic
environment of dodecyl phosphocholine micelles. A model
of fVIII 2303-23 binding to phospholipid membranes proposes
that the hydrophobic face of the helix interacts with the acyl

HBHA resin (NovaBiochem). Following cleavage of the
FMOC groups with 20% piperidine in DMF, the free
N-terminal amide was acetylated using 10% acetic aldehyde
in N-methylpyrrolidone. The peptide was purified as de-
scribed previously X5).

A peptide comprising ther-carboxyglutamic domain of
factor IX (fIX1-47) (31) and a peptide comprising the
propeptide region of proprothrombin (proPT18P) were
synthesized as previously described. The Rléles, TV 2170-90,
D*melittin, D*fVIII 2303-23, and fVIll»303-20 peptides were
synthesized on an Applied Biosystems 430A Peptide Syn-
thesizer using FMOC chemistry and purified using reverse-
phase high-performance liquid chromatography. Purity was
greater than 95%, and the amino acid composition of the

chains of the individual phospholipids in a membrane such collected peak was correct as judged by mass spectrometry.

that the long molecular axis of the peptide lies parallel to
the membrane interface.

Amphipathic helical peptides, a common structural motif
found in membrane-binding peptides and protei®,(have

Preparation of Phospholipid Vesicld8hospholipid vesicles
were prepared by extrusion through two stacked polycar-
bonate membranes of Qudn pore size (Nucleopore Corp.)
under argon as described previous3)( Phospholipid

polar residues aligned on one side of the helix and hydro- concentration was determined by phosphorus as3dy (

phobic residues along the other. Examples include melittin,

the active component in bee venoi®9( 20, pardaxin, a
neurotoxin purified from the Red Sea Moses sBiardachus
marmoratus (2}, and magainin, a toxin found in frogg2).
Their cytolytic, hemolytic, and antibacterial properties are
due to their ability to disrupt eukaryotic and prokaryotic
membranes23—25). These peptides are typically unstruc-

Enzymatic Assayshe activation of factor X by factor
IXa in the presence of different peptides was measured with
a two-step amidolytic substrate assay)(with the following
modifications. Factor 1Xa (20 nM) was incubated with the
specified concentrations of peptide and varying concentra-
tions of factor X in 150 mM NacCl, 50 mM Tris, pH 7.4, 1.5
mM CaCl, and 0.1% BSA for 30 min at 28C. The reaction

tured in solution but adopt an amphipathic helical structure Was then stopped with 150 mM NaCl, 50 mM Tris, pH 7.4,

upon association with lipid bilayers. Melittin is a prototypical

5 mM EDTA. The amount of factor Xa generated was

amphipathic helix that has been studied extensively by both determined immediately using the chromogenic substrate

X-ray crystallography and 2D NMR spectroscog{ 29).

S-2765 (0.31 mg/mL) on a Molecular Devices ELISA plate

In solution, melittin exists as an unstructured monomer, but eader. For studies with Gla-domainless factor X, factor IXa
in the presence of a membrane-mimetic environment, the (20 NM) was incubated with varying concentrations of Gla-

secondary structure of melittin is almost completelizelical

domainless factor X in the presence and absence @f\20

(23). It is composed of two helical segments connected by fVIIl 2303-23 prior to the addition of EDTA and S-2765. For

a hinge that creates a bemthelical rod with hydrophobic

studies with varying concentrations of calcium, factor IXa

residues on one face and hydrophilic residues on the other.(20 nM) was incubated with factor X (500 nM) and the
The angle formed by the hinge region differs depending on indicated concentrations of calcium in the presence and

the surrounding environmen2T).

In this report, we describe enhanced function of factor IXa !

caused by fVllhzos-23 in the absence of phospholipid

absence of 2@M fVIII 30323 prior to the addition of EDTA
and S-2765. For studies in 2% TFE, factor IXa (20 nM) was
incubated with varying concentrations of factor X in the

membranes. Contrary to our expectations, the enhancedPrésence and absence ofBOfVIII 203-23in 150 mM NaCl,

function appears to rely on the amphipathic helical properties

of fVIII 230323, rather than the specific amino acid sequence.

Therefore, the results probably do not demonstrate a physi-

ologic function of fVIll,303-23. Rather they suggest the
surprising result that, for factor 1Xa, an amphipathic helix

can mimic a phospholipid bilayer for enhancing substrate

affinity.
EXPERIMENTAL PROCEDURES

Materials.Human factor X, Gla-domainless human factor

50 mM Tris, pH 7.4, 1.5 mM CagGl 0.1% BSA, and 2%
TFE for 30 min at 25C. For studies with factor Vllla, factor
IXa (40 nM), factor X(500 nM), factor Vllla (40 nM), and
varying concentrations of fVIpkos-23 Wwere incubated for 40
min in 150 mM NacCl, 50 mM Tris, pH 7.4, 1.5 mM Cagl
and 0.1% BSA at 37C. For inhibition studies with the anti-
factor IXa Ca(ll)-dependent antibodies or with {7, factor
IXa (20 nM) was incubated with factor X (1000 nM) and
the indicated concentration of antibody or fl4; for 30 min
prior to the addition of EDTA and chromogenic substrate.
Circular Dichroism Measurementdhe CD spectra of

X, human factor IXa, and human factor Xa were purchased VIl 530323, TVIII 2303-20, D*FVIII 230323, Mellitin, and B-

from Hematologic Technologies Inc. (Burlington, VT).

melittin were collected on an Aviv model 62 DS spectropo-

Chromogenic substrate S-2765 was purchased from Dia-larimeter equipped with a thermoelectric temperature control
pharma Group Inc. Melittin was purchased from Sigma. unit regulated to 0.2C. Spectra were recorded between 195
Antibodies to the Gla domain of factor IX were prepared as and 250 nm using a path length of 0.01 cm and a peptide

previously described3().
Peptide SynthesidVIIl 230323 was synthesized using an

Applied Biosystems 430A Peptide Synthesizer and 9-fluo-

concentration of 2&M in 40% TFE with signal averaging
of 16 s/nm. All spectra represent the signal average of 3
scans. The spectropolarimeter was routinely calibrated at
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Table 1: Peptides Evaluated for Effect on Function of Factor IXa

fVIII 2303-23 TRYLRIHPQSWVHQIALRMEV
D™Vl 230324 TRYLRIHPQSWVHQIALRMEV

VI 2303-20 TRYLRIHPQSWVHQIALR

VI 2146-66 ARYIRLHPTHYSIRSTLRMEL
melittin GIGAVLKVLTTGLPALISWIKRKRQQ
D*-melittin GIGAVLKVLTTGLPALISWIKRKRQQ
fV 2170-90 SRFIRVIPKTWNQSIALRLFL
e-TxIX/24 LKRTIRTRLDDRECCEDGWCCTAA
proPT18 HVFLAPQQRRSLLQRVRR

a Diasteromeric amino acids are underlined.
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Ficure 1: Activation of factor X by factor 1Xa in the presence of
fVII 2303-23. Factor IXa (20 nM) and factor X (80 nM) were
incubated for 30 min with varying concentrations of f\{tds-»3,

and the concentration of factor Xa generated was measured by
hydrolysis of the peptide substrate, S2765.
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Table 2: Effects of Peptides on Kinetic Parameters of Cleavage of
Factor X by Factor IXa

KealKm
peptide K (uM)a Keat (x1073min™1)  (min~—tuM™Y)
VI 2303-23 0.17+ 0.007 15+ 3.1 88
melittin 0.13+ 0.0% 14+ 1.7 108
D*fVIll 230323 9.2+ 1.7 3.2+ 0.5 0.35
no peptide 95+ 5C° 95+4 0.1

aThe rate of factor Xa formation over 30 min at 32 was measured
as a function of factor X concentration in the presence of 20 nM factor
IXa and the peptide? 20 uM fVIII 2303-23. Mean + SEM for five
experiments, each performed in duplic&#t20 M melittin. Mean+
SEM for four experiments, each performed in duplicdt20 uM
D*fVIII 2303-23. Mean+ SEM for three experiments, each performed
in duplicate.. Mean+ SEM for three experiments, each performed in
duplicate.

192.5 and 290.5 nm witt-10-camphorsulfonic acid (CSA)
before data collection. The percentagecefielical content
in melittin was estimated as previously describ&d, (36.
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Ficure 2: Importance of the factor IXa Gla domain for f\ihs 23
enhancement of factor IXa activity. (A) Factor IXa (20 nM) was
incubated with factor X and the indicated concentrations of anti-
factor IX-Ca(ll)-specific antibodies for 30 min at 3 in the
presence®) and absenceX) of 50 uM fVIII ,303-23. Results are a
mean of three separate experiments performed in duplicate. (B)
Factor IXa (20 nM) and factor X (500 nM) were incubated for 30
min at the indicated concentrations of Ca@l the presence)

and absenced) of 20 uM fVIII 2303-23. (C) Factor 1Xa (20 nM)
was incubated with factor X and the indicated concentrations of
fIX 1-47 for 30 min in the presenca®) and absenced) of 20 uM

fVIII 2303-23. Results are a mean of three separate experiments
performed in duplicate.

=

2 10

The Gla Domains of Factor 1Xa and Factor X Participate
in the Catalytic Enhancement.o determine whether the
factor IXa Gla domain patrticipated in this catalytic enhance-

The CD spectra generated in 2% TFE were performed on ament, we performed experiments with conformation-specific

JASCO spectropolarimeter.

RESULTS

A membrane-binding peptide from the C2 domain of factor
VIII, fVIII 2303-23, has been previously characterizé&,(16;

polyclonal antibodies, anti-factor IX-Ca(ll)-specific antibod-
ies 30), that bind to the Gla domain of factor 1Xa only in
the presence of Ca(ll) ions. These antibodies inhibited
fVIII 2303-23-mediated enhancement of factor 1Xa function.
The specificity of the inhibition by the anti-factor IX-

Table 1). The peptide is now acetylated at the amino terminusCa(ll)-specific antibodies for peptide-dependent catalysis was

and amidated at the carboxy terminus to improve solubility
(37). FVIll 230323 greatly enhanced cleavage of factor X by
factor IXa in the absence of factor Vllla and phospholipid
(Figure 1, Table 2). Experiments performed with varying
concentrations of factor X with and without fViBos-23
indicated that the acceleration occurred primarily by reducing
the Ky of the reaction 600-fold from 9&xM to 173 nM,
while affecting thek.,: by less than 2-fold (Table 2).

confirmed by the observation that the antibodies did not
inhibit factor 1Xa-mediated activation of factor X in the
absence of fVIl}z3-23 (Figure 2A). We evaluated the effect
of Ca(ll) ions, which are required for correct folding of the
Gla domains (Figure 2B). We found that the effect of
fVII 2303231 largely Ca(ll)-dependent and is optimal at0.5
1.0 mM Ca(ll). This concentration is close to the physiologic
concentration of free Ca(ll) but is slightly lower than the
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Ficure 3: Importance of the factor X Gla domain for f\V3khs-23
enhancement of factor IXa activation of factor X. Factor 1Xa (20
nM) and the indicated concentrations of Gla-domainless factor X
were incubated for 30 min in the presen®® énd absence) of

20 uM fVIII 2303-23. Factor 1Xa and the indicated concentrations of
factor X were incubated in the presence ot fVIII 2303-23 (®).
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Ficure 4: Specificity of fVIll 303-23 enhancement of factor X
activation of factor IXa. Factor IXa (20 nM) and varying concentra-
tions of factor X were incubated for 30 min at 3C with 20 uM
fV217(}90 (X), ZO/LM fvill 2146-66 (’), and 20/,4M e-TxIX/24 (-)

For comparison, results with 2M fVIII ;303-23 (@) from Figure 3

are plotted. Results are a mean of three separate experiments

Results are a mean of three separate experiments performed irperformed in duplicate.

duplicate.

approximately 5 mM optimal concentration for cleavage of
factor X by factor IXa on phospholipid membranek)
VI 2303-23-supported activity, like phospholipid-supported

accelerate factor X activation, indicating that there are
specific features of the three homologous peptides required
to produce the rate enhancement (Figure 4).

Since fVIll,303-23 adopts an amphipathic helical conforma-
tion in membrane-mimetic environments, we explored the

activity, decreases at Ca(ll) concentrations above the optimalhelical content of f\M170-90 and fVIll,146-66 iN @ Similar
level, but the effect is more pronounced. We also determined environment. Circular dichroism indicated thabf¥-qo and
the effect of a synthetic peptide with the sequence of the fVIII 514666, like TVIII 2303-23, area-helical in 40% TFE/water,

factor IX Gla domain, fIX-47 (31), on fVIll 2303-23 enhance-
ment of factor X activation. FIX 47 also inhibited enhanced
turnover of factor X but did not affect factor IXa conversion
of factor X in the absence of fVikos-23. At 10 uM, fIX 1-47
inhibited factor Xa generation to the level observed in the
absence of fVIljsos-23 (Figure 2C). These results are
consistent with involvement of the Gla domain of factor
IXa.

To determine whether the Gla domain of factor X was

a membrane-mimetic environment known to induce helical
structure in peptides with a propensity to be heliczd)(
The amino acid sequences predict that the helices aff\o

and fVlll146-66 are amphipathic, similar to fVIkos-23,
suggesting a common functional motif. We hypothesize that
fVIIl 230323 and other amphipathic helices enhance the
activity of factor IXa by binding to the membrane-binding
motif(s) of factor IXa and/or factor X and simulating a
membrane.

also necessary for peptide-enhanced factor |Xa activation of The membrane-mimetic hypothesis suggests thatflbs

factor X, we performed experiments with factor X from
which the Gla domain had been proteolytically removed
(Figure 3). In the absence of fViHos-23, Gla-domainless
factor X was activated by factor 1Xa with Ky and kea
similar to those for activation of native factor X by factor
IXa. This demonstrates that the Gla domain of factor X is
not critical for activation by factor IXa in the absence of
phospholipid. Gla-domainless factor X cleavage by factor
IXa was not accelerated in the presence of f4bH-»3. These
data indicate either that fVHios-23 binds to both Gla
domains or that it indirectly mediates the binding of the Gla
domain of one protein to that of the other.

Specificity of fVIlb3p3-23. Our initial hypothesis was that
fVIII 2303-23 bound specifically to the Gla domain(s) of factor
IXa and/or factor X, mimicking factor VIII. To test the

should also accelerate factor 1Xa activity in the presence of
the cofactor, factor Vllla. This is indeed the case (Figure
5A), with fVIII 2303 23 concentrations of 4@M resulting in

a greater than 3-fold enhancement. Additional experiments
indicated that th&y for the factor Vllla—factor IXa complex

is reduced 10-fold in the presence of f\i{ds-»3. However,
keatis Not enhanced. The membrane-mimetic hypothesis also
predicts that fVIlbsos-23 Will not enhance the function of
factor IXa when a phospholipid membrane is present. To
test this prediction, the effect of fVHis-23 was evaluated

in the presence of phospholipid membranes. As shown in
Figure 5B, factor Xa generation increased with increasing
concentrations of fVIHs3-23 in the absence but not in the
presence of phospholipid membranes as predicted by the
membrane-mimetic hypothesis.

specificity of the interaction, other peptides were investigated  Structural Basis for the fVI}hos-23-Catalyzed Acceleration

for their ability to enhance factor IXa cleavage of factor X.
In particular, two homologous peptides, one from the factor
V C2 domain (f\b170-00) @and another from the C1 domain
of factor VIII (fVIIl 2146-66), Were employed (Table 1). Both
peptides (2QuM) cause a similar acceleration of factor X
activation as observed with fVHios-o3 (Figure 4). These
results indicate that enhancement of factor 1Xa function is

of Factor X Turn@er. To confirm that fVIll;303-23 enhances
factor 1Xa activity while in ana-helical conformation, we
performed enzymatic assays in the presence of trifluoro-
ethanol. CD spectra of 20M fVIII ,303-23 indicated that the
o-helical conformation was induced by as little as 2% TFE,
with characteristic minima at 208 and 222 nm. In the
presence of 2% TFE, fVI}kos-»3 enhanced factor 1Xa

not strictly dependent upon the amino acid sequence offunction in a similar fashion, and factor X was cleaved with

fVIII 2303-23. A nonhomologous peptide of similar size from
the cone snailConus textilge-TxIX/24) (Table 1), did not

a Ky of 0.39 uM. As observed without TFE, thk., was
not altered more than 2-fold.



12004 Biochemistry, Vol. 39, No. 39, 2000

1.6

A.

Factor Xa Generated nM/min

o T T T T
0 10 20 30 40 50
[fVIII2303-23] uM
B. 0.030
=
E 4
s
=
< /——'-
2 ! v
a v
g 0.015— v
H v
o0
«
» v
s
2
= 0 — —

5 10 15

[fVII12303-23] pM
Ficure 5: Effect of fVIll303-23 0N the activation of factor X by
factor 1Xa in the presence of phospholipid or factor Vllla. (A)
Factor IXa (40 nM), factor Vllla (40 nM), and factor X (400 nM)
were incubated for 40 min in the presence of the indicated
concentrations of fVIHz3-23. (B) Factor IXa, factor X (65 nM),
and varying concentrations of fVHo3-»3 were incubated in the
presence ¥) and absencev) of 50 uM phospholipid vesicles
(PS:PC 25:75). The lower rate of product accumulation compared
to Figure 2 correlates to the lower concentration of the substrate
utilized. Displayed results are representative of three such experi-
ments.

The hypothesis that amphipathic helices may mimic a
membrane’s effect on factor IXa was further tested using
melittin, a prototypical amphipathic helix (Table 1). Melittin
enhanced function of factor IXa, similar to fVikbs-23
(Figure 4, Table 2). To evaluate the importance of the
a-helical motif, we synthesized a diastereomeric melittin
peptide with Val 5, Val 8, lle 17, and Lys 21 replaced with
the respective-amino acids (Table 1). This diastereomeric
analogue of melittin retains littlex-helical structure or
hemolytic activity as demonstrated previously. Circular
dichroism spectra demonstrate lossoehelix even in the
presence of 40% TFE. Using previously published methods
for calculating theo-helical content in melittin, the substitu-
tion of these four.-amino acids with theip-amino acid
forms resulted in a reduction of predicteehelical content
from 78% to 15% as previously reporte@5( 36. At
concentrations up to 60M, D*melittin did not enhance

Blostein et al.
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Ficure 6: Effect of diastereomers of melittin on factor X activation
by factor IXa. Factor 1Xa (20 nM) and the indicated concentrations
of factor X were incubated in the presence of:2@ melittin (A)

and 20uM D“melittin (A). Results are a mean of three separate
experiments performed in duplicate.
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Ficure 7: Effect of D*-fVIII 2303-23 0N factor X activation and the
circular dichroism spectrum of fVI3ko3-23. (A) The CD spectrum

of fVIII 2303-23 sShows minima at 207 and 223 nm consistent with a
predominantly helical structure. The CD spectrum &I 303-23
shows a minimum at 200 nm consistent with a random coil
structure. fVIlbsps-23 and D-fVIII 530323 are at a concentration of
20 uM in 40% TFE/water. Solid line, fVIHso3-23 dashed line,
D*fVIII 2303-23. (B) Factor IXa (20 nM) and the indicated concen-
trations of factor X were incubated for 30 min at 3C in the
presence of ZQM VI 2303-23 (.) and ZQMM DA-fVIII 2303-23 (O)
Results are a mean of three separate experiments performed in
duplicate.

To disrupt theo-helical content of the peptide, Tyr 3, lle 6,
Val 12, and lle 15 were replaced withamino acids (Table

cleavage of factor X appreciably (Figure 6), confirming that 1). These substitutions resulted in almost complete loss of

the secondary structure of melittin affects its capacity to a-helical content, as evidenced in the CD spectra in 40%

enhance the function of factor IXa. TFE as shown in Figure 7A, and also resulted in complete
Similar experiments were performed to determine whether loss of fVIll,303-23 Stimulatory activity at concentrations of

a-helix-forming capacity is also necessary for enhancement 0—60 M (Figure 7B, Table 2).

of factor IXa function by fVIlh3o3-23. As previously deter- To determine whether there is a minimum length of

mined using NMR spectroscopy, fVibs-23 is an amphi- amphipathic peptide required to support the interaction with

pathic helical peptide with two helical segments separated factor 1Xa and/or factor X, a truncated form of fViihs-23

by proline residue 8, which kinks the peptide backbars. ( was synthesized with the three C-terminal residues deleted
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0.5 To our knowledge, this is the first detailed report of an
amphipathic helical peptide mimicking a membrane-sup-
ported blood coagulation process. Others have demonstrated
that polylysine is able to accelerate prothrombin activation
by factor Xa @2). However, polylysine’s mechanism of
activation appears to be different as prethrombin | (pro-
thrombin lacking a Gla domain) is activated by factor Xa in
the presence of polylysine whereas in our system Gla
domainless factor X is not activated by factor IXa in the
o presence of fVIlzp3-23. Furthermore, calcium inhibits polyl-
ysine activation of prothrombin whereas calcium is required
for factor IXa activation of factor X in the presence of
[Factor X] nM VI 2305-23 (Figure 2B). In the presence of factor IXa and
FiGure 8: Effect of fVIll2303-20 0N factor X activation. Factor IXa  factor X, soluble short-chain phosphatidylserine (C6PS)
(20 nM) and the indicated concentrations of factor X were incubated |japnayes similarly to these amphipathic helices. Gilbert and
for 30 min at 37°C in the presence of 20M VIl 202 (@) and Arena demonstrated a 900-fold reductionkin with little
20 uM VI 230320 (O). Results are a mean of three separate
experiments performed in duplicate. effect onkea: In the presence of 0.25 mM C6PS, tkg of
factor 1Xa turnover of factor X is 200 nM, similar to th&,
(fVIII 2303-20). Despite the loss of these residues, f¥4d4-20 obtained with fV1lbsoz 23 (43).
was still predominantly ami-helix. The CD spectrum of We propose that the amphipathic helices provide a similar
fVIIT 230320 @t @ concentration of 20M in 40% TFE/water  chemical environment to that of a membrane which allows
shows minima at 207 and 223 nm, consistent with & factor IXa and factor X to interact. The juxtaposition of these
predominantly helical structure. However, at concentrations o proteins on a short helical segment facilitates binding
up to 80uM, this peptide no longer supported factor IXa  tg one another, thereby reducing #g of the reaction. The
conversion of factor X to factor Xa (Figure 8). Similarly, |ength of the helix is critical as illustrated by the inability of
another shorter amphipathic peptide similar in size to g truncated form of fVIlsos 23 fVIII 2308 20, t0 SUppOTrt this
fVIIl 230320 @nd comprising the 18 amino acid propeptide  enhancement even though tirénelical nature of the residual
region of prothrombin (Table 1) did not enhance factor IXa peptide is preserved. We hypothesize that a minimum length
function (data not shown). These data suggest that aof 5 hydrophobic face is required to allow binding of both
minimum of three adjacent helical turns is required to support factor 1Xa and factor X.
enhancement of factor IXa activation of factor X. The amphipathic helices utilized in this report require
detergent micelles, TFE, or another change in environment
DISCUSSION to stabilize formation of the helix. This raises the question
We report that fVIlbsgs-23 enhances factor IXa-mediated of what mechanism induceshelix formation in the presence
activation of factor X. This enhancement results from a of factor IXa and factor X. The Gla domain of factor IX
decrease in th&y of the reaction with little effect on the  binds calcium ions and undergoes a calcium-dependent
kear The effect is strikingly similar to that of phospholipid conformational alteration in its tertiary structure exposing a
membranes in that enhanced function results from a similar hydrophobic patch that is believed to be responsible for
reduction ofKy (12) and relies upon engagement of the Gla binding the hydrophobic acyl chains in phospholipid mem-
domains of factor IXa and factor X. The membrane-mimetic branes 4). Therefore, it is possible that the hydrophobic
effect of this peptide is related to both the potential for helical patch of the Gla domain induces the formation of the
secondary structure and the length of the helix. amphipathic helix and the hydrophobic face of the peptide.
The Gla domains of the vitamin K-dependent proteins  Our results suggest that amphipathic helical peptides will
mediate binding to phospholipid membran&}. (The Gla be useful to elicit details in the enzymology and structure
domain of factor IXa may also bind to factor Vllla when function relationships of factor IXa and factor X. For
both proteins are bound to a phospholipid membratte ( example, helical peptides may prove more suitable for
41). In the present study, antibodies to the membrane-bindingdevelopment of cocrystals of the factor IXa and factor X
motif of the factor IX Gla domain and a peptide analogue Gla domains than phospholipid vesicles or micelles. Helical
of the Gla domain of factor IX (flX-47) both inhibited peptides may be used in comparison to phospholipid vesicles
fVIII 2303-23-mediated function of factor IXa. These data to investigate the acceleration of enzymatic activity due to
indicate that the Gla domain of factor IX interacts with condensation of multiple enzyme and substrate molecules
VI 2303-23. Furthermore, fVIlhs03-23's enhancement of factor  on a phospholipid surface vs acceleration due to a confor-
IXa function requires the presence of the Gla domain of mational change induced by engagement of the phospholipid-
factor X since removal of the Gla domain of factor X results binding motif. They may also prove suitable for fluorescence
in loss of enhancement by Vo323 The failure of anisotropy studies which would allow distinction between a
fVIII 2303-23 to enhance cleavage of Gla-domainless factor X conformational change in the factor 1Xa catalytic domain
indicates either that fVIbsos-23 interacts with the Gla domain  caused by engagement of a membrane-binding (or amphi-
of factor X or that fVIll303-23 Causes an interaction between pathic peptide binding) site vs immaobilization of factor IXa
factor 1Xa and the Gla domain of factor X. Our working on a large vesicle. The interaction of f\ibs-»3 with factor
hypothesis is that, like phospholipid membranes, an amphi-1Xa and factor X is probably not representative of the
pathic helix provides a site to which the Gla domains of interaction of factor Vllla with factor IXa and factor X for
factor IXa and factor X bind. two reasons. First, the interaction has limited specificity for
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amino acid sequence of the helical peptide. Second, in the

recently published crystal structure of the factor VIII C2
domain @4), fVIll 30323 has a predominantlys-sheet
conformation and is apparently constrained from assuming
a helical conformation. Thus, the interaction that we describe
does not appear to be a physiologic model. However, our
report highlights the possibility that currently unidentified
amphipathic helical peptides or protein motifs could serve
as activators of factor IXa through the membrane-binding
motif.
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