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ABSTRACT. Active site-inhibited blood clotting factor Vlla (fVllai) binds to tissue factor (TF), a cell surface
receptor that is exposed upon injury and initiates the blood clotting cascade. FVllai blocks binding of the
corresponding enzyme (fVlla) or zymogen (fVIl) forms of factor VIl and inhibits coagulation. Although
several studies have suggested that fVIlai may have superior anticoagulation effects in vivo, a challenge
for use of fVllai is cost of production. This study reports the properties of dimeric forms of fVIlai that

are cross-linked through their active sites. Dimeric wild-type fVIlai was at least 75-fold more effective
than monomeric fVIlai in blocking fVlla association with TF. The dimer of a mutant fVIlai with higher
membrane affinity was 1600-fold more effective. Anticoagulation by any form of fVllai differed
substantially from agents such as heparin and showed a delayed mode of action. Coagulation proceeded
normally for the first minutes, and inhibition increased as equilibrium binding was established. It is
suggested that association of fVlla(i) with TF in a collision-dependent reaction gives equal access of
inhibitor and enzyme to TF. Assembly was not influenced by the higher affinity and slower dissociation

of the dimer. As a result, anticoagulation was delayed until the reaction reached equilibrium. Properties
of different dissociation experiments suggested that dissociation of fVIlai from TF occurred by a two-
step mechanism. The first step was separation offUHa(i) while both proteins remained bound to the
membrane, and the second step was dissociation of the fVIla(i) from the membrane. These results suggest
novel actions of fVllai that distinguish it from most of the anticoagulants that block later steps of the
coagulation cascade.

Vascular injury results in exposure of anionic phospho- that typically comprises about 1% of the total plasma level
lipids and the receptor tissue factor (YFpm subendothelial  of factor VII (1), specifically recognizes anionic phospho-
cells. Factor Vlla (fVlla), a vitamin K-dependent protease lipids (2) and binds to TF in a high-affinity interactioB-

7). Binding to both of these components leads to a large
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! Abbreviations: TF, tissue factor; sTF, Thig fVIla, factor Vila; TF initiate clotting but it also could participate in propagation
fVllai, active site-inhibited factor Vlla; fVIla(i), factor Vllai or fVlla, of the response
undesignated; fVlla-QE, fVIla-P10Q/K32E; fX(a), factor X(a); PS, P ’

phosphatidylserine; PC, phosphatidylcholine; PE, phosphatidylethano-  Anticoagulation is a critical therapy. Heparin is a com-

lamine; biotinyl-PE,N-((6-(biotinoyl)amino)hexanoyl)-1,2-dihexade- 34y ysed anticoagulant that functions by combination with
canoylsnglycero-3-phosphoethanonamine; FPRck, phenylalanylpro-

lylarginyl chioromethyl ketone; FFRck, phenylalanylphenylalanylarginyl - @ntithrombin Il to enhance its rate of thrombin and factor
chloromethyl ketone; PEG, poly(ethylene glycol); DTPA, diethylen- Xa inhibition. Heparin’s action on coagulation is instanta-

etriaminepentaacetic acid; SBA, succinimidylbutanoate ester; HPLC, aqus. However heparin can have adverse side effects, and
high-performance liquid chromatography; S-2238p+ghenylalanyl- ) ' !

L-pipecolyl+-argininep-nitroaniline dihydrochloride; S-2288, B proper dosing can be difficuli6—17). Active site-inhibited
isoleucylt-prolyl-L-argininep-nitroaniline dihydrochloride; S-2765,  factor Vlla (fVllai) has 710 times higher affinity for TF

Z-p-arginylglycylargininep-nitroaniline dihydrochloride; TBS, Tris- i
buffered saline; TBSA, Tris-buffered saline containing bovine serum (10, 18, 19) than fVlla. In rat, rabbit, and baboon models,

albumin; (fVllaiy,—PEG, dimeric Vllai with a PEG-3400 cross-linker; fVilai was an ?ff?CtiVe amiCoagUElDQQ) with the unique.
(fVliai) ,-DTPA, dimeric Vllai with a DTPA cross-linker. property of inhibiting platelet deposition and lesion formation
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while limiting blood loss 21—24). It also inhibited sepsis-
induced intravascular clotting in baboor2s( 26). Unfor-

Stone et al.

estimated by absorbance at 256 nm using a Beckman DU-
70 spectrophotometer and an extinction coefficient of 190

tunately, the required dosage is high and may limit the use M~ cm? for the two phenylalanine residues per molecule.

of fVIlai due to cost of production.

One way to lower cost is to lower the amount of protein
needed by improving functional activity. Enhanced function

The diFPRck-PEG-3400 cross-linking agent was synthe-
sized from PEG-3400[succinimidylbutanoate ester (SBA)]
(final concentration of %M; Shearwater Polymers, Hunts-

has been produced by mutagenesis of the membrane-bindingille, AL), which was added stepwise as a solid to 100 mM

site. One mutant, fVIla-P10Q/K32E (fVIla-QE) had a 25-
fold increase of membrane affinity2() and a similar
functional change18). Another potential way to improve
activity would be to create multimeric proteins that bind

simultaneously to several proteins or membrane sites.

Multiplying the free energy of binding could produce
extremely high affinity and function.

This study describes the properties of dimeric forms of
fVllai that are cross-linked by homobifunctional active site-
directed inhibitors. Dimeric forms of fVllai displayed up to
1600-fold higher function than wild-type monomeric fVIlai.

HEPES buffer at pH 8.0 containing %M phenylalanyl-
prolylarginyl chloromethyl ketone (FPRck) (Bachem). The
pH of the reaction solution was monitored and adjusted to
8.0 by addition 61 M NaOH as needed. The reaction was
complete in 60 min at 22C. The solution was acidified by
addition of TFA to 0.1%. Reaction products were purified
by reverse-phase HPLC with a gradient of acetonitrile:water
(25:75 to 40:60) containing 0.1% TFA over 15 min. Peaks
with significant absorbance at 256 nm were collected and
concentrated by vacuum centrifugation. Product concentra-
tion was estimated by inhibition of known amounts of

This advantage was observed at binding equilibrium but not thrombin. Briefly, peaks from the HPLC column that

in kinetically determined reactions. Consequently, antico-

contained adducts of FPRck were added to thrombin (0.35

agulation by these agents may offer advantages in some‘M) in TBS. The solutions were incubated at 22 for 30

situations and disadvantages in others.

MATERIALS AND METHODS

Proteins Purified recombinant human fVlla-wt was
obtained from Novo Nordisk (Princeton, NJ). Recombinant
human factor Vlla-QE was prepared as describ28).(
TF1-210 (STF) was provided by Dr. Walt Kisiel, University
of New Mexico. FVIlai-QE and fVIlai-wt were prepared by
adding a 5-fold molar excess of phenylalanylprolylarginyl
chloromethyl ketone (FPRck) to fVIla-QE in Tris-buffered
saline (TBS, 50 mM Tris, 100 mM NacCl, pH 7.5) containing
5 mM calcium fa 2 h at 22°C, followed by dialysis to
remove remaining inhibitor. Recombinant human TF either

was obtained as the reconstituted commercial product,

Innovin (Dade Behring, Deerfield, IL), or was purchased as
a purified protein from American Diagnostica (Stamford, CT)

min, and the remaining thrombin was measured by chro-
mogenic assay. The thrombin was added to a solution of
TBS with 0.1% bovine serum albumin (TBSA) and 100
H-p-phenylalanyle-pipecolyli-argininep-nitroaniline di-
hydrochloride (S-2238) (Chromogenix, West Chester, OH).
Absorbance change per minute at 405 nm was recorded with
a Beckman DU-70 spectrophotometer. Comparison to ab-
sorbance change produced by an unmodified thrombin
solution allowed estimation of the concentration of FPRck
in the fraction. The peak containing the homobifunctional
reagent was identified by its ability to cross-link thrombin.
Thrombin inhibition reactions from each peak of the HPLC
elution were separated in nonreducing SBFBAGE using a
10% gel that was stained with Bio-Safe Coomassie blue
(SDS-PAGE reagents were from Bio-Rad, Hercules, CA).
A band migrating with an apparent molecular mass of 75
kDa indicated dimeric thrombin. From this analysis, the peak

and reconstituted as described below. Human fX and eluting from the HPLC column at 13.5 min was identified

thrombin were from Enzyme Research Labs (South Bend,

IN). Streptavidin (SA) was from Sigma (St. Louis, MO).

Synthesis and Characterization of Bifunctional Cross-
Linking AgentsDiethylenetriaminepentaacetic acid (DTPA)
dianhydride (Sigma) was mixed in serial additions as a solid
to 100 mM HEPES, pH 8.5, containing 40 mM phenylala-
nylphenylalanylarginyl chloromethyl ketone (FFRck) (Bachem,
King of Prussia, PA) to a final concentration of 200 mM.
The pH of the reaction solution was monitored and main-
tained at 8.5 by additionfd M NaOH as needed. After 60
min at 22°C the reaction was complete. Reaction products

as the bifunctional active site-directed reaction product,
diFPRck-PEG-3400.

Production of Dimeric FVllaiFVlla-wt was first separated
from stabilizers present in the commercial product by
application to an ion- exchange column (Mono-Q) (Amer-
sham Pharmacia, Uppsala, Sweden) that was washed with
15 column volumes of 50 mM Tris and 50 mM NacCl, pH
7.5, buffer. The protein was eluted in the same buffer
containing 500 mM NaCl and dialyzed overnight af@
against TBS.

Half molar equivalents of the appropriate bifunctional

were separated by reverse-phase high-performance liquidreagent were added to fVlla (3-D.6 M) in TBS containing

chromatography (HPLC) using a 04 25 cm Vydac C18

5 mM calcium. Reactions with diFFRekDTPA were aided

column. Prior to column loading, the reaction solution was by inclusion of phospholipid vesicles [phosphatidylserine
adjusted to 0.1% trifluoroacetic acid (TFA). A gradient of (PS):phosphatidylcholine (PC), 20:80; phospholipids:protein,
20—24% acetonitrile in 0.1% TFA over 30 min was used to 1.5:1.0 (w/w)]. The phospholipids were large unilamilar
elute the diFFRck product. A peak eluting at 20.8 min was vesicles prepared by extrusion and quantified as described
identified as diFFRckDTPA. It gave a monoisotopic mass (29). Reactions were incubated at room temperature for at
of 1358.2 amu in a Finnigan LCQ electrospray mass least 4 h. Reaction progress was monitored in either a one-
spectrometer and showed the isotope pattern characteristior two-stage amidolytic assay similar to that described above.
of a compound with two chlorine atoms. Acetonitrile was For the one-stage assay, a small aliquot was incubated in
removed, and the bifunctional reagent was concentrated byTBS with 5 mM calcium containing 100 nM sTF. Remaining
vacuum centrifugation. The concentration of the reagent wasfVlla activity was measured by absorbance change at 405
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nm per minute after addition of H-phenylalanyl:-pipe-

colyl-L-argininep-nitroaniline dihydrochloride (S-2288) (Chro-
mogenix) to 200uM. For the two-stage assay, an aliquot
was incubated in TBS with 5 mM calcium containing Innovin
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Preparation of TFProteoliposomes TF—proteolipo-
somes were prepared according to published methg@s (
31). Two different types of preparations were made. One
was comprised of 20:50:30 PS:PC:phosphatidylethanolamine

at saturating concentration (estimated to be 0.5 nM) for 5 (PE), and the other was similar but contained N/(6-

min at 37°C. FX (100 nM) was added and the mixture

(biotinoyl)amino)hexanoyl)- 1,2-dihexadecanesylglycero-

incubated for 60 s. The reaction was quenched with addition 3-phosphoethanonamine (w/w, biotinyl-PE; Molecular Probes,

of EDTA (12 mM). The amount of fXa formed in the first

Eugene, OR). Phospholipids were dispensed and mixed in

stage was measured by absorbance change at 405 nM afteglass tubes and dried first under a stream of argon and then

addition of 20quM Z-p-arginylglycylargininep-nitroaniline
dihydrochloride (S-2765) (Chromogenix). If significant

under high vacuum for 2 h. They were resuspended in TBS
containing 100 mM octyp-bp-glucopyranoside (Sigma) at a

activity remained, appropriate amounts of the bifunctional 15:1 octyls-p-glucopyranoside:phospholipid molar ratio. TF
reagent were added, and the solution was incubated overwas added to a ratio of 0.00172:1 (TF:phospholipids, w/w),
night. The reaction was complete whetl% of original and the solution was incubated at 3T for 2 h. The
fVlla activity remained. For reactions with diFPReREG- preparations were then dialyzed against four changes of
3400, all remaining fVlla was inhibited by addition of 1 mM 1000x volumes of TBS over 4 days. The TF concentration
diisopropyl fluorophosphate (Sigma)rf@ h at 22°C. For was estimated by the concentration of fVila needed to
the diFFRck-DTPA reactions, remaining Vlla was inhibited ~ saturate the activation of fX. The result corresponded well
by addition of FFRck at a ratio of 2:1 (FFRck:fVlla). Two Wwith the amount expected if one-half of the TF was

hours at 22C completed the reaction. EDTA was added to
dissociate the protein from vesicles, which were then
removed from the protein by gel filtration on Sephadex

relipidated in the proper orientation for reaction. Phospholipid
concentration was determined as previously descriBgd (
The average diameter of the proteoliposomes was 100 nm,

G-100 (Sigma). The vesicles eluted first and the dimeric determined by dynamic light scattering using an LSA2
protein at the leading edge of the protein peak. Fractions photon correlation spectrometer (Langley Ford Co.). This
from the leading edge of the protein peak were collected. diameter, together with a phospholipid density of 1.0 g/cm
Protein concentrations for all preparations were determinedand a membrane thickness of 5.0 nm, provided an estimate
by Bradford analysis using the protein assay reagents andof four TF molecules per vesicle that were in the correct

procedure from Bio-Rad. The standard was fVila-wt.

SDS-PAGE of Dimeric ProteinsProteins were resolved
as described above for thrombin. After staining with Bio-

Safe Coomassie blue, relative amounts of protein in the
different bands were estimated by densitometric analysis with
Kodak imaging software. Individual bands were selected, and

background pixelation was subtracted. The yield of dimeric

protein was calculated as the percentage of protein migrating

in a double band at approximately 97 kDa divided by total
protein in all bands.

Equilibrium Competition Assay$he assay was essentially
that described in re28. Briefly, 20 or 100 nM fVlla-QE
was added to 4 or 18 pM TF (provided by diluted Innovin
in TBSA) and 5 mM calcium. FVllai or dimeric fVIlai was

added to various levels. The reactions were mixed and

incubated for 60 min at 37C to reach equilibrium. FX was
added to 100 nM and incubation continued for 5 or 10 min.
The reaction was quenched by addition of EDTA to 12 mM.

orientation 80).

Displacement of FVllai from TFFVIlai-wt or dimeric
fVIlai-wt with the PEG-3400 cross-linker (fVIlai-wi)-PEG
(40 pM) was equilibrated with 18 pM TF (Innovin) in TBSA
containing 5 mM calcium at 37C. The dissociation reaction
was initiated by addition of 4 nM Vlla-QE. At various time
points, fX (200 nM) was added to aliquots of the reaction
and incubated for 60 s. This time was short relative to the
time required for displacement of fVlla(i) from TF so that
the level of fVIla—TF remained constant during the time of
fXa production. FXa generation reactions were stopped by
addition of 12 mM EDTA, and fXa activity was measured
by chromogenic assay as described above.

Displacement of FVIla from THEither fVIla-wt or fVlla-
QE (10 pM) was added to 40 pM Fproteoliposomes
prepared as described above in TBSA containing 5 mM
calcium. FVlla and TF were allowed to reach equilibrium
binding (10 min at 22C), and displacement was initiated
by addition of fVllai-wt (10 nM). At various time points

FXa activity was measured by chromogenic assay as gjiquots were removed, and the remaining fVIla-TF activity

described above.

The fraction of TF bound to Vlila (VlIlaTF) was
calculated by comparison of fXa generated in the inhibited

was measured as described above.
Dissociation of FVlla from TFProteoliposomesEither
9.56 nM fVlla-wt or fVlla-QE was added to 38.2 nM -

reaction to that generated in a reaction that contained noproteoliposomes in TBS containing 10 mM calcium, and the

inhibitor [(fVIla—TF) = fXa with inhibitor/fXa without
inhibitor]. The fraction of fVllai bound to TF (fVllat-TF)

reaction was allowed to reach equilibrium (10 min at23.
Dissociation was initiated by addition of 38.2 nM FF

was the difference between observed fXa and the fXa activity proteoliposomes that did not contain biotinyl-PE. At various

in the reaction with no inhibitor [(fVllair TF) = 1 — fXa
with inhibitor/fXa without inhibitor]. It was essential that
the concentration of fVIlai was at least 10-fold greater than
TF so that free fVllai approximated total fVllai. The data
were plotted as Hill-type plots as describ@@)( In all cases,
the concentration of dimeric fVllai is represented in the Hill-
type plots as the concentration of fVllai sites. This allowed
direct comparison of protein efficacy on a weight basis.

time points 4uL of SA (1 mg/mL in TBSA) was added to
aliquots (20 uL) of the reaction, and incubation was
continued for another 20 min to selectively precipitate the
proteoliposomes containing biotinyl-PE. The aliquots were
centrifuged at 12000 rpm for 5 min. Small volumes of
supernatant were diluted 1000-fold in TBSA containing 5
mM calcium and warmed to 37C. FX was added at 100
nM and incubated for 5 min. The reaction was stopped by
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c L - 3 FIGURE 2: Functional inhibitory activity of (fVllai)-DPTA.
] Varying amounts of fVllai-wt (open circles), (fVllai-wt} DPTA

(closed circles), and (fVIlai-QkR)>DPTA (closed squares) were
equilibrated with 20 nM fVIlla-QE and 4 pM TF (Innovin) for 60
min at 37°C. The fraction of fVlla-TF was determined by the two-
stage fX activation assay and compared to reactions without
inhibitor. Results are expressed as percent activity relative to that
66 kDa iy observed in the absence of inhibitor. Data points are from two
experiments.

97 kDa

doublet was not determined, but virtually all recombinant
FIGURE 1: Synthesis of dimeric fVllai. Dimeric fVilai was made  preparations of fVlla that we have analyzed show some level
by reaction of fVila with a bifunctional active site inhibitor.  of a doublet that is not well resolved. A third band appeared
Bifunctional active site inhibitors were produced by reaction of 4t 3 mass near the 66000 molecular weight standard. This

FFRck with DTPA dianhydride (panel A) or of FPRck and PEG-
3400-(SBA), (panel B). Products from reaction of fVila and was assumed to be the fVIlAPEG monomer. PEG has a

diFPRck-PEG-3400 were separated by SBBAGE (panel C).  disproportional effect on protein migration in SBBAGE
Lanes 1, 2, and 3 correspond to fVIla-wt alone, the product of fVlla- (32). A fourth, very minor band migrated with the starting

wt reaction with diFPRck PEG-3400, and the product of fVlla-  material and was assumed to be fVllai produced by reaction
QE reaction with diFPRckPEG-3400. with diisopropy! fluorophosphate. Densitometry of these

" - bands showed 80% and 72% yields of the dimeric forms of
addition of EDTA to 12 mM, and fXa activity was measured (fVllai-wt) ,—PEG and (fVIlai-QE)—PEG, respectively.

as.described above. FXa activity pro_duced at various.time SDS-PAGE and densitometric analysis of dimeric fViiai-
points was compared to that (_)b_talned in apa_rallel experiment,\+ 4nd fVIlai-QE produced from the DTPA cross-linker
with no competing phosphollpm_ls. Undissociated fVlla was [(FVIlai-wt) ,—DPTA and (fVIlai-QE)—DPTA] suggested
expressed as a fractional activity. , _ 33% and 21% vyields, respectively (data not shown). The
Clotting AssaysFVila-wt (20 nM) and fVllai were mixed |o\yer yield from the shorter cross-linking reagent may be

in TBSA containing 6.67 mM calcium at 37C. At zero 46 9 steric hindrance during reaction of the cross-linker
time, TF (1.0uL of Innovin/112.5uL of solution) was added.  \ith the second molecule of fVIla.

Aliquots (112.5uL) were removed at various times, and  pynetional Analysis of Dimeric FVIlaiAn equilibrium
coagglanon time was measured by_the hand-tilt met_hod aﬁercompetition assay (ref8 and Materials and Methods) was
addition of 37.5uL of factor Vl-deficient plasma (Sigma)  sed to detect the relative function of dimeric vs monomeric
that was prewarmed to 3TC. fVilai. FVila and either (fVllai-wth—DPTA, (fVI1ai-QE),—
RESULTS DPTA, or fVllai-wt were added to T+proteoliposomes and
allowed to reach equilibrium. The relative amounts of fVllai
Production and Characterization of FVllai Protein Dimers  bound to TF were determined using the two-stage fXa
Two homobifunctional reagents were synthesized. First, generation assay and known activity level in the absence of
FFRck was combined with DTPA dianhydride to produce inhibitor. Dose-response curves (Figure 2) showed that both
diFFRck—DTPA (Figure 1A). The cross-linker arm of this  dimeric proteins displaced fVlla from TF more effectively
bifunctional reagent should be approximately 7 A. Second, than monomeric fVIlai-wt. When compared with fVIlai-wt
FPRck was combined with PEG-340(5BA), to produce on a weight basis, it took 175-fold less of the (fVIlai-QE)
diFPRck-PEG-3400 with a cross-linker that should be DPTA protein preparation and 10-fold less of the (fVllai-
approximately 230 A (Figure 1B). The desired homobifunc- wt),—DPTA protein preparation to achieve 50% inhibition
tional cross-linkers were separated from other reaction of TF. The presence of only 33% and 21% dimer in these
products by reverse-phase HPLC as described in Materialspreparations suggested that the true functional activity of the
and Methods. dimers was several times the values suggested by the
Homodimers of fVIlai-wt and fVIlai-QE were produced comparison in Figure 2. Due to the low synthetic yield of
by combination of the respective protein with the bifunctional DPTA dimers, further characterization focused on PEG-
cross-linking reagents as described in Materials and Methods linked dimers.
Three major products were detected for the PEG-cross-linked The longer cross-linker arm of (fVllai-wg)-PEG provided
protein on SDSPAGE (Figure 1C). A doublet appeared just higher yield and function. This reagent was analyzed multiple
above the 97000 molecular weight standard. These banddimes and at two different TF concentrations. Typical
were assumed to represent dimeric protein. The basis for aoutcomes are presented in Figure 3A. The degree of enhanced
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o 4 i or (fVllai-wt) ,—PEG ((closed circles, 40 pM) was equilibrated with
k) 18 pM TF (Innovin) for 5 min at 37C. Dissociation was initiated

the difference between activity obtained in the presence and absence

0.5 .,I/') - by addition of 4 nM fVIla-QE. At various time points, aliquots
were removed, and fVIlaTF was determined by the two-stage
or - fX activation assay. The fraction of fVIlaiTF was calculated from

0.5 of inhibitor. Time corresponds to the incubation time prior to fX
. . . e, addition. Data from two experiments are shown. Inset: A first-
-1 2 3 4 5 6 order dissociation rate plot of the data.
log [fVIlai], pM

_ o o _ Using similar conditions, (fVIlai-QE-PEG was so
FiGURE 3: Functional inhibitory activity of (fVllai)—PEG. Panel effective that its relative function was difficult to estimate

A: (FVllai-wt),—PEG Varying amounts of fVllai-wt (open ; ; i
symbols) and (fVIlai-wt)—PEG (closed symbols) were equilibrated (Figure 3B). The lowest concentration of (fVllal-QEPEG

with 20 nM fVlla-QE (circles) or 40 nM fVlla-wt (triangles) and _use_d_ (100 pM, expressed as the Con(_:entra_tlon of monomer)
18 pM TF (Innovin) for 60 min at 37C. The fraction of fVila- inhibited 90% of 20 nM fVIla-QE function (Figure 3B). Use
TF was determined by the two-stage fX activation assay and of lower concentrations of inhibitor was not possible because
Compared to fX activation without inhibitor. The results are free protein no |onger approximated total protein_ Conse-

presented as a Hill plot calculated as described in Materials and iRt ; ;
Methods. Data from two experiments for each titration are shown. quently, inhibition was repeated at a higher level of active

Panel B: (FVIlai-QE}—PEG Varying amounts of fVllai-wt protein (100 nM fVlla-QE). Even under these conditions,
(circles) and dimeric fVIlai-QE (squares) were equilibrated with the lowest concentration of (fVllai-QE}PEG produced
20 nM fVlla-QE (open symbols) or 100 nM fVlla-QE (closed 60% inhibition. The observed 5-fold shift in the Hill plot
Sy 10 P, Umou) o S S5, e i, for both (Vi Q) PE and iabwt wes expected for
Results are presented in the foyrm of the HiIEtype plot described %/n a 5-fold Increase qf _Com_petltor (fVIIa)_, suggesting that the
Materials and Methods. Data are from two experiments. amount of free inhibitor in both experiments approximated
total inhibitor so that the conditions for an accurate com-
function of dimeric protein can be estimated by the difference parison were satisfied. Both results (Figure 3B) suggested
in concentration needed to displace a competing protein fromthat (fVllai-QE),—PEG was about 1600-fold more effective
TF. This is obtained by horizontal comparisons in Figure than fVllai-wt. In several other comparison titrations, the
3A. A convenient point of comparison occurs where half of enhancement ranged from 900- to 2500-fold. Since dimeric
the competing ligand has been displaced (vertical a3 protein represented about 72% of total protein in this
Figure 3A). When 40 nM fVilla-wt was used as the preparation, an average of 1600-fold enhancement may
competing protein, the difference between monomer and underestimate the true function of (fVllai-QE)PEG.
dimer was 77-fold (Figure 3A, circles). When 20 nM fVlla- Dissociation Rate of Dimeric FVllai from TFTwo
QE was used as the competing protein, the displacement ofmethods were used to measure dissociation of fVllai or fVila
the titration curves was 82-fold (Figure 3A, triangles). The from TF and/or proteoliposome. The first is referred to as
results also illustrated the relative function of fVlla-QE vs displacement. In this case, a large excess of fVllai or fVlla
fVIla-wt. Once again, at half displacement (vertical axis is added to trap TF as it became available. The second
0), it required 14 times more fVllai-wt to displace 20 nM  method is referred to as dissociation and is achieved by
fVIla-QE as to displace 40 nM fVlla-wt (compare titrations trapping the dissociated fVila or fVilai as it comes off of
with open symbols, Figure 3A), consistent with a 28-fold the membraneTF particle. These two methods gave very
greater function of fVIla-QE over fVlla-wt. For titrations  different results.
with (fVllai-wt) ,—PEG, it required 16 times higher concen- For displacement (Figures 4 and 5A), the protein to be
tration to displace 20 nM fVlla-QE as 40 nM fVlla-wt  displaced was first bound to Fproteoliposomes. At zero
(compare titrations with solid symbols, Figure 3A), indicating time, a large excess of competitor was added, and dissocia-
a 32-fold higher function of fVlla-QE. Earlier studies by tion of the initially bound protein was measured by activity.
several methods indicated a-280-fold advantage of fVIla-  The level of competitor used was saturating in that higher
QE over fVlla-wt (18, 28). The similarity of outcome for  concentrations had no further effect on the rate of dissocia-
comparison of fVlla-QE vs fVIla-wt provided strong evi- tion. Under these conditions, dimeric and monomeric forms
dence that the analysis methods used to describe thesef fVilai were displaced from TF at almost exactly the same
protein—membrane assemblies and theoretical interpretation rate (Figure 4). The large excess of trapping protein produced
of the results were accurate. an irreversible reaction allowing analysis by a first-order rate
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Ficure 5: Displacement vs dissociation of fVlla from -
proteoliposomes. Panel A: Displacement. Either fVIla-wt (open
circles, 10 pM) or fVlla-QE (open squares, 10 pM) was equilibrated
with TF (40 pM)—proteoliposomes (PS:PC:PE, 20:50:30) for 10
min at 22°C. Displacement was initiated by addition of fVilai-wt
(10 nM). At various time points, aliquots were removed and f#lla
TF activity was measured by the two-stage fX activation assay.
Percent maximal fVllaTF was calculated by comparison to a
similar mixture without inhibitor. Time corresponds to incubation
time prior to fX addition. Data from two experiments are shown.
Panel B: Dissociation. FVIla-wt (circles) or fVlla-QE (squares)
(9.56 nM) was preequilibrated with TF (38.2 nivProteoliposomes
for 10 min at 22°C. TF—proteoliposomes either contained (closed
symbols) or did not contain (open symbols) 1% biotinylated PE.
Dissociation was initiated by addition of appropriate TF (38.2 iM)
proteoliposomes with which fVIla variants had not been equili-
brated. At various time points SA was added to an aliquot of the
reaction. After incubation for 20 min, the solution was centrifuged,
selectively precipitating proteoliposomes containing biotinyl-PE.
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displacement rates for both proteins. While the actual rate
constants for the two experiments were not directly compa-
rable since the displacement experiments in Figures 4 and 5
used different TFproteoliposome preparations and were
conducted at different temperatures, the results were con-
sistent. That is, displacement of fVII variants from TF by
addition of an excess of competing protein gave similar rates
for proteins with very different membrane-binding affinities.
Similar dissociation rates for monomeric vs dimeric forms
of fVllai (Figure 4) as well as for fVIla-QE and fVlla-wt
(Figure 5A) suggested that proteiprotein contact of fVllai
dimer with TF was not altered. These properties were
rationalized by the two-stage dissociation process described
below.

True dissociation of fVIla from TFproteoliposomes was
measured by trapping the dissociated protein. Subsaturation
levels of Vlla-wt or Vlla-QE were preequilibrated with
proteoliposomes, and dissociation was monitored by addition
of competing TFproteoliposomes containing 1% biotinyl-
PE. At various time points, the Fproteoliposomes con-
taining 1% biotinyl-PE were precipitated with SA, and the
fVlla that remained bound to Tproteoliposomes without
biotinyl-PE was measured. The inverse experiment involved
initial binding of the fVlla to the vesicles containing biotinyl-
PE with measurement of fVlla appearance in the supernatant.
Both experiments showed similar dynamics and reached the
same equilibrium value when fVlla-wt was used. The
equilibrium point was only slightly below the theoretical
value of 50% (Figure 5B), indicating nearly ideal conditions
in this experiment and that biotinyl-PE did not influence
proteir—-membrane binding. The competing TF was not
present in excess so that the reaction was reversible, and
first-order rate plots were not used. However, the rate at
which the reaction approached equilibrium was qualitatively
similar to the rate of displacement by excess fVllai (Figure
5A), suggesting similar affinities.

In contrast to fVlla-wt, fVlla-QE showed multiphase
dissociation with an initial rapid dissociation and subsequent
slower rate. The reactions had not reached equilibrium at

FVIla—TF in the supernatant was measured by the two-stage fX 92 h (Figure 5B). This experiment was repeated with a

activation assay. Percent of maximum f\WH&F was calculated

by comparison to a control reaction that did not contain competing
proteoliposomes. Time corresponds to incubation time prior to SA
addition. Data from two experiments are shown.

plot (Figure 4, inset). Rate constants for dissociation of
(fVlai-wt) ,—PEG and fVllai from proteoliposomes by fVlla
were 0.0014 and 0.0016°% respectively. The reverse
experiment, displacement of fVIla-wt from TF by addition
of excess fVllai, was 34 times faster than displacement of
fVllai-wt, consistent with the higher TF affinity of fVilai
(data not shown).

Previous studies showed that fVIla-wt and fVIla-QE had
identical affinity in protein contact with TF but differed
substantially with respect to their relative affinities for
phospholipid membraned®). If this relationship applied
to monomeric vs dimeric fVIla(i), then the two types of high-
affinity proteins (dimers and site mutants) should show

similar properties. This was found to be the case. Displace-

ment of fVlla-wt and fVIla-QE from TFproteoliposomes

different preparation of TFproteoliposomes with similar
outcome. Due to an extremely slow dissociation, results for
dimeric fVIlai are not shown. This very slow dissociation
of fVlla-QE from TF—proteoliposomes was rationalized by
the two-stage dissociation process described below.
Dynamics of AnticoagulationAn in vitro coagulation
model demonstrated a unique property of anticoagulation by
fVilai that may be related to the association/dissociation
properties described above. Different amounts of fVIlai-wt
or fVllai-QE were premixed with 20 nM fVlla-wt. To
simulate TF exposure from injury, Fproteoliposomes were
added at zero time. Aliquots were removed at various time
points, and anticoagulation was detected by an increase in
clotting time of factor VlI-deficient human plasma (Figure
6). After 1 min, fVIlai appeared to be a poor anticoagulant
with only a sight increase in clotting time. Low anticoagu-
lation after a short time may result from fVIla assembly with
TF at or near the diffusional limit. In fact, assembly in this
assay was so rapid that timed stages were difficult to estimate

was conducted by the mechanism described in Figure 4(18). The properties of particle diffusion would therefore
except that progress of the reaction was followed by loss of dominate the early stages of this reaction so that enzyme

fVIla—TF activity. The results (Figure 5A) showed similar

(fVlla) would bind to TF as well as inhibitor. However, as
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dimer gave a 75-fold enhancement over monomer. These
values may be underestimates of actual dimer function as
the preparations contained only-780% dimer.

Although remarkable, a 75-fold increase of function for
the (fVllai-wt),—PEG molecule was much less than the
theoretical outcome for simultaneous binding to two TF
molecules. While the reported binding constants of fVIla and
TF vary, mostKp values are 1 M or lower. Thus,
theoretical enhancement for simultaneous binding to two TF
molecules would be 10°. Simultaneous binding of dimeric
fVIlai-wt to TF and to a second site on the membrane also
provides a very large increase in function. GiveK@for
fVlla-wt to membrane of about 16 M (18), the theoretical
enhancement for simultaneous membrane association by two
fVllai molecules in the dimer would be £0Thus, while

At various times, aliquots were removed. Coagulation was initiated functional enhancements of dimeric proteins were prodigious,
by addition of factor VlI-deficient plasma, and coagulation time the magnitude was well below the theoretical maximum and

was measured by the hand-tilt method. Time on the horizontal axis
refers to incubation before plasma addition. The fVllai species and

concentrations used were fVllai-wt (10 nM, open circles; 4.0 nM,
open diamonds) and fVllai-QE (0.4 nM, closed circles; 3.8 nM,
closed diamonds).

did not offer a clear correlation with either proteiprotein

or proteir-membrane interaction. The mechanism of en-

hanced function could arise from either interaction, but with

much less than theoretical free energy of association.
Additional effects of protein modification by PEG include

competition binding approached equilibrium, the higher an jncreased circulation lifetime and reduced antigenic

affinities of fVllai variants such as fVllai-QE and of dimeric

properties 82, 49). A previous study showed that attachment

proteins would become the dominant features of the reaction.of pEG-3400 to fVilai resulted in 2.6-fold longer circulation

At 0.4 nM fVIlai-QE and 10 nM fVllali, the clotting time

lifetime in the mouse32). (FVllai-wt),—DPTA had a 1.6-

increased until about 20 min. Similar delay in onset of fg|q Jonger circulation half-time in the mouse than mono-
anticoagulation was obtained for all competing proteins, meric fvilai (data not shown). Consequently, the fViiai

fVIlai-wt, fVIlai-QE (Figure 6), or (fVllai-QE),—PEG (not
shown) The final equilibrium showed a 25-fold difference
between fVllai-QE and fVllai-wt, similar to the difference
reported in earlier studiesl®). Comparison at similar
concentrations (4 nM fVllai-wt and 3.8 nM fVllai-QE) also
emphasized the enhanced function of fVIlai-QE.

DISCUSSION

dimer that was cross-linked by PEG-3400 should have a
severalfold longer circulation lifetime than monomeric fVIlai.
The kinetics of association and dissociation of fVIla(i)
from TF—proteoliposomes provided insight into the possible
mechanism of fVlla(i) interaction with TF. A surprising
finding was that, despite a large increase in equilibrium
binding affinity for TF—proteoliposomes, (fVIlai-wg-PEG
and fVlla(i)-QE were displaced from TF at similar rates by

Excess TF exposure is thought to be common to severalexcess competing ligand. In contrast, true dissociation of
disease states and to traumas such as acute coronarfVlla(i) from TF—proteoliposomes differed greatly for these

syndromes33—36), sepsis §7—39), disseminated intravas-
cular coagulation 40), antiphospholipid syndrome4{),
sickle cell anemia 42), cancer 43—46), and vascular

molecules. A related property may exist in anticoagulation.
FVllai was a very poor inhibitor of coagulation right after
initiation of reaction but became highly effective with time.

damage. TF has been implicated in promotion of tumor We suggest that these properties are best explained by the

angiogenesis 4(7), which therapeutic TF inhibition may
attenuate48). Consequently, the therapeutic implications of
TF inhibitors may be substantial. Use of fVllai may be

two-stage association/dissociation reaction shown in Figure
7. The first step of dissociation consists of proteprotein
separation while both proteins remain membrane-bound. For

limited by cost of production, a challenge that could be displacement by a competing ligand, all vacant TF molecules
overcome by use of mutant forms of fVllai that have higher are immediately filled so that recapture of fVlla(i) before
membrane affinity and by use of dimeric molecules that dissociation from the membrane particle is not possible

provide multiple simultaneous binding sites.

(Figure 7, top diagram). Consequently, displacement is

This study described the production and properties of two limited entirely by protein-protein affinity. Dimeric forms

forms of dimeric fVllai. The DPTA cross-linker provided a
spacer arm of approximateV A and the PEG-3400 cross-
linker, a spacer arm of approximately 230 A. The DPTA
dimer gave a relatively low yield of product. Although far
superior to monomeric fVllai-wt, the DPTA dimer also

of fVIlai as well as mutants with high membrane affinity
have the same affinity for TF so that displacement proceeds
at the same rate for all proteins (Figures 7, top, 4, and 5A).
For true dissociation, initial separation of fVIla(i) from
TF on the membrane can be followed by recapture by another

appeared to have lower function than the PEG dimer. This TF molecule before the fVila(i) has a chance to dissociate
may arise from geometric constraints imposed by the shortfrom the membrane (Figure 7, bottom). Dimeric proteins and
linker arm that interfere with simultaneous membrane binding high-affinity mutants with longer residence times on the
by both proteins. The maximum impact observed in this membrane would be more likely to be recaptured by vacant
study, greater than a 1600-fold enhancement over fVIlai-wt tissue factor molecules. Recapture efficiency increases as the
monomer, was achieved for a dimer of a mutant fVlla number of vacant TF molecules increases so that the rate of
molecule that had high membrane affinity. The wild-type fVlla(i) dissociation slows as TF sites become empty.
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Ficure 7: lllustration of displacement (top) and dissociation (bottom) of fVIla(i) from TF.

Eventually, proteins with high membrane affinity can appear any form of fVllai. The outcome would be relatively poor
to stop dissociating altogether (Figure 5B, fVIla-QE at long inhibition by fVilai. However, with time the two-stage
times) due to efficient recapture by TF on the same particle. association/dissociation reaction would establish equilibrium
Previous kinetic experiments of fVlla and TF have shown binding with competition based on the overall equilibrium
similar results with different dissociation rates for competitor binding constant. If this description were applicable in vivo,
displacement vs dilution-jump experimen&0). This dif- initial injury with TF exposure to the blood may allow initial
ference was described as an indication of cooperative bindingblood clotting to occur despite the presence of fVIlai. This
of fVlla to TF and has been supported by binding experi- may be sufficient to stop bleeding. Slow displacement by
ments using TF on cells or in reconstituted liposomes that higher affinity mutants of fVIlai might eliminate extended
yield nonlinear EadieHofstee plots §0) and sigmoidal coagulation. This description may fit the reported antico-
binding isothermsg1). It does not appear that the recapture agulation properties of fVllai in several animal models where
mechanism was considered. fVIlai was shown to limit platelet deposition while paradoxi-
Cooperativity did not appear to provide an adequate cally limiting blood loss as well41, 22, 24). Appearance
explanation for the results in Figures 4 and 5. For example, of anticoagulation with dissociation (see Figure 5B) may
cooperative interaction involves proteiprotein contacts, agree with in vivo anticoagulation propertiest). FVllai
and the enhanced and dimeric proteins appeared to bemight be described as a “delayed action” anticoagulant, a
unaltered in this property. Consequently, we suggest that theclear contrast with anticoagulants such as heparin that display
recapture mechanism described in Figure 7 is the more likely instant anticoagulation.
explanation for different displacement vs dissociation rates.  FVllai was recently tested in a phase Il clinical trial as a
While extrapolation from one system to another must be heparin replacement following balloon angioplasg7)(
made with caution, we suggest that the mechanism presente@ombined fVllai/low dose heparin did not appear to offer
in Figure 7 should be considered for the earlier studies of significant advantage over heparin alone. However, as
fVlla(i) dissociation from cell surfaces as well. That this described above and in Figure 6, fVIlai may not be a good
explanation is possible was illustrated by different apparent heparin replacement. The instantaneous anticoagulation of
dissociation or displacement rates of ligand or substrate fromheparin may be superior for countering intense procoagula-
receptors such as a hapten and I§) (or for lipoprotein  tion conditions, and the advantage of fVllai may occur at
lipase and heparin5@). These receptors and/or enzymes |ater times or in other situations. Future studies may find
function independent of each other so that cooperative actionthat fVllai is ideal for some types of therapy while heparin
could not explain the result. Experimental kinetic analysis is superior for others.
and modeling of alkaline phosphatase, a monomeric, non- - Qverall, dimeric fVilai and especially dimers of mutant
cooperative enzyme immobilized in thescherichia coli  proteins with enhanced membrane affinity offered an op-
periplasm, yielded nonlinear Eaeiélofstee plots that were  portunity to study the mechanism of fVilai interaction with
due to efficient capture/recapture of substréid)(These  membrane and TF. They may offer unique opportunities to
properties were recently reviewedd. Thus, efficient  jnyestigate the state of TF on intact cells and may also offer
capture/recapture of fVlla by TF (Figure 7) may be a general therapeutic agents at reasonable cost. Further work is needed
property that applies to many states of multiple receptors or tg define the conditions best served by the unique antico-

enzymes per particle. _ _ agulation of these proteins.
A related mechanism may explain the delay in onset of

anticoagulation by fVllai (Figure 6). Earlier studies suggested REFERENCES
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