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Ixolaris, anovel recombinant tissue factor pathway inhibitor (TFPI) from the
sdivary gland of thetick, Ixodes scapularis: identification of factor X and factor
Xaas scaffolds for the inhibition of factor V1laltissue factor complex

Ivo M. B. Francischetti, Jesus G. Valenzuela, John F. Andersen, Thomas N. Mather, and José M. C. Ribeiro

Saliva of the hard tick and Lyme disease
vector, Ixodes scapularis, has a reper-
toire of compounds that counteract host
defenses. Following sequencing of an |
scapularis salivary gland complemen-
tary DNA (cDNA) library, a clone with
sequence homology to tissue factor
pathway inhibitor (TFPI) was identified.
This cDNA codes for a mature protein,
herein called Ixolaris, with 140 amino
acids containing 10 cysteines and 2
Kunitz-like domains. Recombinant Ixo-
laris was expressed in insect cells and
shown to inhibit factor Vlla (FVlla)/
tissue factor (TF)—induced factor X (FX)

activation with an inhibitory concentra-
tion of 50% (ICsp) in the picomolar range.
In nondenaturing gel, Ixolaris interacted
stoichiometrically with FX and FXa but
not FVlla. Ixolaris behaves as a fast-and-
tight ligand of the exosites of FXa and
y-carboxyglutamic acid domainless FXa
(des-Gla-FXa), increasing its amidolytic
activity. At high concentration, Ixolaris
attenuates the amidolytic activity of
FVIla/TF; however, in the presence of
DEGR-FX or DEGR-FXa (but not des-Gla-
DEGR-FXa), Ixolaris becomes a tight
inhibitor of FVIla/TF as assessed by
recombinant factor IX (BeneFIX) activa-

tion assays. This indicates that FX and
FXa are scaffolds for Ixolaris in the inhibi-
tion of FVIIa/TF and implies that the Gla
domain is necessary for FVlla/TF/Ixolaris/
FX(a) complex formation. Additionally, we
show that Ixolaris blocks FXa generation by
endothelial cells expressing TF. Ixolaris may
be a useful tool to study the structural
features of FVlla, FX, and FXa, and an alter-
native anticoagulant in cardiovascular dis-
eases. (Blood. 2002;99:3602-3612)
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Introduction

Following tissue injury, exposition of membrane-bound tissue
factor (TF) is a crucial step in the initiation of blood coagula-
tion.! TF binds to blood coagulation factor Vlla (FV11a), and the
binary FVIIa/TF complex then activates factor X (FX) to factor
Xa (FXa), leading to thrombin generation and fibrin formation.t
Initiation of blood coagulation by FV11a/TF is under control of
tissue factor pathway inhibitor (TFPI),25 a 34- to 43-kd
multidomain protein with an acidic amino terminus, 3 typical
Kunitz-type inhibitor domains, and a basic carboxy terminus.%”
The second Kunitz domain binds and inhibits FX a,8 and the first
Kunitz domain binds to FVIIa/TF through formation of a final
quarternary inhibitory complex consisting of FVIIa/TF/TFPI/
FXa.*13 In addition to TFPI and other physiologic inhibitors of
blood coagulation (eg, antithrombin I11), anumber of exogenous
coagulation inhibitors from the salivary gland of blood-sucking
invertebrates have been characterized,'* including nitrophorin-2
from Rhodnius prolixus!® and anophelin from Anophel es al bima-
nius,1%7 among others.1* Nitrophorin-2 inhibits the intrinsic FX
activating complex,’®> whereas anophelin is a cysteine-free
molecule obtained by peptide synthesis® and shown to tightly
bind thrombin.t”

Ticks, such as Ixodes scapularis, are ectoparasites that feed for
severa days with their mouthparts embedded in their vertebrate
hosts. A number of pharmacologic properties have been described

in | scapularis saliva including inhibitors of neutrophil function®
and complement activation,® in addition to anti-inflammatory and
immunosuppressive components.?’ Antihemostatic compounds have
also been molecularly characterized in the soft tick Ornithodoros
moubata, including a platelet oy pBs-integrin antagonist?* and
inhibitors of blood coagulation such as ornithodorin, a thrombin
inhibitor,22 and tick anticoagulant peptide, an FXa inhibitor.2 The
presence of thrombin and FXa inhibitors seems to be a successful
strategy evolutionarily developed by ticks to successfully feed on
blood, because both molecules play an essential rolein 2 key steps
necessary for maintenance of the blood coagulation cascade?*%,
however, an inhibitor of FVIIa/TF has not yet been molecularly
characterized.

To understand the complexity of | scapularis saliva, with a
primary focus on antihemostatic molecul es, massive sequencing
of a complementary DNA (cDNA) library of the salivary gland
of | scapularis has been performed. Together with acomplemen-
tary functional approach, a clone with sequence homology to
TFPI has been expressed as an active molecule and its anticoagu-
lant mechanism studied. The recombinant protein has the same
properties found in saliva. This molecule, called Ixolaris, binds
to FX in addition to FXa and is characterized here as a specific
inhibitor of FVIIa/TF in the presence of zymogen or enzyme as
scaffolds.
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Materials and methods

Materials

Factor Vlla, TF (lipidated), and full-length TFPI (4900PC) were purchased from
American Diagnogtica (Greenwich, CT). FX, FXa, FXlg thrombin,
(5-[dimethylamino]-1-naphthalenesulfonyl) glutamylglycylarginylchloromethyl
ketone (dansyl-Glu-Gly-Arg-CK or DEGR-CK), elastase, and activated protein
C chromogenic substrate were purchased from Cabiochem (San Diego, CA).
v-Carboxyglutamic acid domainless FXa (GlaFXa) and human DEGR-FXa
(FVII/VIlafree; 0 U/mg FXa), and monoclona antihuman FVIlawere obtained
from Hematologic Technologies (Essex Junction, VT). Recombinant FIX
(BeneFIX, 250 U) was acquired from Wyeth-Genetics Indtitute (Cambridge,
MA). Goat antihuman FX affinity-purified 1gG was from Enzyme Research
Laboratories (South Bend, IN). Chromogenic substrates for FXa (N-benzoyl-L-
isoleucyl-L-glutamyl-glycyl-L-arginine-p-nitroaniline hydrochloride, S2222),
thrombin (H-D-phenylaanyl-L -pipecolyl-L -arginine-p-nitroaniline dihydrochlo-
ride, S2238), FVlla (H-D-isoleucyl-L-prolyl-L-arginine-p-nitroaniline dihydro-
chloride, S2288), FXla (L-pyroglutamyl-L-proplyl-L-arginine-p-nitroaniline di-
hydrochloride, S2366), and plasmin (H-D-valyl-L-leucyl-L-lysine-p-nitroaniline
dihydrochloride, S2251) were purchased from Digpharma (Westchester, OH).
Thrombomax with calcium reagent, trypsin, chymotrypsin, elastase, tryptase, and
rabbit antigoat akaine phosphatase (AP)-coupled secondary antibody was
obtained from Sigma Chemica (St Louis, MO). Reptilase was obtained from
Diagnostica Stago (Les Ulis, France). Precast gels were purchased from
Invitrogen (San Diego, CA).

Ticks and tick saliva

Tick saliva was obtained by inducing partially engorged adult female |
scapularis to salivate into capillary tubes using the modified® pilocarpine
induction method.?

Salivary gland cDNA construction

Thiswas done as detailed before.’® Briefly, the Micro-FastTrack messenger RNA
(mRNA) isolation kit (Invitrogen, San Diego, CA) was used to isolate the
mMRNA. Thel scapularis salivary gland mRNA (200 ng) was reverse transcribed
to cDNA followed by double-sirand synthesisand ligated into aLambda Triplex2
vector; the resulting ligation reaction was packed using Gigapack gold 111 from
Stratagene/Biocrest (Cedar Creek, TN). The library obtained was plated by
infecting log-phase XL 1-blue cells. Randomly picked clones from this library
were sequenced exactly as described beforel® After identifying a cDNA with
high smilarity to TFPI following the Basic Locd Alignment Search Tool X
(BLASTX) program of the cDNA against the Nationa Center for Biotechnol ogi-
ca Information (NCBI) nonredundant database?” an diquot (~100 ng) of
Ixolaris polymerase chain reaction (PCR) sample was reamplified, and the entire
cDNA was fully sequenced using custom primers.

Ixolaris expression vector

For expression of Ixolaris, full-length cDNA was used as a template to
amplify only the cDNA that begins at the initial methionine and ends at the
first stop codon. A Kozak consensus sequence (ANNATGG) was added and
the DNA amplified (forward primer: 5'-AAA ATG GGC GCT GTT TCC
TGC TTC-3'; reverse primer: 5'-GGA TGA TCA GTT AAT AGT GAC
ATT TAC-3’) and cloned into the vector plB/V5-His TOPO (Invitrogen,
San Diego, CA) following manufacturer’s specifications.

Expression of Ixolaris in insect cell line BTI-TN-5B1-4
(High Five)

High Five cells (Invitrogen), cultivated in High Five serum-free medium
supplemented with 10 pg/mL gentamycin were used for transfection with
Ixolaris and antisense (control) constructs plasmid as indicated by the
manufacturer. After 2 days of incubation, the supernatant (5 mL) was
collected and stored for further analysis.
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Sequence analysis

Sequence similarity searches were performed using the BLASTZ” program.
Cleavage site predictions of the mature proteins used the SignalP?®
program. Alignments of protein sequences were done with the ClustalW
program version 1.7.2° The molar extinction coefficient of Ixolaris at 280
nm was obtained at http://www.mbshortcuts.com, yielding a value of
€80 nm = 20260 M~Lem™L A g0 nmvem (1 mg/mL) = 1.287. Other
calculated parameters are: M,, 15738.35; pl, 4.56. Detection of N-linked
glycosylation siteswas obtained at http://molbio.info.nih.gov/molbio/gcglite.

Chromatographic procedures and purification of
recombinant Ixolaris

Supernatants of transformed cells were filtrated with a 50-kd cutoff
Centriprep filter (Millipore, Bedford, CA). The filtrate was concentrated
20-fold using a Centriprep (3-kd cutoff). One milliliter of concentrated
supernatant (~8 mg) was diluted to 5 mL with water and applied to a
5 X 100-mm Pharmacia MonoQ eluted with a gradient from 25 mM Hepes
pH 7.2 to 1 M NaCl in the same buffer, for 1 hour, at 0.5 mL/min. Active
fractions were pooled and applied to a 10 X 250-mm Vydac 218TP510
octadecy!-silicacolumn (The Separation Group, Hesperia, CA) eluted at 1.5
mL/min with a 60-minute gradient from 10% to 80% acetonitrile in water
containing 0.1% trifluoroacetic acid (TFA). Active fractions were pooled,
diluted with water to 8 mL, and chromatographed againina2.1 X 250-mm
Macrosphere octadecylsilica column (Altech, Deerfield, IL) eluted at 0.2
mL/min for 55 minutes, and at 0.1 mL/min afterward.

Polyacrylamide gel electrophoresis of recombinant Ixolaris

A sample of purified recombinant Ixolaris (0.25 pg) in the absence (native
conditions) or presence of sodium dodecy! sulfate (SDS) and dithiothreitol
(DTT; denaturing conditions) was loaded into a 12% NU-polyacrylamide
gel electrophoresis (PAGE) gel (MOPS buffer). Gels were silver stained
(Bio-Rad, Hercules, CA).

Estimation of Ixolaris concentration

Concentration of Ixolaris (corrected for e g0 nm) Was estimated by the area
of absorbance at A280 nm (calibration with bovine serum albumin (BSA))
of the peak containing Ixolaris activity obtained in thelast purification step.

Binding of Ixolaris to FX, FXa, and FVlla

Ixolaris (20 nM) was preincubated with FX (20 nM), FXa (20 nM), or
FVlla (20 nM) in 5 mM Hepes, pH 7.4, for 10 minutes. The sample was
loaded into 8% precast PAGE and proteins were then transferred to
polyvinylidene difluoride (PVDF) membrane. Primary antibody (poly-
clonal antibody anti-FX, 10 wg/mL, or monoclonal antibody anti-FVI1I, 5
pg/mL) wasincubated for 1 hour in Tris-buffered saline, with 0.05% Tween
and 5% nonfat milk (TBS-T). After 3 washes with TBS-T, the membranes
were incubated for 30 minutes with appropriate AP-coupled secondary

Table 1. Specificity of Ixolaris to FVIla/TF-induced FX activation

Enzymes/substrates Residual activity (%)

VIla/TF (6.4 pM)/S2288 (1 mM) 0
Thrombin (125 pM)/S2238 (250 M) 103 = 1.56
Chymotrypsin (22.4 nM)/S2222 (250 n.M) 101.5 + 0.09
FXla (58.7 pM)/S2256 (250 M) 89.2 = 3.1
Reptilase (0.3125 BU/mL)/S2238 (250 M) 98.5 = 0.52
Plasmin (5 mU/mL)/S2251 (250 M) 107.5 + 0.75
Elastase (250 pM)/substrate (500 wM) 106 *+ 8.02
Tryptase (0.4 png/mL)/S2222 (250 uM) 101 = 0.07

Ixolaris (32 nM, final concentration) was preincubated for 15 minutes at 37°C with
the enzymes listed, followed by addition of the appropriate chromogenic substrate.
Reactions were followed for 30 minutes at 37°C, and the effect of Ixolaris was
estimated by setting the initial velocity obtained in the presence of enzyme alone
(without inhibitor) as 100%.
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A Figure 1. Nucleotide sequence and deduced amino
acid sequence of Ixolaris. (A) The nucleotides and
1 - ATGCGCGCTGTTTCCTGCTTCCTATATTATGGAGTTGCTTGGATTGCACTTGGAAGTTGE 60 amino acids are numbered from the translation starting
-M R A V 8 C F L ¥ ¥ @ V A W I A L G 8 W : : : f :
61 - GGTGCGTCARGTTCAGCAGAACGTCTTACCCARATGGACATCTATGAGTTCGAATCCTGGE - 120 sn.eATG.The S|gn§I pgpnde sequence IS undertined. (Bg
-G A S 8 S A E RV S EMT DTITZTYTETFTESMW Alignment of Ixolaris with partial human TFPI sequence.
121 - GTATCTTGTCTTGATCCCGAACAAGTAACGTETGARAGCCARGAGGEANCGCACGCTTCA ~ 180 Identical amino acids are shaded.
-¥ 8 C L D P E v T ¢ E 8 Q E G T H A S
181 - TACAACCGAAAAACGGGACAGTGTGAAGAGCAAAMNGGGAACAGAGTGTGGAGGAGGCGAG 240
-¥Y N R K T G ¢ C¢C E E @ K 6 T E C G G G E
241 - AATCACTTTGAAACTTTGTTGAAGTGCAACGAATCTTGCAACGATGCTCCGARGCCACCT 300
-N H F ETULUL K OCDNE S CNTUD A P K P P
301 - TGCTCGECTGGAAGTAGATTATGETEGTTGGAAGAGCTAACATACCACGATGGTATTATGAC 360
-C 8 L E VD Y G V G R A NTIUZPURMWY Y D
361 - ACCAACAATGCAACTTGCGAAATGTTCACCTATGGGGGAATAACTGGCAATAAARACAAT 420
-T N N AT C E M F T Y @ @ I T G N K NN
421 - TTTGAATCCGAGGAAGAGTGTAAGGAAACTTGCAAGGEGTTTTTCTCTGTTARAGARAGTA - 480
-F E 58 E E EC K ETUC KOGUPF &S5 L L K K V
481 - AATGTCACTATTAACTGA - 498
-N VvV T I N *
B 60
Ixolaris -------- AERVSEMDIYEFESWVSCLDPEQV-TCESQEGTHASYNRKTGQCEEQ- KGTEC

TFPI DSEEDEEHTIITDTELFPLKLMHSFCAFKADDGPCKAIMKRFFF-NIFTRQCEEFIYG-GC

61

120

Ixolaris GBGENHFETLLKCNESCN------------ DAPKP-PCSLEVDYGVGRANIPRWYYDTNN
TFPI EGNONRFESLEECKKMCTRDNANRIIKTTLQQEKPDFCFLEEDPGICRGYITRYFYNNQT

121 163
Ixolaris ATCEMFTYGGITGNKNNFESEEECKETCK-GFSLLEKKVNVTIN
TFPI KQCERFKYGGCLGNMNNFETLEECKNICEDGPNGFQVDNYGTQ

antibody (1:10 000). Reactions were developed with Western Blue Stabi-
lized substrate for AP (Promega, Madison, WI).

Kinetic assay of FXa production by FVIla/TF

Thiswas performed as described. Ixolaris was incubated for 15 minutes at 37°C
with FX, followed by addition of FVI1a/TF (1 nM/0.2 pM) previoudly incubated
for 15 minutes at 37°C in buffer containing 50 MM Hepes, 0.1 M NaCl, 5 mM
CaCl,, 0.5% BSA, pH 7.4 (buffer A). Chromogenic substrate (S2222, 250 M)
hydrolys swas detected using aVersamax microplate enzyme-linked immunosor-
bent assay (ELISA) reader (Molecular Devices, Sunnyvale, CA) equipped with a
microplate mixer and heating system.” Reactions were continuously recorded at
405 nm for 1 hour a 37°C. Thetota volume of the reactionswas 200 pL. Care

Figure 2. Predicted secondary folding structure for
Ixolaris. Disulfide bonds are assumed on the basis of the
crystal structure of bovine pancreatic trypsin inhibitor.3¢
The charges of the amino acid side chains are shown.
Predicted N-linked glycosylation sites are Asn65, Asn98,
and Asn136.

was taken to ensure that substrate was less than 20% hydrolyzed. To have an
estimation of FXa production, smoothing of the raw data (readings every 12
seconds) was performed and the background (~0.042 U OD/405 nm) discounted
using Excel 2000 software (MicroSoft Excel Andysis Tools, Seettle, WA). Then,
data were transformed as the A A405/min as described.%10 Briefly, A405 nm
absorbance readings a times 1.00, 1.12, 1.24 up to 59.36, 59.48, and 60.0
minutes were repectively subtracted from absorbance readings at times 0, 0.12,
0.24 up to 58.36, 5848, and 59.0 minutes, enabling determination of FXa
concentrations at each time point. The FXa concentrations were interpolated
from a standard curve relating A A405/min and known FXa concentrations.%10
Amidolytic activity by FVI1a/TF aloneon S2222 donewas not detected. In some
experiments, datawere plotted as Vs/Vo againgt Ixolaris concentration, whereVs
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is the velocity of substrate hydrolysis in the presence of inhibitor and Vo in its
absence® Enzymes, Ixolaris, and chromogenic substrate were diluted in
buffer A.

Preparation of DEGR-FX and des-Gla-DEGR-Xa

Briefly, DEGR (40 M) was added to des-Gla-FXa (2 uM) in 100 mM Tris,
100 mM NaCl, pH 7.4 and incubated overnight at room temperature.
des-Gla-DEGR-FXawas extensively dialyzed against 1 liter TBS (3 times)
and shown to be devoid of amidolytic activity with S2222. FX (2 uM) was
incubated with DEGR (400 w.M) as described above, dialyzed, and shown
to be devoid of amidolytic activity (S2222) when incubated with FV1I1a/TF.
The rationale for using DEGR-FX is based on experiments showing that
serine catalytic site mutated FX (FXS1%A) has been used as an effective
scaffold for NAPc2, a TFPI-like molecule from Ancylostoma caninum.3?

FVIla/TF amidolytic activity

Ixolaris only, or Ixolariss DEGR-FXawas incubated for 15 minutes at 37°C
with FV11a/TF (1 nM/1 nM) followed by addition of S2288 (1 mM).210

Activation of FIX

This was performed as described by Komiyama et a.3 In all experiments,
plasma- and albumin-free recombinant FIX3* was used (BeneFIX, 250 U
diluted at 1 U/p.L in distilled water). In afina volume of 25 L, FVIla (1
nM)/TF (1 nM) was incubated for 15 minutes with preformed Ixolaris/
scaffold complexes followed by addition of recombinant FIX (0.02 U/pL,
~1.2 pM). After 90 minutes at 37°C in a thermocycler, reactions were
stopped by addition of Laemmli buffer and boiling. Proteins were separated
by 4% to 12% NU-PAGE (MES buffer). Reactants were incubated in 50
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mM Hepes, 100 mM NaCl , 5 mM CaCl,, 0.01% BSA. Gels were scanned
(Scan Jet 4p) to perform band densitometry.

Human umbilical vein endothelial cell culture and generation of
FXa by HUVECs

Human umbilical vein endothelial cells (HUVECSs) were purchased from
Clonetics (San Diego, CA). After trypsinization, cells were grown to
confluence in 96-well platesin 200 L endothelial cell basal medium-2
(EBM-2) supplemented with endothelial cell growth medium (EGM-2)
in a humidified incubator at 37°C with 5% CO,. On the day of the
experiment, EBM-2 was replaced by 200 pL fresh EBM-2, and
lipopolysaccharide (LPS; 10 .g/mL) was added for 4 hoursto induce TF
expression as described.3® Subsequently, cells were rinsed 3 times with
Hepes buffer (10 MM Hepes, 135 mM NaCl, 4 mM KCI, 1 mM MgCl,, 4
mM CaCl,, 11 mM b-glucose, and 0.5% BSA). Hepes buffer was
removed and a mixture of 180 L containing FX (200 nM), and Ixolaris
(0-4 nM) previously incubated at 37°C for 15 minutes was added to the
cells. This was followed by addition of 20 pL FVila (1 nM, final
concentration) to start reactions. After 30 minutes, 100 L was removed
and added to 100 pL S2222 (500 M) diluted in buffer A. Absorbance
readings at 405 nm were followed for 1 hour and FXa concentration was
estimated using a standard curve.

Prothrombin time

Ixolaris (0-10 nM) was incubated with prewarmed (37°C) plasma (100 pL),
followed by addition of 200 pL prewarmed Thrombomax with calcium
reagent (Sigma). Clot formation was detected by visual inspection.

A B
0 a 25 200 7
~0.30 4 goa0 o = | IXOLARIS
w 9 =

li 0.25 30_17— Z /2'\ 20 >‘:-1oo~ e

<o 2 b

T 0.20 | 200 " S s & AT

$ H z‘o 0 6’0 >C<3 0 10 20 30 40

8 0.15 4 Time (min) o Time (min)

= S 10

<

© 0.10 - IXOLARIS 2

5 =¥

2 5

2005

<

0.00 T T T T T T 0= T T
0 10 20 30 40 50 60 0 1 2 3 4

Figure 3. Inhibition of FVIla/TF-induced FX activation Time (mm) Time (mln)
by Ixolaris. (A) Progress curves: FVila (1 nM)/TF (0.2
pM) was added to a mixture containing FX (200 nM),
previously incubated with increasing concentrations of C D
Ixolaris (a, 0 nM; b, 0.1 nM; ¢, 0.25 nM; d, 0.5 nM; e, 1 nM; 1.00 500 800
f, 2.5 nM; g, 5 nM; h, 10 nM), or full-length clone TFPI E [ T —
(inset: a, 0 nM; b, 0.05 nM; ¢, 0.125 nM; d, 0.25 nM; e, 0.5 400 & 00 [
nM; f, 1.25 nM; g, 2.5 nM; h, 5 nM). Progress curves are 0.75 O 200 —|
representative experiments (n = 3). (B) Data generated . —_ — TFPI
in panel A were transformed as described in “Materials o 2 300 4 o T T
and methods” to estimate FXa production for Ixolaris (a, 0 Z o o 10 200
nM; b, 0.1nM; ¢, 0.25nM; d, 0.5nM; e, 1nM; f,2.5nM; g, 5 0.50 - Factor X (nM)
5 nM; h, 10 nM), or TFPI (inset: a, 0 nM; b, 0.05 nM; c, > o 2500 5000 On 200 | E
0.125nM; d, 0.25 nM; e, 0.5 nM). (C) For determination of ~
the ICso, Vs and Vo were plotted against Ixolaris concen- 0.25 TFPI (pM)
tration at different FX concentrations: (®) 3 nM; (H) 15 100 4
nM; (A) 40 nM; (¥) 75 nM; (O) 100 nM; () 140 nM); (A)
175 nM; (V) 200 nM (n = 3). Inset: Vs and Vo were 0.00 IXOLARIS IXOLARIS
plotted against TFPI concentration at different FX concen- T T i T T T 0 T T T T
trations: (@) 15 nM; (M) 40 nM; (&) 75 nM; (V) 200 nM 0 1000 2000 3000 4000 5000 0 50 100 150 200
(n = 3). Vs, inhibited velocity; Vo, control (uninhibited
velocity). (D) ICs for Ixolaris or TFPI (inset) at different 1
concentrations of FX (n = 3). IXOlaI'lS (pM) Factor X (HM)
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Specificity of Ixolaris

Ixolaris was preincubated with different enzymes, followed by addition of
the appropriate chromogenic substrates asindicated in Table 1.

Statistical analysis, curve fitting, and data handling

Data are presented as the mean = SE, using SigmaPlot 5.0 Graphing software,
curvefitting and statistical modes (Jandel Scientific, San Rafael, CA).

Results

A sdlivary gland cDNA library of the tick | scapularis was randomly
cloned and sequenced, identifying acDNA with high similarity to rabbit
TFPI. The full-length nucleotide and deduced amino acid sequences of
Ixodes TFPI-like protein are shown in Figure 1A. Thetrandated protein
has a short hydrophobic sequence of 25 amino acids typica of signd
peptide, according to Signal P software for prediction of N-terminus of
proteins® The mature protein, herein caled Ixolaris, contains 140
amino acids (15.7 kd) including 10 cysteines, and apl of 4.56. Ixolarisis
smilar to other members of the Kunitz family of proteins including
human TFPI precursor (e vaue = 4e 14, P10646); lacunin from
Manduca sexta (1le-12, AAF04457.1); hepatocyte growth factor path-
way inhibitor (8e~12, AAF02490.1); inter--trypsin inhibitor (bikunin;
7e 11, P04365); amyloid-precursor-like protein (1e~t, CAA54906.1);
and basic pancreatic trypsin inhibitor (aprotinin, 1e-%, 1510193A). For
comparison, the alignment of Ixolaris and human TFPI sequences is
shown (Figure 1B). Figure 2 shows the predicted structure of Ixolaris
assumed on the basis of the crystdl structure of bovine pancrestic trypsin
inhibitor.3

The Ixolaris sequence suggests the existence of a sdivary
anticoagulant directed toward the extrinsic pathway. Thus, we
tested saliva of | scapularis separated by gel filtration in an assay
measuring activation of FX by FVI1a/TF. Inhibition of FX activa-
tion was detected in fractions eluted between 11 and 17 minutes of
retention time (not shown). To determine whether Ixolaris accounts
for the inhibitory activity identified in the saliva, the full-length
cDNA of Ixolaris was expressed in insect cells as described in
“Materials and methods.” The concentrated supernatant was ap-
plied to a gel-filtration column under conditions identical to those
described for saliva and the inhibitory activity was found with the
same retention time (not shown). No activity was found with the
supernatants of cells transfected with the control plasmid. These
dataindicate that Ixolaris and the salivary TFPI-like molecule have
similar chromatographic properties on gel filtration.

To obtain larger amounts of purified Ixolaris, the supernatants of
transfected cells were purified by 3 chromatographic steps (see
“Materials and methods”). In the final purification step, one single
peak at A280 nm was obtained and the corresponding fraction
analyzed by PAGE under denaturing and nonreducing conditions.
A major band of approximately 24 kd in addition to a minor
component of about 15.5 kd were silver stained (not shown). Under
reducing conditions, aband of about 27 kd and a minor component
of about 15.5-kd were detected (not shown). PAGE of the sample
under native conditions shows that only one major band has been
stained (not shown).

The mechanism of inhibition of blood coagulation by Ixolaris
was then studied. In these experiments, Ixolaris (0-10 nM) and FX
(200 nM) were incubated at 37°C for 15 minutes, followed by
addition of FVIla (1 nM)/TF (0.2 pM) and chromogenic substrate
for FXa (S2222). The progress curves were characterized by alag
phase, followed by significant hydrolytic increase between 5 and
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20 minutes, and alinear augmentation thereafter showing accumu-
lative production of FXa that was dose dependently inhibited by
Ixolaris (Figure 3A), or recombinant full-length clone human TFPI
(Figure 3A, inset). To estimate the production of FXa at each
minute, A405 nm absorbance/minute was calculated as de-
scribed®10 (see “Materials and methods’), and a linear increase of
FXa production was observed. However, in the presence of
Ixolaris, generation of FXa was immediately attenuated dose
dependently (Figure 3B). TFPI also inhibited FXa generation in a
concentration-dependent manner, although it behaved as a slow
inhibitor in this assay (Figure 3B, inset), as previously reported.®
Experiments were then performed at different concentrations of
FX, ranging from 3 to 200 nM. Datawere transformed according to
Vs/Vo, where Vs and Vo are the velocity of FXa production in the
presence and absence of inhibitor, respectively. Figure 3C shows
that both Ixolaris and TFPI (inset) block FXa production at al FX
concentrations tested. However, a linear increase of the inhibitory
concentration of 50% (1Csp) for Ixolaris (Figure 3D), but not for
TFPI (inset), was obtained as a function of FX concentration.
Accordingly, |Cs, for Ixolarisincreased from 30 pM at 3nM FX to

Factor X —|

Ixolaris - +

Factor Xa —

Ixolaris - +

Factor Vila—

Ixolaris - +

Figure 4. Ixolaris binds to FX and FXa, but not to FVlla. Ixolaris (20 nM) was
preincubated with FX (20 nM), FXa (20 nM), or FVlla (20 nM). PAGE of the sample
under nondenaturing conditions was followed by transfer of proteins to PVDF
membrane. FX, FXa, and FVlla detection was performed using polyclonal anti-FX or
monoclonal antibody anti-FVlla, as described in “Materials and methods.” (A) Lane 1,
FX; lane 2, FX plus Ixolaris. (B) Lane 1, FXa; lane 2, FXa plus Ixolaris. (C) Lane 1,
FVlla; lane 2, FVlla plus Ixolaris. Each blotting is a representative experiment. Arrows
indicate enzyme; arrowheads, enzyme-inhibitor complex.
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420 pM at 200 nM FX (Figure 3D). In contrast, the ICs, for TFPI
was 610 pM at 15 nM FX and 625 pM at 200 nM FX (inset). The
remarkabl e effect of FX concentrationin the I Cs, for Ixolarisinthis
assay, but not for TFPI, suggested that both molecules operate by
distinct mechanisms.

To detect Ixolaris hinding to FX and FXa, reactants were
incubated in equimolar concentrations (20 nM) for 15 minutes at
37°C followed by PAGE under nondenaturing conditions. Proteins
weretransferred to PV DF membrane. Experiments were performed
using antihuman FX polyclonal antibodies. Results indicate com-
plex formation between Ixolaris and FX (Figure 4A) and FXa
(Figure 4B). On the other hand, complex formation between
Ixolaris and FVlla was not detected using antihuman FVlla
monoclonal antibody (Figure 4C), even when 10 times molar
excess Ixolaris was used.

Human TFPI inhibits the catalytic site of FXa.8 To determine
whether the binding of Ixolaris to FXa was accompanied by a
change in the amidolytic activity of FXa, inhibitor, and chromo-
genic substrate (S2222) were incubated for 15 minutes at 37°C,
followed by addition of FXa (125 pM). Ixolaris, at a concentration
similar to the enzyme, instantaneously increased FXa activity
(Figure 5A) indicating that it isatight-and-fast ligand of FXa, with
an effective dose (EDs) of 159 = 3.8 pM (Figure 5B). In contrast,
full-length human TFPI behaved as atypical slow-binding inhibitor
of FXa (Figure 5A), as reported.® Similar results were obtained
with des-Gla-FXa (Figure 5C) whose proteolytic activity increased
1.98-fold in the presence of Ixolaris (control, 0.4 nM des-Gla-FXa:
1.4 + 0.12 U Vmax; 0.4 nM des-Gla-FXa plus 1.6 nM Ixolaris:
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2.78 = 0.1 units of Vmax; triplicate determination). Similar results
were obtained for FXabut not for thrombin (Figure 5C).

Because both FXa and FX interact with Ixolaris as determined
by native PAGE, we determined the relative affinities of Ixolarisfor
FX and FXa by studying the effects of FX derivatives on
Ixolarissmediated increase of FXa amidolytic activity. Figure 5D
shows that when Ixolaris was added to and incubated with a
preformed mixture of FXa and increasing concentrations of
DEGR-FXa, or des-GlaDEGR-FXa, followed by addition of
S2222, increase of FXa amidolytic activity by Ixolaris was
inhibited. However, this effect was not observed when Ixolaris was
added to a mixture containing FXa and increasing concentrations
of FX (up to 16 nM; see “Discussion”). When Ixolaris was
preincubated with FX, DEGR-FXa, or des-Gla-DEGR-FXa and
S2222, followed by addition of FXa, inhibition of Ixolaris-
mediated increase of FXa amidolytic activity was attained in al
cases with comparable 1 Csqs (Figure 5D, inset; see “Discussion”).

It has been shown that human TFPI at high concentrations
blocks the catalytic activity of FVIIa/TF, inhibition being remark-
ablein the presence of FXa.! To test the effects of Ixolaris only, or
Ixolaris in the presence of DEGR-FXa in the catalytic activity of
FVIIalTF, amidolytic assays were performed using chromogenic
substrate (S2288). Figure 6A showsthat Ixolaris at high concentra-
tions (0-4.8 nM) dose dependently inhibits FVIla/TF amidolytic
activity. However, low concentrations of Ixolaris (5 nM) in the
presence of DEGR-FXa (0-5 nM), effectively blocked FVIIa/TF
amidolytic activity (Figure 6B). A transformation of the data as
Vs/Vo yields an ICsy of 0.41 = 0.04 nM; an almost complete
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Figure 5. Ixolaris increases the amidolytic activity of . i
Fxa; effects of FX and des-Gla-FXa. (A) Buffer (control; 0.00 ‘ | ‘Full—llength] TFPI| 100 Time (min)
curve a), Ixolaris (0.8 nM, curve b), or human TFPI (20 T T T T
nM, curve c) and chromogenic substrate (S2222, 250 0 10 20 30 40 50 60 70 0 500 1000 1500
wM) were incubated at 37°C for 15 minutes before . . .
addition of FXa (125 pM). (B) FXa (125 pM) and Ixolaris Time (min) Ixolaris (pM)
(0-1600 pM) were incubated at 37°C for 15 minutes C D
followed by addition of S2222 (250 wM). Substrate 295 160

hydrolysis was continuously recorded at 405 nm for 1
hour at 37°C. Inset shows progress curves of the effects
of Ixolaris on FXa amidolytic activity: Ixolaris (a) 0 nM; (b)
40 pM; (c) 80 pM; (d) 160 pM; (e) 300 pM; (f) 600 pM; and
(g) 1600 pM. (C) Ixolaris (1.6 nM) was incubated with
FXa (125 pM), des-Gla-FXa (600 pM), or thrombin (150
pM), followed by addition of S2222, or S2238 for throm-
bin. Substrate hydrolysis was continuously recorded at
405 nm for 1 hour at 37°C. (D) Ixolaris (400 pM) was
added to a mixture containing FXa (640 pM) and (H)
DEGR-FXa (0-3.2 nM), or (®) des-Gla-DEGR-FXa (0-3.2
nM), or (A) DEGR-FX (0-3.2 nM). After a 15-minute
incubation, reactions were initiated with S2222 (250 .M).
Inset: Ixolaris was incubated with (l) DEGR-FXa (0-3.2
nM), or (®) des-Gla-DEGR-FXa (0-3.2 nM), or (A)
DEGR-FX (0-3.2 nM), and S2222 (250 nM) for 15
minutes followed by addition of FXa (640 pM) (n = 3).
Reactants were diluted in buffer A. Substrate hydrolysis
was continuously recorded at 405 nm at 37°C.
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Figure 6. Inhibition of FVIla/TF amidolytic activity by
Ixolaris and DEGR-FXa/Ixolaris. (A) Ixolaris (0-4.8 nM)

Ixolaris/DEGR-FXa

was incubated with FVIla/TF (1 nM) for 15 minutes at
37°C, followed by addition of S2288 (1 mM). Ixolaris: a, 0
wM; b, 0.48 pM; c, 1.6 pM; d, 4.8 pM. (B) Ixolaris (5 nM)
was incubated with DEGR-FXa (a) 0 nM; (b) 0.1 nM; (c)
0.25 nM; (d) 0.5 nM; (e) 1 nM; (f) 2.5 nM; (g) 5 nM for 15
minutes at 37°C, followed by addition of FVIla/TF (1 nM).
Fifteen minutes later, S2288 (1 mM) was added. (C)
Progress curves depicted in panel B are expressed as
Vs/Vo, yielding a ICsg of 0.41 *+ 0.04 nM in the presence
of DEGR-FXa. DEGR-FXa did not affect FVIla/TF amido-
lytic activity in the absence of Ixolaris (straight line). (D) In
(®), DEGR-FXa (5 nM) was incubated with Ixolaris (0-5
nM) for 15 minutes, followed by addition of FVIla/TF (1
nM). Reactions were initiated 15 minutes later by S2288
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(> 95%) inhibition was observed at DEGR-FXa concentration of 1
nM (Figure 6C). Thefinding that Ixolarisinhibits FVI1a/TF activity
in an FXa-dependent manner was confirmed by increasing the
concentration of Ixolaris (0-5 nM) at one concentration of DEGR-
FXa (5 nM; Figure 6D); this result is compared with Ixolaris only
(upto 4.8 uM; Figure 6D).

To study the effects of FX and FXa as scaffolds for Ixolarisin
the inhibition of FVIIa/TF, FIX activation assays® were per-
formed. This assay is particular useful for these studies because
FIX isaphysiologic substrate for FV11a/TF.2425 To completely rule
out the presence of contaminating coagulation factors that could
operate as scaffolds for Ixolaris in this assay, experiments were
performed with recombinant FIX3* (BeneFIX). FIX activation
proceeds through two consecutive steps® and is dependent on both
catalytic site and FVI1a/TF exosite.3-40 In the first step, FIX (~62
kd, apparent molecular weight) cleavage at the Argl45-Alal46
peptide bond generates the intermediate product termed FIXa
heavy chain (FIXa HC; ~44 kd) and a lower molecular weight
product named FIXalight chain (FIXaLC; ~20kd). The activation
peptideis cleaved from the heavy chain at the Arg180-Val 181 bond
(not detected), generating FIXaB heavy chain (FIXaHC; ~30 kd)
that is biologically active. Figure 7A shows that FIX was not
activated when incubation with FVIlIa/TF was not allowed to
proceed (0 minutes incubation time; lane 1). However, after 90
minutes of FIX incubation with FVI1a/TF, bands corresponding to
FIXa HC, FIXaHC, and FIXaLC were detected in the NU-PAGE
gel (lane 2). Ixolaris (in the absence of DEGR-FXa), DEGR-FX,
and DEGR-FXa (in the absence of Ixolaris) did not affect this
pattern (not shown). On the other hand, Ixolaris in the presence of
increasing concentrations of DEGR-FX (lanes 3-5) or DEGR-FXa

T \ T
10" 102 10% 10*

Ixolaris (nM)

(lanes 6-8) but not des-Gla-DEGR-FXa (lanes 9 and 10) caused a
dose-dependent inhibition of FIX activation by FVIIa/TF (n = 8).
Band densitometry for FIXa HC in the experiments of Figure 7A
was performed and the results are shown in Figure 7B.

In another set of experiments, we have attempted to characterize
the kinetics of the interaction between FVIIa/TF and IxolarigFXa
as dow or fast, by means of 2 independent approaches. Accord-
ingly, Figure 8A shows that when FV11a/TF was added to a mixture
containing preincubated Ixolaris DEGR-FXa and S2288, a partia
and typical slow-type inhibition was attained. We have also tested
the macromolecular substrates FIX, in reactions initiated by
FVIIalTE Accordingly, when FVIIa/TF was added to a mixture
containing preincubated IxolariYDEGR-FXa and FIX, complete
inhibition was observed (Figure 8B). Identical results were ob-
tained with DEGR-FX (Figure 8C; see “Discussion”).

In an attempt to study the effects of Ixolarisin a cell-mediated
initiation of blood coagulation,®® HUVECs were stimulated to
express TF after 4 hours of incubation with LPS. Then a mixture
containing FX (200 nM) and Ixolaris (0-4 nM) previously incu-
bated for 15 minutes was added to the cells, followed by addition of
FVlla (1 nM). After 30 minutes, an aliquot was taken to measure
FXausing chromogenic substrate for FXa (S2222). Figure 9 shows
that Ixolaris dose dependently inhibits FXa production, with an
1Cs of about 500 pM.

Table 1 shows that Ixolaris is a specific inhibitor for FVI11a/TF,
and does not affect the catalytic activity of other enzymes. We have
aso tested the effects of Ixolaris on the prothrombin time and no
inhibition was detected (control, 12.6 = 0.3 seconds; Ixolaris up to
10 nM, 12.3 = 0.3 seconds). Figure 10 shows a model proposing
the mechanism of action of Ixolaris (see figure legends).
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Figure 7. FX and FXa, but not DEGR-FXa, are scaffolds for Ixolaris: recombi-
nant FIX activation assays. (A) Ixolaris (10 nM) was incubated with DEGR-FX
derivatives (0-10 nM) for 15 minutes at 37°C followed by addition of FVIla/TF (1 nM)
and incubated for additional 15 minutes at 37°C. Reactions were initiated with
recombinant FIX (BeneFIX, 1.2 uM). Ninety minutes later reactions were stopped
with Laemmli buffer and proteins were separated by 4% to 12% SDS-PAGE. Lane 1,
after addition of FVIla/TF reactions were not allowed to proceed (0 minutes
incubation time); lane 2, buffer (no inhibitor/no scaffold); lane 3, Ixolaris plus
DEGR-FX (0.1 nM); lane 4, Ixolaris plus DEGR-FX (1 nM); lane 5, Ixolaris
plus DEGR-FX (10 nM); lane 6, Ixolaris plus DEGR-FXa (0.1 nM); lane 7, Ixolaris plus
DEGR-FXa (1 nM); lane 8, Ixolaris plus DEGR-FXa (10 nM); lane 9, Ixolaris
plus des-Gla-DEGR-FXa (1 nM); lane 10, Ixolaris plus des-Gla-DEGR-FXa (10 nM).
The bands correspond to (from the top): uncleaved FIX (FIX), the heavy chain of FIXa
(FIXa HC), the heavy chain of FIXag (FIXa HC), and the light chain of FIXa (FIXa LC).
The activation peptide is not detected. Typical gel is shown (n = 8). FX, FXa, and
des-Gla-FXa only (tested up to 20 nM each), or Ixolaris (tested up to 200 nM) did not
affect FIX activation by FVIla/TF (not shown). (B) Results of the band densitometry
for FIXa HC (A), showing inhibition of FVIla/TF activity by IxolarissDEGR-FXa (@),
IxolarissDEGR-FX (M), but not Ixolaris/des-Gla-DEGR-FXa (A).

Discussion

The recombinant tick salivary protein, called Ixolarisin this paper,
potently inhibits FVIla/TF-induced FX activation with an 1Csg in
the picomolar range. Ixolaris is functionally and structurally
distinct from its endogenous counterpart, human TFPI%; although
the 6 cysteines that characterize the first Kunitz domain of TFPI?
are conserved in Ixolaris, only 4 of 6 cysteines present in the
second Kunitz domain of human TFPI are present.®7 Also, whereas
the sixth and the first cysteines that, respectively, terminate and
initiate the first and second Kunitz domains in human TFPI are
separated by 20 amino acids,®” only 7 amino acids separate the
corresponding cysteines in Ixolaris. Additionally, the Kunitz-type
domain 2 in Ixolaris is unusual by containing 4 additional amino
acids between the fourth and fifth cysteine residues, making this
loop longer than most Kunitz-type family members. Also, the
presumed P; reactive-site residue of the first domain in Ixolaris is
Glu, whereas Lys occupies this position in TFPI.87 Finally, Ixolaris
has a short and basic carboxy terminus but, unlike TFPI, it has only
14 amino acids where the positively charged amino acids are not
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organized as a cluster. In human TFPI, this basic carboxy terminus
has been consistently shown to increase its anticoagulant activity*
and to shorten its half-life.#243 The Ixolaris cDNA also encodes 3
putative N-linked glycosylation sites, at Asn65, Asn98, and Asn136.
Consistent with a calculated mass of 15.7 kd for the carbohydrate-
free protein, we could detect a band of about 15.5 kd in the gels
loaded with recombinant Ixolaris; however, an intense smear was
observed in PAGE of Ixolaris at a molecular weight range of about
24 kd. Accordingly, it is likely that these Asn residues are indeed
glycosylated, and this is the most abundant form (> 95%) of the
secreted recombinant molecule. It remains to be determined
whether both forms of Ixolaris are equally effective as
anticoagul ants.

Ixolaris and TFPI are unrlated in many functiond aspects. Ixolaris
is a highly specific inhibitor that, unlike human TFPI, does not inhibit
trypsin or chymotrypsin.#* Ixolarisimmediately increasesthe amidolytic
activity of FXatoward chromogenic substrates (Figure 5A); therefore, it
behaves as a fast ligand of FXa, in contrast to TFPI, a typicd FXa
dow-hinding inhibitor.8 Additionaly, Ixolaris bindsto des-Gla-FXaand
to atripeptidyl chloromethylketone covaently occupied catalytic Site of
FXa (DEGR-FXa), 2 properties not shared by TFPI.21° This indicates
that Ixolaris binds at a site digtinct from the active center of FXa, or
exosite >4 and implies that y-carboxyglutamic acid residues are not
involved in the interaction between enzyme and inhibitor. Remarkably,
Ixolaris dso binds to FX in addition to FXa, presumably through its
second Kunitz domain that is atypicd in the sensethat it containsonly 4
cysteines. Such apattern of cysteinesmay confer more flexibility to this
domain,®® and may have evolved to interact with FXa exosite*>#" or
with FX putative “pro-exosite.”° Accordingly, athough relative affini-
ties of Ixolaris for FX, Fxa, and des-Gla-FXa are amilar (Figure 5D,
inset), it is unknown whether Ixolaris binding sites in the zymogen or
enzyme are identica. Concerning the kinetics of the interaction,
competition experiments indicate that Ixolaris is a fast-ligand for both
FXa and des-GlaFXa, but a dow-ligand for FX (Figure 5D). It is
conceivable to suggest that the structurd features of FX require an
induced fit during the association phase with Ixolaris. Of interest, it has
been recently shown that NAPc2, aTFPI-like molecule from A caninum
aso binds to FX, with an association kinetics 5 to 10 lower rates than
those measured with FXa%?

It has been shown that TFPI at high concentrations (wM range)
inhibits FV11a/TF amidolytic activity, inhibition being remarkable
in the presence of FXal? Figure 6A shows that Ixolaris at high
concentrations also blocks the amidolytic activity of FVIIa/TE
This indicates that the inhibitor interacts directly with the active
site of the enzyme or sterically prevents access of the substrate to
the active site. As described for TFPI,%7 we suggest that Ixolaris
interaction with FV11a/TF occurs viaits first Kunitz domain that is
typical™ for catalytic site recognition. Because this effect occurs at
[I] >>> [E], Ixolaris does not behave as a tight inhibitor of
FVIIalITF, a contention that is in accordance with no complex
formation being detected between Ixolaris and FVIlain native gel
experiments (Figure 4). Remarkably, in the presence of Ixolaris/
DEGR-FXa, a stoichiometric blockade of FVIIaiTF amidolytic
activity was achieved at [I] ~ [E] (Figure 6). It is aso clear from
the FIX activation assays that both FX zymogen (FX) and enzyme
(FX@a) operate as efficient scaffolds for the inhibitor, with formation
of a tight complex composed by FVIla/TF/IxolarigFX(a). The
finding that Ixolaris binds to the zymogen, and this complex
inhibits FVI1a/TF, is one of the most remarkable observations of
this paper and it clearly distinguishes this inhibitor from TFPI .12
This inhibitory strategy seems to be especially effective because
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Ixolaris/FX may inhibit FVI1a/TF in vivo before and independently
of FXaproduction.

Although the true K; of Ixolaris/scaffolds for FVIla/TF and the
type of inhibition (competitive versus noncompetitive) remain to
be determined, relative affinities are comparable as determined in
Figure 7. On the other hand, des-Gla-DEGR-FXa was shown to be
a completely ineffective scaffold in both amidolytic (not shown)
and FIX activation assays (Figure 7). Thisindicates that the anionic
Gladomain of FX(&), known to play acrucia roleintheinteraction
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Figure 9. Ixolaris inhibits FXa generated by LPS-stimulated HUVECs. A mixture
(180 pL) containing FX (200 nM) and Ixolaris (0-4 nM) that have previously incubated
at 37°C for 15 minutes was added to confluent LPS-stimulated HUVECSs. This was
followed by addition of FVlla (1 nM) to start reactions. After 30 minutes, 100 L was
removed and added to a 96-well plate containing 100 pL S2222 (500 M) diluted in
50 mM Hepes, 100 mM NaCl, 50 mM EDTA, BSA 0.5%, pH 7.4. Absorbance reading
at 405 nm (substrate hydrolysis) was continuously recorded for 1 hour and FXa
concentration was estimated using a standard curve, using known concentrations of
FXa. Appropriate controls were run in parallel: HUVECs that have not been exposed
to LPS, FXa concentration is 68.4 + 8.7 pM. LPS-exposed HUVECS in the absence
of FVlla, FXa concentration is 78.08 * 6.59 pM. Data are the mean = SE of triplicate
experiments. Experiments were performed with HUVECs in the second or third
passages.
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Figure 8. Kinetics of Ixolaris/FXa and FVIla/TF interaction. (A)
Amidolytic assays. Ixolaris (10 nM) and DEGR-FXa (0-10 nM) were
incubated for 15 minutes in the presence of S2288 (1 mM) followed by
the addition of FVIIa/TF (1 nM). a, Ixolaris; b, Ixolaris plus 0.1 nM
DEGR-FXa; c, Ixolaris plus 1 nM DEGR-FXa; d, Ixolaris plus 10 nM
DEGR-FXa. (B,C) FIX activation assays: (B) Lane 1, buffer; lane 2,
Ixolaris only (10 nM); or lane 3, Ixolaris/DEGR-FXa (10 nM each) were
incubated for 15 minutes, followed by addition of FIX (1.2 wM). Five
minutes later reaction was initiated by FVIla/TF (1 nM) (except lane 1,
which was not allowed to proceed) and followed as described in
Figure 7A. (C) Lane 1, buffer; lane 2, Ixolaris (10 nM); or lane 3,
Ixolariss/DEGR-FX (10 nM each) were incubated for 15 minutes,
followed by addition of FIX (1.2 wM). Five minutes later reaction was
initiated by FVIla/TF (1 nM) (except lane 1, which was not allowed to
proceed) and followed as described in Figure 7A. In panels B and C
reactions were stopped as described in Figure 7A. The bands
correspond to (from the top): uncleaved FIX (FIX), the heavy chain of
FIXa (FIXa HC), the heavy chain of FIXap (FIXa HC), and the light
chain of FIXa (FIXa LC). The activation peptide is not detected.
Typical gels are shown (n = 3).

-FIXaeHC

of FXawith procoagulant membrane surface® and TF3 is directly
involved in Ixolaris/FX (a) interactions with FV11a/TF complex.

To study the kinetics of Ixolaris’/FXainteraction with FVIla/
TF, 2 independent and complementary approaches have been
used. Accordingly, when FVIla/TF was used to initiate reactions
containing Ixolaris’FXa and small chromogenic substrate, a
typical slow-typeinhibition was attained (Figure 8A). Itislikely
that the interaction of the (first) Kunitz domain of Ixolaris’/FXa
with FVIIa/TF requires an induced fit to dock productively to
the enzyme catalytic site. However, and notably, production of
FXa was immediately blocked when FVI1a/TF was added to a
mixture containing Ixolaris/FX and FX (Figure 3B), characteriz-
ing afast-type inhibition. On the other hand, TFPI was shownin
the experiments described here (Figure 3B, inset) and else-
where,® to behave as a slow-type inhibitor in similar experimen-
tal conditions. Of interest, our results have also demonstrated
that FIXa generation by FVIla/TF was completely prevented
when enzyme/cofactor was added to a mixture containing
Ixolaris/FX(a) and FIX (Figure 8B,C). Although FIX activation
assays do not alow us to estimate FVIIa/TF inhibition by
Ixolaris/scaffold in the first seconds of the assay, these results
suggest that enzyme activity was blocked very shortly after the
initiation of the reactions. Accordingly, it is plausible to suggest
that interactions of Ixolaris/FX(a) with FVIIa/TF can be better
described as fast when macromolecular (FX or FIX), instead of
small chromogenic substrates (S2288), are appropriately used to
determine the kinetics of the interaction involving enzyme and
inhibitor. Presumably, this step is mediated by the exosite
formed by FVI1a/TF3 and the exosite recognition domains from
both FX and FXa%"38; this interaction is strengthened by the
docking of Ixolaristo the catalytic site of FVI1a/TF (Figure 8A),
as described for bifunctional protein.552 Of interest, it has been
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Figure 10. Working hypothesis for the mechanism of
action of Ixolaris. Initially, the (second) Kunitz domain of
Ixolaris binds to exosite of FXa,*547 or to an FX putative
“pro-exosite” (not shown), leading to the formation of a
stable Ixolaris/FXa complex. Then, the scaffold using
presumably a similar docking mechanism as the natural
substrate, FX (not shown)37 or the product FXa,38 inter-
acts with the exosite formed by FVlla and TF.3940 This
interaction allows the (first) Kunitz domain of Ixolaris/FXa
to dock into the active site of FVIla/TF, with subsequent
assembling of a tightly bound quaternary inhibitory com-
plex composed of FVlla/TF/Ixolaris/FXa. The scaffold
Gla-domain may participate in complex formation mediat-
ing Ixolaris/FXa interaction with FVIIa/TF,37-40 and with
the membrane.*°

C)__,&éxolaris

IXOLARIS: TICK SALIVATFPI 3611
LEGEND
italyti
< et
First Kunitz Q?‘-%X"‘aﬁs I
exosite
Second Kunitz C"""! |
ECON uni ]‘ ”‘
i {iif
phospholipid
exosite membrane
catatyic s, &

site

FVila/TF exosite-binding
domain

Ca®™* TF| ca*

recently proposed that the exosite formed by FVI1a/TF37-3 plays
apredominant rolein determining the affinity and kinetics of the
interaction with FX4° (Km ~200 nM).2440 Because the affinity
of Ixolaris/FX for FVIla/TFissignificantly higher (pM range), it
should operate as an effective anticoagulant in vivo even if only a
fraction of FX has bound Ixolaris. In fact, due to the high affinity
interaction, inhibitor may form a stable complex with the zymogen in
the blood; thisinhibitory complex is effective under conditions such as
coagulation initisted by HUVEC-expressng TF (Figure 9). Similar
conclusions have been obtained for NAPc2 that differ from Ixolaris,
however, in a number of structural and kinetic aspects32%3 In fact,
NAPc2 isan 84-amino acid non-Kunitz molecule with an FXacleavage

Site® that is absent in Ixolaris. Findly, novel molecules that block
initistion of blood coagulation, such as Ixolaris, may be useful as
inhibitors to prevent or ameliorate a number of pathologic conditions
leading to cardiovascular diseases provoked or amplified by abnormal
expression of TFPI.5+62

I
il ¥§t§

Acknowledgments

We are grateful to Drs Robert W. Gwadz, Thomas J. Kindt, and
Louis H. Miller for encouragement and support. The authors thank
Brenda Rae Marshall for editorial support.

Huang Z-F, Wun T-C, Broze GJ Jr. Kinetics of 14.

Lindhout T, Fransen J, Willems G. Kinetics of the 15.

Hamamoto T, Yamamoto M, Nordfang O, Pe- 16.

Chem. 1993;268:8704-8710. 17

Biochemistry. 1995;29:7539-7546. 18.

the quaternary complex of tissue factor-Vlla with 19

References

1. Broze GJ Jr. Tissue factor pathway inhibitor. In: 7. Girard TJ, Warren LA, Novotny WF, et al. Func-
Loscalzo J, Schafer Al, eds. Thrombosis and tional significance of the Kunitz-type inhibitory
Hemorrhage. 2nd ed. Baltimore, MD: Williams & domains of lipoprotein-associated coagulation
Wilkins; 1998:77-104. inhibitor. Nature. 1989;338:518-520.

2. Broze GJ Jr, Warren LA, Novotny WF, Higuchi 8.

DA, Girard TJ, Miletich JP. The lipoprotein-associ- FXa inhibition by tissue factor pathway inhibitor.
ated coagulation inhibitor that inhibits the FVII- J Biol Chem. 1993;268:26950-26955.

tissue factor complex also inhibits FXa: insight 9.

into its possible mechanism of action. Blood. inhibition of tissue factor-FVIla by tissue factor
1988;71:335-343. pathway inhibitor. Thromb Haemost. 1995;74:

3. Rao LVM, Rapaport SI. Studies of a mechanism 910-915.
inhibiting the initiation of the extrinsic pathway of 10.
coagulation. Blood. 1987;69:645-651. tersen JGL, Foster DC, Kisiel W. Inhibitory prop-

4. Broze GJ, Miletich JP. Isolation of the tissue fac- erties of full-length and truncated recombinant
tor inhibitor produced by HepG2 hepatoma cells. tissue factor pathway inhibitor (TFPI). J Biol
Proc Natl Acad Sci U S A. 1987;84:1886-1890.

5. Rapaport SI. Inhibition of FVlla/tissue factor-in- 11. Broze GJ Jr, Girard TH, Novotony WF. Regulation
duced blood coagulation: with particular empha- of coagulation by multivalent Kunitz-type inhibitor.
sis upon a FXa-dependent inhibitory mechanism.

Blood. 1989;73:359-365. 12. Rao LVM, Ruf W. Tissue factor residues Lys165

6. Wun T-C, Kretzmer KK, Girard TJ, Miletich JP, and Lys166 are essential for rapid formation of
Broze GJ Jr. Cloning and characterization of a - T HSS 3 '
cDNA coding for the lipoprotein-associated co- Xa-tissue factor pathway inhibitor. Biochemistry.
agulation inhibitor shows that it consists of three 1995;34:10867-10871.
tandem Kunitz-type inhibitory domains. J Biol 13. Pedersen AH, Nordfang O, Norris F, et al. Re-

Chem. 1988;263:6001-6004.

combinant human extrinsic pathway inhibitor.

Production, isolation, and characterization of its
inhibitory activity on tissue factor-initiated coagu-
lation reactions. J Biol Chem. 1990;254:16786-
16793.

Law LH, Ribeiro JM, Wells MA. Biochemical in-
sights derived from insect diversity. Annu Rev
Biochem. 1992;61:87-111.

Zhang Y, Ribeiro JM, Guimaraes JA, Walsh PN.
Nitrophorin-2: a novel mixed-type reversible spe-
cific inhibitor of the intrinsic factor-X activating
complex. Biochemistry. 1998;37:10681-10690.

Valenzuela JG, Francischetti IM, Ribeiro JM. Pu-
rification, cloning, and synthesis of a novel sali-

vary anti-thrombin from the mosquito Anopheles
albimanus. Biochemistry. 1999;38:11209-11215.

. Francischetti IMB, Valenzuela JG, Ribeiro JMC.

Anophelin: kinetics and mechanism of thrombin
inhibition. Biochemistry. 1999;38:16674-16685.
Ribeiro JMC, Weis JJ, Telford SR IIl. Saliva of the
tick Ixodes dammini inhibits neutrophil function.
Exp Parasitol. 1990;70:382-388.

. Valenzuela JG, Charlab R, Mather TN, Ribeiro

JMC. Purification, cloning, and expression of a
novel salivary anticomplement protein from the
tick, Ixodes scapularis. J Biol Chem. 2000;275:
8717-8723.

20z dunr Z0 uo 1senb Aq ypd'z09£00200 1 8U/E697891/209€/01/66/4pd-ajo1UE/Po0|q AR sUoledligndyse//:d)y woy papeojumoq



3612

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

FRANCISCHETTI et al

Ribeiro JMC, Makoul GT, Levine J, Robinson DR,
Spielman A. Antihemostatic, anti-inflammatory,
and immunosuppressive properties of the saliva
of a tick, Ixodes dammini. J Exp Med. 1985;161:
332-344.

Karczewski J, Endris R, Connolly TM. Disagregin
is a fibrinogen receptor antagonist lacking the
Arg-Gly-Asp sequence from the tick, Ornithodo-
ros moubata. J Biol Chem. 1994;269:6702-6708.

Locht A, Stubbs MT, Bode W, et al. The orni-
thodorin-thrombin crystal structure, a key to the
TAP enigma? EMBO J. 1996;15:6011-6017.

Waxman L, Smith DE, Arcuri KE, Vlasuk GP. Tick
anticoagulant peptide (TAP) is a novel inhibitor of
blood coagulation FXa. Science. 1990;248:593-
596.

Jenny NS, Mann KG. Coagulation cascade: an
overview. In: Loscalzo J, Schafer Al, eds. Throm-
bosis and Hemorrhage. 2nd ed. Baltimore, MD:
Williams & Wilkins; 1998:3-27.

Davie EW, Fujikawa K, Kisiel W. The coagulation
cascade: initiation, maintenance, and regulation.
Biochemistry. 1991;30:10363-10370.

Tatchell RJ. A modified method for obtaining tick
oral secretion. J Parasitol. 1967;53:1106-1107.

Altschul SF, Madden TL, Schaffer AA, et al.
Gapped BLAST and PSI-BLAST: a new genera-
tion of protein database search programs. Nucl
Acids Res. 1997;25:3389-3402.

Nielsen H, Engelbrecht J, Brunak S, von Heijne
G. A neural network method for identification of
prokaryotic and eukaryotic signal peptides and
prediction of their cleavage sites. Protein Eng.
1997;10:1-6.

Thompson JD, Higgins DG, Gibson TJ. CLUSTAL
W: improving the sensitivity of progressive mul-
tiple sequence alignment through sequence
weighting, position-specific gap penalties and
weight matrix choice. Nucl Acids Res. 1994;22:
4673-4680.

Williams JW, Morrison JF. The kinetics of revers-
ible tight-binding inhibition. Methods Enzymol.
1979;63:437-467.

Husten EJ, Esmon CT, Johnson AE. The active
site of blood coagulation FXa. Its distance from
the phospholipid surface and its conformational
sensitivity to components of the prothrombinase
complex. J Biol Chem. 1987;262:12953-12961.

Bergun PW, Cruikshank A, Maki SL, Kelly CR,
Ruf W, Vlasuk GP. Role of zymogen and acti-
vated FX as scaffolds for the inhibition of the
blood coagulation FVlla-tissue factor complex by
recombinant nematode anticoagulant protein c2.
J Biol Chem. 2001;276:10063-10071.

Komiyama Y, Pedersen AH, Kisiel W. Proteolytic
activation of human factors IX and X by recombi-
nant human FVlla: effects of calcium, phospholip-
ids, and tissue factor. Biochemistry. 1991;29:
9418-9425.

White GC, Beebe A, Nielsen B. Recombinant
FIX. Thrombos Hemost. 1997;78:261-265.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Orthner C, Rodgers GM, Fitzgerald LA. Pyrroli-
dine dithiocarbamate abrogates tissue factor (TF)
expression by endothelial cells: evidence impli-
cating nuclear factor-kB in TF induction by di-
verse agonists. Blood. 1995;86:436-443.

Huber R, Kukla D, Bode W, et al. Structure of the
complex formed by bovine trypsin and bovine
pancreatic trypsin inhibitor, II: crystallographic
refinement at 1.9 A resolution. J Mol Biol. 1974;
89:73-101.

Kirchhofer D, Lipari MT, Moran P, Eigenbrot C,
Kelley RF. The tissue factor region that interacts
with substrates FIX and FX. Biochemistry. 2000;
3:7380-7387.

Kirchhofer D, Eigenbrot C, Lipari MT, Moran P,
Peek M, Kelley RF. The tissue factor region that
interacts with FXa in the activation of FVII. Bio-
chemistry. 2001,;40;675-682.

Dickinson CD, Kelly CR, Ruf W. Identification of
surface residues mediating tissue factor binding
and catalytic function of the serine protease
FVlla. Proc Natl Acad Sci U S A. 1996;93:14379-
14384.

Baugh RJ, Dickinson CD, Ruf W, Krishnaswamy
S. Exosite interactions determine the affinity of
FX for the extrinsic Xase complex. J Biol Chem.
2000;275:28826-28833.

Wesselschmidt R, Likert K, Girard T, Wun T-C,
Broze GJ Jr. Tissue factor pathway inhibitor: the
carboxy-terminus is required for optimal inhibition
of FXa. Blood. 1992;79:2004-2010.
Warshawasky |, Bu G, Mast A, Saffitz JE, Broze
GJ Jr, Schwartz AL. The carboxy terminus of tis-
sue factor pathway inhibitor is required for inter-
acting with hepatoma cells in vitro and in vivo.

J Clin Invest. 1995;95:1173-1181.

Ho G, Narita M, Broze GJ Jr, Schwartz AL. Re-
combinant full-length tissue factor pathway inhibi-
tor fails to bind to the cell surface: implications for
catabolism in vitro and in vivo. Blood. 2000;95:
1973-1978.

Petersen LC, Bkorn SE, Olsen OH, Nordfang O,
Norris F, Norris K. Inhibitory properties of sepa-
rate recombinant Kunitz-type-protease-inhibitor
domains from tissue-factor-pathway inhibitor. Eur
J Biochem. 1996;235:310-316.

Rezaie AR. Identification of basic residues in the
heparin-binding exosite of FXa critical for heparin
and factor Va binding. J Biol Chem. 2000;275:
3320-3327.

Krishnaswamy S, Betz A. Exosites determine
macromolecular substrate recognition by pro-
thrombinase. Biochemistry. 1997;36:12080-
12086.

Lapatto R, Krengel U, Schreuder HA, et al. X-ray
structure of antistasin at 1.9 A resolution and its
modeled complex with blood coagulation FXa.
EMBO J. 1997;16:5151-5161.

Demchenko AP. Recognition between flexible
protein molecules: induced and assisted folding.
J Mol Recognit. 2001;14:42-61.

BLOOD, 15 MAY 2002 - VOLUME 99, NUMBER 10

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

Anderson PJ, Nesset A, Dharmawardana KR,
Bock PE. Characterization of proexosite | on pro-
thrombin. J Biol Chem. 2000;275:16428-16434.

Ruf W, Shobe J, Rao SM, Dickinson CD, Olson A,
Edgington TS. Importance of FVIla Gla-domain
residue Arg-36 for recognition of the macromo-
lecular substrate FX Gla-domain. Biochemistry.
1999;38:1957-1966.

Lee GF, Lazarus RA, Kelley RF. Potent bifunc-
tional anticoagulants: Kunitz domain-tissue factor
fusion proteins. Biochemistry. 1997;36:5608-
5611.

Girard TJ, MacPhail LA, Likert KM, Novotony WF,
Miletich JP, Broze GJ Jr. Inhibition of factor Vlla-
tissue factor coagulation activity by a hybrid pro-
tein. Science. 1990;248:1421-1424.

Stassens P, Bergum PW, Gansemans Y, et al.
Anticoagulant repertoire of the hookworm Ancy-
lostoma caninum. Proc Natl Acad Sci U S A.
1996;93:2149-2154.

Weitz JI, Hirsh J. New anticoagulant drugs.
Chest. 2001;119:95S-107S.

Bajaj MS, Bajaj SP. Tissue factor pathway inhibi-
tor: potential therapeutic applications. Thromb
Haemost. 1997;78:471-477.

Warr TA, Rao LVM, Rapaport Sl. Disseminated
intravascular coagulation in rabbits induced by
administration of endotoxin or tissue factor: effect
of anti-tissue factor antibodies and measurement
of plasma extrinsic pathway inhibitor activity.
Blood. 1990;75:1481-1489.

Han X, Girard TJ, Baum P, Abendschein DR,
Broze GJ Jr. Structural requirements for TFPI-
mediated inhibition of neointimal thickening after
balloon injury in the rat. Arterioscler Thromb Vasc
Biol. 1999;19:2563-2567.

Jonge E, Dekkers PEP, Creasey AA, et al. Tissue
factor pathway inhibitor dose-dependently inhibits
coagulation activation without influencing the fi-
brinolytic and cytokine response during human
endotoxemia. Blood. 1999;95:1124-1129.

Lee A, Agnelli G, Buller H, et al. A dose-response
study of recombinant FVIla/TF inhibitor recombi-
nant nematode anticoagulant protein c2 in pre-
vention of postoperative venous thromboembo-
lism in patients undergoing total knee
replacement. Circulation. 2001;104:74-78.

Jeske W, Hoppensteadt D, Callas D, Koza MJ,
Fareed J. Pharmacological profiling of recombi-
nant tissue factor pathway inhibitor. Semin
Thromb Hemost. 1996;22:213-219.

Himber J, Kirchhofer D, Riederer M, Tschopp TB,
Steiner B, Roux SP. Dissociation of antithrom-
botic effect and bleeding time prolongation in rab-
bits by inhibiting tissue factor function. Thromb
Haemost. 1997;78:1142-1149.

Harker LA, Hanson SR, Wilcox JN, Kelly AB. Anti-
thrombotic and antilesion benefits without hemor-
rhagic risks by inhibiting tissue factor pathway.
Haemostasis. 1996;26:76-82.

20z dunr Z0 uo 1senb Aq ypd'z09£00200 1 8U/E697891/209€/01/66/4pd-ajo1UE/Po0|q AR sUoledligndyse//:d)y woy papeojumoq



