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Human tissue factor pathway inhibitor-2 (TFPI-2)/
atrix-associated serine protease inhibitor (MSPI), a
unitz-type serine protease inhibitor, inhibits plas-
in, trypsin, chymotrypsin, plasma kallikrein, cathep-

in G, and factor VIIa–tissue factor complex. The ma-
ure protein has a molecular mass of 32–33 kDa, but
xists in vivo as two smaller, underglycosylated spe-
ies of 31 and 27 kDa. TFPI-2/MSPI triplet is synthe-
ized and secreted by a variety of cell types that in-
lude epithelial, endothelial, and mesenchymal cells.
ecause the majority (75–90%) of TFPI-2/MSPI is asso-
iated with the extracellular matrix (ECM), we exam-
ned which components of the ECM bind TFPI-2/MSPI.

e found that TFPI-2/MSPI bound specifically to hep-
rin and dermatan sulfate. Interaction of these two
lycosaminoglycans (GAGs) with TFPI-2/MSPI in-
olved one or more common protein domains, as evi-
enced by cross-competition experiments. However,
inding affinity for TFPI-2/MSPI with heparin was

1 The work was completed while authors Yueying Liu, Azim J.
han, David T. Woodley, and C. N. Rao were at the Department of
ermatology, Northwestern University, Chicago, IL 60611.
2 To whom correspondence should be addressed at Department

f Neurosurgery, Box 64, University of Texas M. D. Anderson

ancer Center, 1515 Holcombe Boulevard, Houston, TX 77030.
ax: (713) 794-4950. E-mail: crao@notes.mdacc.tmc.edu.
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50–300 times greater than that for TFPI-2/MSPI with
ermatan sulfate. Binding of TFPI-2/MSPI to GAGs
as inhibited by NaCl or arginine but not by glucose,
annose, galactose, 6-aminohexanoic acid, or urea,

uggesting that arginine-mediated ionic interactions
articipate in the GAG binding of TFPI-2/MSPI. This
upposition was supported by the observation that
nly NaCl or arginine could elute the TFPI-2/MSPI
rotein triplet from an ECM derived from human der-
al fibroblasts. Reduced TFPI-2/MSPI did not bind to
eparin, suggesting that proper disulfide pairings and
onformation are essential for matrix binding. To de-
ermine whether heparin modulates the activity of
FPI-2/MSPI, we determined the rate of inhibition of
lasmin by the inhibitor with and without heparin
nd found that TFPI-2/MSPI is more active in the pres-
nce of heparin. Collectively, our results demonstrate
hat conformation-dependent arginine-mediated ionic
nteractions are responsible for the TFPI-2/MSPI trip-
et binding to fibroblast ECM, heparin, and dermatan
ulfate and that heparin augmented the rate of inhibi-
ion of plasmin by TFPI-2/MSPI. © 1999 Academic Press

Key Words: tissue factor pathway inhibitor-2; matrix-
ssociated serine protease inhibitor; placental pro-
ein-5; extracellular matrix; heparin; dermatan sul-
ate; glycosaminoglycans.
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113LOCALIZATION OF TISSUE FACTOR PATHWAY INHIBITOR-2
Tissue factor pathway inhibitor-2 (TFPI-2,3 also
alled matrix-associated serine protease inhibitor
MSPI)), a 32- to 33-kDa Kunitz-type serine protease
nhibitor, inhibits trypsin, plasmin, chymotrypsin, ca-
hepsin G, plasma kallikrein, and factor VIIa–tissue
actor complex but not urokinase and tissue-type plas-
inogen activators and thrombin (1–7). On the basis of

ts amino-terminal amino acid sequence and target
rotease specificity, TFPI-2 is identical to a partially
haracterized 30- to 38-kDa serine protease inhibitor
rom placenta called placental protein-5 (PP-5) (3, 4). A
ariety of cell types, including epithelial, mesenchy-
al, and endothelial cells, synthesize and secrete ma-

ure TFPI-2/PP-5/MSPI and two other under-glycosy-
ated forms of TFPI-2 with molecular masses of 31 and
7 kDa (5–8). Localization studies of the TFPI-2 triplet
n cell-conditioned medium, ECM, and cytoplasmic
ractions revealed that 75–90% of the inhibitors asso-
iated with the ECM (5–8). More recently, similar ob-
ervations were reported using human endothelial
ells derived from umbilical vein, sephanous vein,
orta, and dermal microvessels (9). Moreover, it was
ound that both the ECM derived from microvascular
ndothelial cells and monolayer cultures of these cells
ind TFPI-2 in a specific, dose-dependent, and satura-
le manner (9).
Our interest in TFPI-2 derives from its interaction
ith ECM and thus its potential effects on tumor in-
asion and metastasis inasmuch as tumor invasion
nd metastasis require degradation and remodeling of
he ECM. In earlier investigations of TFPI-2’s role in
atrix degradation and invasion by tumor cells, we

ound that soluble TFPI-2 effectively inhibited plasmin
hat was bound to the surface of HT-1080 fibrosarcoma
ells and inhibited matrix degradation and Matrigel
nvasion by these tumor cells (10). ECM-localized
FPI-2 triplet also inhibited plasmin, suggesting that
FPI-2 proteins within the matrix were functional

10). In the present study, we investigated the role of
ndividual matrix components in TFPI-2 binding and
ound that TFPI-2 specifically bound heparin and der-
atan sulfate via arginine-mediated ionic interactions.
imilar interactions were also responsible for TFPI-2
riplet binding to a fibroblast ECM. We also provide
vidence that proper disulfide pairing/conformation
as necessary for binding of TFPI-2 to heparin and

3 Abbreviations used: ECM, extracellular matrix; t12FB, SV-40-
ransformed human skin fibroblasts; NC-1, noncollagenous domain
f type VII collagen; TFPI-2: tissue factor pathway inhibitor-2; PP-5,
lacental protein-5; MSPI, matrix-associated serine protease inhib-
tor; uPA, urokinase-type plasminogen activator, Lys-Pg, lysine-
lasminogen; TB, 15 mM Tris–HCl, pH 7.40; TBS, TB with 0.15 M
aCl; TBST, TBS with 0.05% Tween 20; b-ME, b-mercaptoethanol;
r
T

SA, bovine serum albumin; ELISA, enzyme-linked immunosorbant
ssay.
hat heparin significantly accelerated the activity of
he inhibitor toward plasmin.

ATERIALS AND METHODS

Materials for this study were obtained as follows. PMA, low-mo-
ecular-weight heparin from porcine intestinal mucosa, keratan sul-
ate from bovine cornea, dermatan sulfate from bovine mucosa, hy-
luronic acid from human umbilical cord, fibrinogen from human
lasma, and tunicamycin were purchased from Sigma Chemical Co.
St. Louis, MO). Human plasma fibronectin was purchased from New
ork Blood Center (New York, NY). ECL Western blotting reagents
ere purchased from Amersham Life Sciences (Buckinghamshire,
ngland). Heparin–Sepharose affinity matrix was purchased from
harmacia/LKB Biotechnology, Inc. (Uppasala, Sweden). Lysine-
lasminogen was a gift from Dr. Bruce Credo (Abbott Research
aboratories, Abbott Park, IL). Human recombinant TFPI-2 and
olyclonal anti-TFPI-2 IgG were gifts from Drs. Walter Kisiel (De-
artment of Pathology, University of New Mexico, Albuquerque,
M) and Donald C. Foster (Zymogenetics, Inc., Seattle, WA). The
FPI-2 used in this study contained the 32- to 33-kDa form as the
redominant species (.95%) with minor amounts of the 31-kDa
pecies (,5%). Rat laminin-5 was a gift from Dr. Jonathan Jones
Northwestern University, Chicago, IL). Laminin-1, human vitronec-
in, and collagen type-I and collagen-IV were prepared as described
lsewhere (11, 12). Recombinant noncollagenous domain of VII col-
agen was a gift from Dr. Mei Chen (Northwestern University, Chi-
ago, IL).
Binding assays using ELISA. Binding of soluble recombinant

FPI-2 to ECM molecules immobilized on plastic was assayed by
olorimetric enzyme-linked antibody reaction as described elsewhere
13). All the steps were performed at room temperature. Ninety-six-
ell plates (Corning, NY) were coated for 4 h with the following ECM
roteins (0.5 mg/well) in 15 mM Tris–HCl, pH 7.40: collagen types I
nd IV, noncollagenous domain of VII collagen, laminins 1 and 5,
bronectin, vitronectin, fibrinogen heparin, chondroitin sulfate A,
yaluronic acid, and keratan sulfate. After removing the unbound
roteins with TBST (15 mM Tris–HCl, pH 7.4, 0.15 M NaCl, 0.05%
ween 20), the wells were blocked with 1% BSA in TBST for 90 min
nd incubated with 200–400 ng of recombinant TFPI-2 in binding
uffer (TBST containing 1 mg/ml BSA) for 2 h. The binding of
ecombinant TFPI-2 to ECM proteins was detected with anti-TFPI-2
gG (1:4000 in TBST with 1% BSA) followed by incubation with
lkaline phosphatase-conjugated goat anti-rabbit IgG (1:3000 in
BST with 1% BSA). The development of a colorimetric reaction with
-nitrophenyl phosphate as a substrate (Bio-Rad Research Labora-
ories, Richmond, CA) was measured by reading the absorbence of
he product at 405 nm with an ELISA reader (Labsystems Multiskan
ultisoft, Finland).
In competition experiments, TFPI-2 was incubated with different

oncentrations of ECM proteins for 20 min in binding buffer and then
dded to wells previously coated with ECM proteins and BSA. In
locking experiments, TFPI-2 was suspended in the binding buffer
ontaining NaCl, urea, 6-aminohexanoic acid, glucose, galactose, or
annose and then added to ECM-coated/BSA-blocked wells. To as-

ess the effects of heat and b-mercaptoethanol (b-ME) on the binding
f TFPI-2 to ECM proteins, TFPI-2 was boiled for 5 min with or
ithout the b-ME (final concentration, 4%). The reaction mixtures
ere then cooled on wet ice, diluted with binding buffer, and incu-
ated in the ECM-coated/BSA-blocked wells.
Binding assays using heparin–Sepharose. In these assays, 50 ml

f heparin–Sepharose beads that had been equilibrated with TBS (15
M Tris–HCl, 0.15 M NaCl, pH 7.4) were incubated with 200 ng of
ecombinant TFPI-2 for 1 h in 1 ml of binding buffer. The unbound
FPI-2 then was removed by washing the beads three times with TB
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114 LIU ET AL.
15 mM Tris–HCl, pH 7.4). Heparin–Sepharose-bound TFPI-2 was
hen eluted into 200 ml of SDS–PAGE sample buffer. To quantify the
ound TFPI-2, 25 ml of the sample was subjected to SDS–PAGE and
estern blotting with anti-TFPI-2 antibody. The heparin–Sepharose

inding assay was also used to determine which of the ECM proteins
nd chemical reagents compete with TFPI-2 for binding to heparin–
epharose. In blocking experiments, TFPI-2 was suspended in bind-

ng buffer containing NaCl, 6-aminohexanoic acid, glucose, galac-
ose, and mannose, and then the TFPI-2 binding to heparin–Sepha-
ose was quantified by Western blotting with antiTFPI-2 antibody.
o determine which ECM proteins blocked TFPI-2/MSPI binding to
eparin–Sepharose, the inhibitor protein (200 ng) and ECM proteins
1 mg–1 mg) were incubated for 20 min in 1 ml of binding buffer and
hen incubated with heparin–Sepharose for 1 h. The bound inhibitor
as then quantified by Western blotting.
Binding of TFPI-2 that had undergone heat-denaturation or dis-

lfide-bond reduction with b-ME to heparin was assayed by heparin–
epharose binding assay. In this assay, TFPI-2 was boiled for 5 min
ith or without b-ME (final concentration, 4%) in 100 ml of the
inding buffer, cooled on wet ice, diluted to 1 ml with the binding
uffer, and then assayed for binding to heparin–Sepharose.

Extraction of the TFPI-2 triplet and the 25-kDa nonglycosylated
FPI-2 from fibroblast ECM. SV-40-transformed human skin fibro-
lasts (t12FB) were cultured in RPMI 1640 supplemented with 10%
etal bovine serum, 50 mg/ml penicillin, and 50 mg/ml streptomycin.
ells were grown to 70–80% confluence in 24-well tissue culture
lates and treated with PMA (50 ng/ml) for 16–20 h to increase the
roduction of the TFPI-2 triplet in the ECM (5–8). Some t12FB
ultures were first treated with tunicamycin (1 mg/ml) for 16 h to
uppress glycosylation and then incubated with PMA, as described
bove. At the end of the incubations, the medium and cells were
iscarded and the ECM prepared as described elsewhere (3–5). ECM
lates were stored at 4°C until analysis. Before being used, these
lates were rinsed with TB, and the ECM was extracted with 600 ml
f TB containing 0.15–2.0 M NaCl, or TBS containing 2 M urea, 1 M
annose, 1 M galactose, 1 M glucose, 0.1 M 6-aminohexanoic acid, or

0 mg/ml of GAGs heparin, dermatan sulfate, or chondroitin sul-
ate-A for 2 h at room temperature. The remaining TFPI-2 proteins
ere then extracted into 300 ml of SDS–PAGE sample buffer, and a
5 ml aliquot of this extract was used for Western blotting with
nti-TFPI-2 antibody.
Plasmin inhibition assays. Recombinant uPA (100 IU), 0.4 mM

ys-plasminogen, 0.4 mM D-Val-Leu-Lys-pNA (S-2251, Sigma Chem-
cals, St. Louis), and recombinant TFPI-2 (50 nM) were incubated at
oom temperature with (50 nM) or without heparin for 20 min.
ssays were performed in 200 ml of a buffer containing 15 mM
ris–HCl, pH 7.4, 0.15 M NaCl, 0.05% Tween 80, and 2 mg/ml bovine
erum albumin. Free nitrophenolate anion, which is formed from
-2251 by plasmin, was quantitated by monitoring the absorbance
alue at 405 nm in an ELISA reader at selected times. The absor-
ance values from S-2251 with Pg alone and uPA alone were consid-
red background (,0.05%) and were subtracted.
Western blotting. Proteins were boiled for 3 min, separated by

DS–PAGE with 12% polyacrylamide gels (14) and electroblotted
nto nitrocellulose membranes as described elsewhere (15). After
lectroblotting, the membranes were blocked with 4% nonfat dry
ilk in 10 mM TBST for 2 h at room temperature. Then, the mem-

ranes were incubated either for 2 h at room temperature or over-
ight at 4°C with normal rabbit serum or anti-TFPI-2 antibody,
iluted 1:4000 in TBST containing 1% BSA. After several washes
ith TBST, the membranes were incubated for 1 h with a peroxi-
ase-conjugated secondary antibody diluted 1:3000 in TBST with 1%

SA. The immunoreactive proteins were identified using the ECL
estern blotting system according to the manufacturer’s instruc- s
ions. The proteins were quantified by scanning the bands using an
maging densitometer (Model GS 670; Bio-Rad, Richmond, CA).

ESULTS

TFPI-2 specifically binds heparin and dermatan sul-
ate. Because secreted TFPI-2 is predominantly (75–
5%) associated with the ECM (5–9), we used recom-
inant TFPI-2 in an ELISA system to identify the
FPI-2 binding components of the ECM. We found that
FPI-2 binds hyaluronic acid, chondroitin sulfate-A,
ermatan sulfate, keratan sulfate, type I collagen, vi-
ronectin, fibrinogen, laminin-5, NC-1, and heparin but
ot to type IV collagen, fibronectin, or laminin-1 (Fig.
). To determine the specificity of the binding between
FPI-2 and ECM proteins, we measured TFPI-2 bind-

ng to the immobilized ECM protein in the presence of
ncreasing amounts (2 ng–20 mg) of the corresponding
oluble ECM protein. Soluble heparin and dermatan
ulfate blocked the binding of TFPI-2 to their immobi-
ized ligands in a dose-dependent manner (Fig. 2). The
C50 for heparin was 6 to 8 ng, whereas the IC50 for
ermatan sulfate was 1.6 to 1.8 mg, which suggests
hat the binding affinity for TFPI-2 and heparin is 250
o 300 times greater than that for dermatan sulfate. In
ontrast, TFPI-2 binding to immobilized vitronectin,
aminin-5, collagen-I, plasminogen, hyaluronic acid,
eratan sulfate, or fibrinogen was not blocked by these

IG. 1. Binding of TFPI-2 to ECM proteins. ELISA wells were
oated with the following ECM proteins (500 ng/well): hyaluronic
cid (HA), chondroitin sulfate A (CH-A), dermatan sulfate (DS),
ollagen types I and IV, keratan sulfate (KS), vitronectin (VN),
brinogen (FBGN), laminins (LAM) 1 and 5, fibronectin (FN), non-
ollagenous domain of type VII collagen (NC-1), and heparin. The
ells were then incubated for 2 h at room temperature with 200 ng
FPI-2. TFPI-2 binding was detected with a polyclonal anti-TFPI-2
gG. TFPI-2 binding to wells coated with BSA was subtracted from
he O.D. values of TFPI-2 binding to ECM proteins. The values
hown are means of four independent determinations.
oluble proteins but was completely inhibited by 2 mg
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115LOCALIZATION OF TISSUE FACTOR PATHWAY INHIBITOR-2
f heparin (data not shown). Next, we coated 0.125 ng
o 500 ng heparin or dermatan sulfate and incubated
ith 200 ng TFPI-2, and found that TFPI-2 binding to

hese GAGs was saturable (data not shown).
To confirm the greater binding affinity of TFPI-2 for

eparin than for dermatan sulfate, we conducted cross-
ompetition experiments. We used 400 ng of recombi-
ant TFPI-2 for binding to 500 ng of heparin or der-
atan sulfate-coated wells. Heparin-blocked TFPI-2

inding to dermatan sulfate with an IC50 of 10–12 ng
nd DS inhibited binding to heparin with an IC50 of
.0–3.4 mg (Fig. 3). The specificity of the high-affinity
nteraction between TFPI-2 and heparin was also con-
rmed by heparin–Sepharose binding assays (data not
hown).
TFPI-2 binding to heparin involves arginine-medi-

ted ionic interactions. To learn more about the bio-
hemical mechanisms of interaction of TFPI-2 with
eparin, we conducted ELISA (Fig. 4) and heparin–
epharose (Fig. 5) binding assays in the presence of a
attery of chemical reagents. Of these reagents, only
aCl and arginine blocked the binding of TFPI-2 to
eparin, whereas 1 M urea, 0.5 M 6-aminohexanoic
cid, 1 M glucose, 1 M galactose, and 1 M mannose had
o effect (Figs. 4, 5A, and 5B). To confirm that NaCl
nd arginine interfere with the binding of TFPI-2 to
eparin, we assessed means of releasing the TFPI-2
ound to heparin–Sepharose. Again, 1 M NaCl and 0.5

arginine but not the other compounds released

IG. 2. Binding of TFPI-2 to heparin and dermatan sulfate is
pecific. ELISA plates were coated with heparin (hep) or dermatan
ulfate (DS) (500 ng/well) and incubated with 200 ng of TFPI-2 for

h at room temperature. To determine the binding specificity,
FPI-2 was preincubated with hep or DS (2 ng–20 mg) for 20 min and
hen incubated with hep and DS-coated ELISA plates. The values
epresent means of four independent determinations.
FPI-2 bound to heparin–Sepharose (data not shown).
a
a

ollectively, these data suggest that ionic interactions
ediated via one or more arginines participate in the

inding of TFPI-2 to heparin. Binding of TFPI-2 to
ermatan sulfate is also blocked by NaCl and arginine,
uggesting that arginine-mediated ionic interactions
re also responsible for the binding between TFPI-2
nd dermatan sulfate (data not shown).

IG. 3. Binding of TFPI-2 to immobilized heparin is inhibited by
oluble DS and vice versa. ELISA plates were coated with heparin
hep) or dermatan sulfate (DS) (500 ng/well) and incubated with 400
g of TFPI-2 for 2 h at room temperature. To determine whether the
FPI-2 binding to immobilized hep or DS could be inhibited by
oluble DS or hep (0.4 ng–40 mg), TFPI-2 is preincubated with either
AG for 20 min and then incubated with immobilized GAG. The

olid circles indicate soluble DS competing for TFPI-2 binding to
mmobilized hep, whereas the open circles indicates the soluble hep
ompeting for the TFPI-2 binding to immobilized DS. The values
hown are means of four independent determinations.

IG. 4. Arginine and NaCl inhibit TFPI-2 binding to heparin.
inding of TFPI-2 to heparin was determined in the presence or
bsence of 6-aminohexanoic acid (6-AH), arginine (Arg), mannose
Man), glucose (Glu), galactose (gal), urea, or NaCl as described in
he legend to Fig. 1. TFPI-2 binding to heparin without the blocking

gent (Con) and to BSA (BSA con) also quantified. The values shown
re means of four independent determinations.



s
d
t
n
f
(
t
p
c
3
6
d

t
f
a
e
fi

f
w
n
a
t
h
s
r
r
a
i
o
d
r

d
i

T
r

F
S
c
o
T
h
w
a

F
E
e
i
p
1
m
T

F
h
b
b

116 LIU ET AL.
Arginine-mediated ionic interactions are also respon-
ible for the binding of TFPI-2 triplet to ECM. To
etermine whether the arginine-contributed ionic in-
eractions also participate in the binding of TFPI-2 to a
ative ECM, we evaluated the release of TFPI-2 triplet
rom the t12FB ECM with NaCl and arginine. NaCl
Fig. 6A) and arginine (Fig. 6B) extracted the TFPI-2
riplet from the fibroblast ECM with 0.5 M arginine
roducing a .98% decrease in ECM-bound TFPI-2 spe-
ies. Soluble heparin (10 mg/ml) also released 30 to
5% of the TFPI-2 triplet from the fibroblast ECM (Fig.
B) but the same amounts of chondroitin sulfate A and
ermatan sulfate had no effect (data not shown).
t12FB that had been treated with tunicamycin syn-

hesize and secretes a 25-kDa nonglycosylated TFPI-2
rom cells (8). NaCl and arginine, but not 6-aminohex-
noic acid, glucose, galactose, mannose, and 2 M urea,
luted the 25-kDa nonglycosylated TFPI-2 from the
broblast ECM (data not shown).
Proper disulfide bondings/conformation is essential

or the binding of TFPI-2 to heparin. To determine
hether a native three-dimensional conformation is
ecessary for the binding of TFPI-2 to heparin, we
nalyzed the binding of TFPI-2 that had undergone
hermal denaturation or disulfide bond reduction to
eparin immobilized on plastic or Sepharose beads. As
hown in Fig. 7, TFPI-2 (Con) but not disulfide bond
educed TFPI-2 (ME 1 Boil) bound heparin–Sepha-
ose. Binding of thermally denatured TFPI-2 (Boil) was
pproximately 75% that of the native protein, suggest-
ng that the protein is heat-stable. Similar results were
btained using ELISA with immobilized heparin or
ermatan sulfate (data not shown). Collectively, these

IG. 5. NaCl and arginine inhibit TFPI-2 binding to heparin–
epharose. TFPI-2 (200 ng) was suspended in TBS (Con) or TBS
ontaining glucose (Glu), galactose (Gal), mannose (Man), 6-amin-
hexanoic acid (6-AH), and TB containing 0.15–1.5 M NaCl (A) or
BS containing 0.125–0.5 M arginine (Arg) (B) and incubated with
eparin–Sepharose for 1 h at room temperature. The bound TFPI-2
as determined by Western blotting, as described under Materials
nd Methods.
esults suggest that TFPI-2 binding to heparin and
a
1

ermatan sulfate depends on proper disulfide bond-
ngs/conformation.

Heparin enhanced the rate of plasmin inhibition by
FPI-2. TFPI-2 is a potent inhibitor of plasmin but a
elatively weak inhibitor of factor VIIa-tissue factor

IG. 6. NaCl or heparin extracts TFPI-2 triplet from the fibroblast
CM. t12FB were treated with PMA, ECM prepared (3–5), and
xtracted with the following: TB (15 mM Tris–HCl, pH 7.4) contain-
ng 0.15 M NaCl or 2.0 M NaCl; TBS (15 mM Tris–HCl, 0.15 M NaCl,
H 7.4) containing 2.0 M urea, 0.1 M 6-aminohexanoic acid (6-AH),
M glucose (Glu), 1 M galactose (Gal), 1 M mannose (Man) (A), or 10
g/ml heparin (hep) (B) for 2 h at room temperature. The remaining
FPI-2 proteins in the ECM were quantified by Western blotting.

IG. 7. Reduction of disulfide bonds destroys binding of TFPI-2 to
eparin. TFPI-2 was thermally denatured (Boil) or reduced with
-mercaptoethanol (ME 1 Boil) and assessed for binding to heparin
y heparin–Sepharose binding assays as described under Materials

nd Methods. The binding of TFPI-2 to heparin was considered
00%.
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117LOCALIZATION OF TISSUE FACTOR PATHWAY INHIBITOR-2
omplex (1, 2). Peterson et al. (2) reported that heparin
ccelerated the inhibition of factor VIIa-tissue factor
midolytic activity as well as the proteolytic activity of
actor VIIa–tissue factor toward factor X by monolay-
rs of J82 bladder carcinoma cell line. To demonstrate
he effect of heparin on the rate of inactivation of
lasmin by TFPI-2, recombinant uPA and lysine-plas-
inogen were incubated with TFPI-2 (50 nM) in the

resence or absence of heparin (50 nM). A time-course
nalysis of residual plasmin amidolytic activity indi-
ated a relatively strong inhibition of plasmin activity
n the presence of TFPI-2 alone, while heparin signif-
cantly accelerated the rate of this reaction (Fig. 8).
uffer control with heparin alone had no effect on the
lasmin amidolytic activity (Fig. 8).

ISCUSSION

We report here several lines of evidence that suggest
hat arginine-mediated ionic interactions mediate the
inding of TFPI-2 protein triplet to fibroblast ECM.
he first line of evidence comes from the observations
hat suggest that NaCl and arginine but not 6-amin-
hexanoic acid, a lysine analogue; urea, an agent that
isrupts hydrophobic interactions; and glucose, man-
ose, and galactose, sugars that disrupt carbohydrate-
rotein interactions, interfered with the binding be-
ween TFPI-2 and heparin or dermatan sulfate. The
econd line of evidence comes from the selective extrac-

IG. 8. Heparin accelerated the inhibition of plasmin by TFPI-2. In
his assay, lysine-plasminogen (Lys-Pg) (0.4 mM) was activated to pro-
uce plasmin by recombinant uPA (100 IU). Plasmin activity was as-
ayed by measuring the absorbance of paranitroanilide, a cleavage
roduct of D-Val-Leu-Lys-p-nitroanilide (S-2251, 0. 4 mM final concen-
ration) by plasmin, at 405 nm. Recombinant urokinase-type plasmin-
gen activator (uPA), S-2251, Lys-Pg, and heparin (50 nM) (■); uPA,
2251, Lys-Pg, and TFPI-2 (50 nM) (Œ); and uPA, S-2251, Lys-Pg,
FPI-2 (50 nM), and heparin (50 nM) (�) were incubated at room

emperature for 20 min and the formation of p-nitroanilide determined
y measuring the absorbance at 405. The values shown are averages of
our independent determinations that differed between 1 and 4%.
ion of TFPI-2 bound to heparin–Sepharose with NaCl f
nd arginine but not with the sugars, 6-aminohexanoic
cid, or urea (data not shown). The third line of evi-
ence comes from the observation that the native
FPI-2 triplet and its 25-kDa nonglycosylated precur-
or (data not shown) can be released from an intact
CM with NaCl and arginine but not with 6-aminohex-
noic acid, urea, galactose, glucose, or mannose.
We also found evidence that the native three-dimen-

ional conformation, but not glycosylation, is required
f TFPI-2 triplet for binding to fibroblast ECM, hepa-
in, and dermatan sulfate. First, treatment of TFPI-2
ith b-ME abolished binding of the inhibitor to hepa-

in and dermatan sulfate. Second, tunicamycin-treated
12FB synthesizes and secretes a 25-kDa nonglycosy-
ated TFPI-2 that can be released from the ECM with
aCl and arginine but not with sugars, urea, and
-aminohexanoic acid (data not shown). Third, recom-
inant TFPI-2 expressed in Escherichia coli as a 25-
Da protein does not bind heparin or dermatan sulfate
ut did bind to these GAGs after a refolding protocol
nvolving a disulfide-interchange reaction (Rao et al.,

anuscript in preparation).
The role of arginine in matrix binding likely involves

nteraction of the positively charged arginine(s) on the
nhibitor with negatively charged GAGs in the matrix.
omputer predictions of the secondary folding structure
f TFPI-2 revealed that this inhibitor contains three
unitz domains that are held together by nine-disulfide
ondings, three for each domain (1). The first and third
unitz domains contain seven arginines, at positions 24,
9, and 34 in domain 1 and four at positions 152, 157,
59, and 184 in domain 3 (1). One or more of these
rginines may participate in the TFPI-2:ECM interac-
ions. At present, it is unclear which Kunitz domain in
FPI-2 contains the matrix-binding arginines and
hether any other amino acids contribute to the TFPI-2:
CM interactions. Interestingly, the lysine analog,
-aminohexanoic acid did not interfere with the binding
f TFPI-2 to heparin or dermatan sulfate and did not
elease the TFPI-2 from the ECM. These results exclude
he possibility that the basic carboxyl terminal end of
FPI-2, which contains a stretch of five lysines may me-
iate the TFPI-2:ECM interactions.
The ECM consists of glycoproteins, GAGs, and colla-

ens, many of which mediate the binding of several key
egulatory molecules for cell growth, differentiation,
nd migration (16–18). Of the 13 ECM molecules we
ested, TFPI-2 bound heparin specifically and with
igh affinity, suggesting that heparin and heparin-like
AGs are predominantly responsible for the binding of

he TFPI-2 triplet to ECM. This observation is consis-
ent with earlier absorption and competition studies
hat also suggested interaction between PP-5 and hep-
rin (8, 19–20). However, the inability of heparin to

ully extract TFPI-2 triplet from fibroblast ECM sug-



g
b
w
e
a

f
e
w
(
g
f
s
b
d
fi
t
h
E
w
A
i

t
l
t
T
f
p
i
t
r
p
b
t
t
g
r
g
c
f
t
i
g

A

o
I
W
i
a

R

1

1
1

1

1
1

1

1

1
1

2

2

2

2

2
2

2

2

2

118 LIU ET AL.
ests that other ECM proteins may also participate in
inding or, conversely, that the TFPI-2 triplet is buried
ithin the native fibroblast ECM and is inaccessible to
xtraction with a high-molecular-weight molecule such
s heparin.
Heparin contains a mixture of molecules which dif-

ers in size, degree of sulfation, positions of sulfate
ster groups, and the composition of sugar subunits
ithin the repeating disaccharide unit of the molecule

21). The observations of the current study which sug-
ested that TFPI-2 binds heparin and dermatan sul-
ate but not other sulfated GAGs indicate that certain
ulfation pattern in these GAGs may play a role in the
inding of MSPI to these GAGs. Indeed, studies have
ocumented a role for sulfation in the binding of basic
broblast growth factor to heparin (22). It was shown
hat the binding of basic fibroblast growth factor to
eparan sulfate proteoglycans of the endothelial cell
CM was inhibited when the sulfation in these GAGs
as prevented by treatment of the cells with chlorate.
t present, it is unknown whether sulfate residues are

nvolved in the binding of TFPI-2 to heparin.
TFPI-2 inhibits the amidolytic activities of plasmin,

rypsin, chymotrypsin, cathepsin G, and plasma kal-
ikrein with Ki values 3, 2, 18, 200, and 25 nM, respec-
ively (2). We previously showed that the ECM localized
FPI-2 triplet inhibits plasmin (10). In this study, we

ound that heparin accelerated the rate of inhibition of
lasmin by TFPI-2, suggesting that TFPI-2 is more active
n the heparin-bound form. Plasmin plays a multifunc-
ional role in ECM degradation and remodeling, by deg-
adation of ECM molecules (23, 24), by activation of
romatrixmetalloproteases (MMPs) 1 and 3 (25, 26), and
y release of certain growth factors and cytokines from
he matrix (27, 28). Indeed, we found that TFPI-2 blocked
he activation of proMMPs 1 and 3 by tumor cells, sug-
esting that the inhibitor negatively regulates ECM deg-
adation by MMPs 1 and 3 (29). Thus, TFPI-2 and its two
lycosylation variants, by being associated with ECM,
ould be readily accessible at the cell:ECM interface to
unction in ECM degradation and remodeling and
hereby in the regulation of numerous processes, includ-
ng tumor growth and metastasis, atherosclerosis, angio-
enesis, and wound healing.
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