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Abstract

Thrombospondin-1, an antiangiogenic matricellular protein, binds with high affinity to the
angiogenic fibroblast growth factor-2, affecting its bioavailability and activity. The present work
aimed at further locating the fibroblast growth factor-2 binding site of thrombospondin-1 and
investigating its activity, using recombinant thrombospondin-1 proteins. Only recombinant
constructs containing the thrombospondin-1 type I11 repeats bound fibroblast growth factor-2,
whereas other domains, including the known anti-angiogenic type | repeats, were inactive. Binding
was specific and inhibited by the anti thrombospondin-1 monoclonal antibody B5.2. Surface plasmon
resonance analysis on BIAcore revealed a binding affinity (Ky) of 310 nM for the type 11 repeats
and 11 nM for intact thrombospondin-1. Since the type I11 repeats bind calcium, the effect of calcium
on thrombospondin-1 binding to fibroblast growth factor-2 was investigated. Binding was modulated
by calcium, as thrombospondin-1 or the type Il repeats bound to fibroblast growth factor-2 only in
calcium concentrations <0.3 mM. The type Il repeats inhibited binding of fibroblast growth factor-2
to endothelial cells, fibroblast growth factor-2-induced endothelial cell proliferation in vitro and
angiogenesis in the chorioallantoic membrane assay in vivo, thus indicating the antiangiogenic
activity of the domain. In conclusion, this study demonstrates that the fibroblast growth factor-2
binding site of thrombospondin-1 is located in the type I11 repeats. The finding that this domain is
active in inhibiting angiogenesis indicates that the type 111 repeats represent a novel antiangiogenic
domain of thrombospondin-1.
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INTRODUCTION

Thrombospondin-1 (TSP-1) is a matricellular protein (Bornstein, 2001). Through its modular
structure, it binds simultaneously to cell surface receptors, matrix components, proteolytic
enzymes, cytokines and growth factors, modulating the cell response to the environment
(Bornstein & Sage, 2002). As with other matricellular proteins, TSP-1 is involved in complex
biological processes including development, response to injury and several pathologies. It plays
a complex role in physiological and pathological angiogenesis, particularly in tumor
angiogenesis and consequently in tumor progression (Lawler & Detmar, 2004).

TSP-1 belongs to a family of 5 related vertebrate proteins (Adams & Lawler, 2004). Itis a
homotrimer. Each monomer consists of an N-terminal globular module, followed by the coiled-
coil oligomerization domain, a procollagen module, three properdin-like type | repeats, the
epidermal growth factor (EGF)-like type Il repeats, the type 11 repeats, and the C-terminal
globular domain. The type | repeats, which are present in TSP-1, TSP-2 and many other
molecules, are responsible for most of the antiangiogenic activities (Lawler & Detmar,
2004).

Sequence identity/homology among the 5 TSPs is highest at the C-terminal end. Thus, the most
conserved region among TSPs is the carboxy-terminal cassette - consisting of the type Il and
type 111 repeats and the C-terminal globular end - considered the hallmark of all TSPs (Adams,
2004). The type 111, aspartate-rich repeats constitute the calcium-binding domain of TSPs.
Several active sequences have been mapped in this domain (Adams, 2004), including the cell
adhesion RGD sequence, the binding sites for neutrophil elastase and cathepsin G (Hogg,
1994), and attachments site for neutrophils (Majluf-Cruz et al., 2000) and sickle red blood cells
(Watkins, Du, Scott, Ouwehand & Hillery, 2003).

TSP-1directly binds to growth factors and angiogenesis regulatory factors, including fibroblast
growth factor-2 (FGF-2) (Taraboletti et al., 1997), transforming growth factor beta (TGFp),
platelet derived growth factor (PDGF), vascular endothelial growth factor (VEGF), hepatocyte
growth factor/scatter factor (HGF/SF), and Tat (reviewed in(Rusnati & Presta, 2006)). Binding
of TSP-1 to growth factors affects their location, activation, and biological activity. We
previously reported that binding of TSP-1 to FGF-2 affects the growth factor’s interaction with
heparan sulfate proteoglycans (HSPG) on the cell surface and in the extracellular matrix,
ultimately affecting FGF-2 bioavailability and activity (Margosio et al., 2003; Taraboletti et
al., 1997).

Our previous studies indicated that the FGF-2 binding site is located in the 140-kDa carboxy-
terminal fragment of TSP-1 (Taraboletti et al., 1997). In the present study we used recombinant
portions of TSP-1 to further locate the FGF-2 binding site of TSP-1 and to investigate the
activity of the identified domain in FGF-2-induced angiogenesis.

MATERIALS AND METHODS

Reagents

TSP-1 was purified from thrombin-stimulated human platelets (Taraboletti, Roberts, Liotta &
Giavazzi, 1990). Human recombinant FGF-2 (R&D Systems, Minneapolis, MN) was obtained
through the NCI-Biological Resources Branch (Frederick, MD). NeoMarkers anti TSP-1
monoclonal antibodies were from Lab Vision (Fremont, CA).

Expression of recombinant human TSP fragments

We used the vector pAcGP67.coco (COCO) to express the TSP-derived constructs (Mosher,
Huwiler, Misenheimer & Annis, 2002). The COCO vector is a modified baculovirus transfer
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vector pAcGP67A (PharMingen, San Diego, CA) that has the signal peptide for GP67 and
directs the recombinant protein into the secretory apparatus. DNA encoding for a six histidine-
tag is immediately 3’ to the multiple cloning site. At the N-terminus, a 3 or 4 amino acid tail,
dependent on the 5’ cloning site, precedes the start of the protein of interest after cleavage of
the signal peptide. Modular segments of the cDNAS encoding human TSP-1 were cloned into
pAcGP67.coco, virus was produced, and proteins were isolated and characterized as described
(Hannah, Misenheimer, Annis & Mosher, 2003).

Biotin labeling

FGF-2, TSP-1 and the recombinant TSP-1 fragments were biotinylated as described (Margosio
et al., 2003), except that the biotinylated TSP-1 fragments were isolated by chromatography
on Micro Bio-Spin columns (Bio-Rad Lab, Milan, Italy).

Binding of FGF-2 to immobilized TSP-1 or TSP-1 fragments

Microtiter plates (Probind, Falcon, Becton-Dickinson Co., Lincoln Park, NJ) were incubated
for 2 h at 37°C or o.n. at 4°C with TSP-1 or recombinant TSP-1 fragments in 40 pl PBS. The
plates were washed with PBS 0.1% BSA, and non-specific binding sites were saturated by a
30 min-incubation with 1% BSA in PBS (PBS-BSA). Biotin-labeled FGF-2 (2—4 ng/well, in
40 pl) was added in PBS-BSA, and incubated at room temperature for 3 h. Wells were washed
with PBS 0.1% BSA and bound FGF-2 was quantified by peroxidase-conjugated ExtrAvidin
(Sigma) followed by 1.2-phenylenediamine dihydrocloride (OPD; Dako, Glostrup, Denmark)
as a chromogen. The reaction was stopped with 0.5M H,SO,4 and absorbance at 490 nm was
measured.

Binding of labeled TSP-1 or TSP-1 fragments to immobilized FGF-2

Plates were coated with FGF-2 (0.1 pg in 40 pl PBS/well) o.n. at 4°C; then treated with PBS-
BSA as described above. Biotin-labeled TSP-1 or TSP recombinant fragments, with or without
inhibitors, were added at the indicated concentration, in PBS-BSA. After 3 h incubation, wells
were washed and binding quantified as above.

Analysis of the TSP-1 fragment / FGF-2 complex in solution

Labeled FGF-2 (5 nM) was added to a solution (20 ul) containing the TSP-1 fragment (1 uM)
in PBS and incubated for 2 h at 4°C. Samples were analyzed by Western blot after resolving
in non-reducing 10% polyacrylamide SDS-PAGE. Labeled species were detected using

peroxidase-conjugated ExtrAvidin and a chemiluminescence detection kit (ECL; Amersham).

BIAcore binding assay

A BlAcore X apparatus (BIAcore Inc, Piscataway, NJ) was used. Surface plasmon resonance
was exploited to measure changes in refractive index caused by the binding of FGF-2 to
E123CaG-1. E123CaG-1 (25 pg/ml) or BSA (used as a negative control and for blank
subtraction) in 100 mM sodium acetate pH 3.0 were allowed to react with a flow cell of a CM5
sensorchip, pre-activated with 50 ml 0.2 M N-ethayl-N’-(3-diethylaminopropyl)carbodiimide
hydrochloride and 0.05 M N-hydroxysuccinimide, leading to the immobilization of 1700 RU
(approximately 25 pmoles/mm?) of E123CaG-1. Increasing concentrations of FGF-2 in 10 mM
HEPES, 150 mM NacCl, 3.4 mM EDTA, 0.005% surfactant P20, pH 7.4 (HBS) were injected
over the E123CaG-1 or BSA surfaces for 4 min., and then washed until dissociation was
observed. In competition experiments, binding of FGF-2 (330 nM) to the E123CaG-1 surface
was evaluated in the presence of the TSP-1 fragments (1.5 uM). Alternatively, FGF-2 was
immobilized to the CM5 sensorchip as described (Margosio et al., 2003) and increasing
concentrations of the TSP-1 fragments in HBS were injected as above. Binding parameters
were calculated by the non-linear curve fitting software package BlAevaluation 3.2 using a
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single site model with correction for mass transfer. Only sensorgrams whose fitting gave values
of X2 close to 100 were used (Khalifa, Choulier, Lortat-Jacob, Altschuh & Vernet, 2001).
Dissociation constant (Ky) was derived from the dissociation rate (Kq¢f)/association rate (Kqp)
ratio (kinetics).

Binding of FGF-2 to endothelial cells

Subconfluent cultures of bovine aortic endothelial cells (BAEC) in 96 well plates were
incubated for 30 min at 4°C in serum-free DMEM with 0.15% gelatin and 25 mM HEPES
(DMEM-gelatin). The medium was then replaced with cold DMEM-gelatin containing labeled
FGF-2 (final concentration 10 ng/ml) with or without the indicated concentrations of
recombinant TSP-1 fragments. The plate was incubated for 2 h at 4°C, washed with cold
DMEM-gelatin and bound FGF-2 was measured as described above for the binding of FGF-2
to TSP-1.

Proliferation assay

BAEC (2500 cells/well) were plated in 96-well plates in DMEM 1.5% FCS. After 24 h, FGF-2
(5 ng/ml) was added, with or without the TSP-1 fragments, and incubated for 72 h. Plates were
then stained and analyzed as described (Taraboletti et al., 1997).

Chorioallantoic membrane (CAM) assay

RESULTS

Fertilized White Leghorn chicken eggs were incubated at 37°C at constant humidity. On day
3, a square window was opened in the shell, 2 to 3 ml of albumen was removed to allow
detachment of the developing CAM, and the window was sealed with a glass. On day 8, 1
mm?3 sterilized gelatin sponges (Gelfoam Upjohn, Kalamazoo, M1) were placed on the CAM
as described (Ribatti, Nico, Vacca & Presta, 2006). Sponges were loaded with: 1 pl of PBS or
FGF-2 (0.5 ug), with or without E3Ca-1 (5 pg). At day 12, CAMs were photographed in ovo
under a stereomicroscope (Olympus), and blood vessels entering the sponge within the focal
plane of the CAM were counted by two observers in a double blind fashion.

Localization of the FGF-2 binding domain in the E3CaG-1 portion of TSP-1

We previously reported that the FGF-2 binding site is located in the 140 kDa proteolytic
fragment of TSP-1 (Taraboletti etal., 1997). This trimeric fragment, contains several functional
binding sites. The type | repeats (P in Figure 1) contain the know antiangiogenic sequences of
TSP-1 and bind to CD36, integrins, TGFp and extracellular matrix components; the EGF-like
repeats (E in Figure 1) bind to integrins; the type 111 repeats (Ca in Figure 1) bind integrins and
proteolytic enzymes; and the lectin-like module (G in Figure 1) binds CD47 (Adams, 2004;
Calzada et al., 2004; Hogg, 1994; Majluf-Cruz et al., 2000; Short et al., 2005; Sid et al.,
2004). Therefore all of these domains could be candidate binding sites for FGF-2. As a strategy
to identify which domain bound FGF-2 we used recombinant portions of the 140 kDa fragment,
spanning the entire region with partial overlaps. The three recombinant proteins were: i)
CP123-1 (28.3 kDa), containing the procollagen and the 3 type | repeats; ii) P3E123-1 (23.8
kDa), containing the third type I repeat and the 3 type 11, EGF-like repeats; iii) E3CaG-1 (60.2
kDa), with the third EGF-like domain, the type 111 calcium-binding repeats, and the globular
carboxyterminal end of TSP-1 (Figure 1).

We first analyzed the binding of biotin-labeled FGF-2 to increasing amounts of immobilized
proteins. FGF-2 bound to immaobilized E3CaG-1, although at a lesser extent compared to whole
TSP-1, whereas binding to equimolar coatings of CP123-1 or P3E123-1 was negligible (Figure
2A). The affinity of FGF-2 for immobilized E3CaG-1 was lower compared to TSP-1 (Figure
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2A), suggesting a possible cooperative involvement of sequences in distant sites of the
molecule. To test this possibility, binding of FGF-2 to combinations of the three fragments
was tested. No combination improved the binding compared to E3CaG-1 alone (not shown),
indicating that sequences in CP123-1 or P3E123-1 did not contribute to FGF-2 binding.
Likewise, the longer segment E123CaG-1 had the same FGF-2-binding ability of E3CaG-1
(not shown).

We also tested the reverse condition, namely the binding of free labeled recombinant TSP-1
fragments to immobilized FGF-2. Again, only E3CaG-1, but not CP123-1 nor P3E123-1,
significantly bound FGF-2 (Figure 2B). In this case, free E3CaG-1 and TSP-1 bound inasimilar
way to immobilized FGF-2, suggesting that, in the process of immobilization, E3CaG may
bind to plastic in conformations unfavorable to FGF binding.

Next, we analyzed the formation of the complex between labeled FGF-2 and each TSP-1
recombinant fragment in solution. After incubation of the two reagents in solution, the samples
were resolved by SDS-PAGE under non-reducing conditions, followed by Western blot
analysis. All samples showed major and minor bands corresponding to monomeric and dimeric
FGF-2, respectively. The sample containing E3CaG-1 showed an additional high molecular
weight band, compatible with a complex between FGF-2 and E3CaG-1 (Figure 2C).
Noteworthy, the complex was visualized in the absence of a cross-linking agent, indicating the
strength of binding, resistant to SDS and boiling. No band was observed when the construct
was incubated in the absence of FGF-2 (not shown).

These findings indicated that the FGF-2 binding site is located in a region of approximately
60 kDa, comprising the third EGF-like domain through the C-terminus.

Localization of the FGF-2 binding domain in the type lll repeats of TSP-1

We next investigated which subpart of the E3CaG-1 region retained the FGF-2 binding ability.
To this purpose we used two smaller recombinant fragments: i) E3Ca-1 (34.1 kDa), containing
the third type Il repeat and the type 111 repeats but lacking the globular domain; ii) Ca-1 (29.9
kDa), containing only the type Il repeats (Figure 1). Labeled FGF-2 bound to both immobilized
E3Ca-1 and Ca-1 to a degree comparable to E3CaG-1 (Figure 3A). Moreover, both labeled
fragments bound immobilized FGF-2 (Figure 3B).

Binding of biotinylated E3Ca-1 and Ca-1 to FGF-2 was inhibited by unlabeled TSP-1, E3Ca-1
or Ca-1 used as competitors (Figure 3C). Among different anti TSP-1 monoclonal antibodies,
binding was inhibited by the antibody B5.2 (recognizing a region comprised between the third
type 11 repeat and the first type I11 repeat), but not by D4.6 (recognizing an unknown epitope
in the type Il repeats, Figure 3D), nor by isotype-matched control antibodies (not shown). In
accordance with our previous findings (Taraboletti et al., 1997), heparin (100 pg/ml) blocked
the binding of TSP-1 and Ca-1 to FGF-2 (88 and 99% inhibition, respectively, not shown).

Real time surface plasmon resonance studies

To calculate the binding parameters of the E123CaG-1/FGF-2 interaction, increasing
concentrations of FGF-2 were injected over Biacore sensorchips coated with E123CaG-1 or
BSA, as control. FGF-2 dose-dependently bound E123CaG-1 (Figure 4A), with an association
rate constant (Kon) of 9.9 x 104 M-1s71, a dissociation rate constant (kqff) of 1.4 x 102 5’1, and
hence a dissociation constant (Kg) = Kqt/Kon of 140 nM.

To evaluate the FGF-2-binding ability of shorter TSP-1 segments, competition-binding assays
were performed. FGF-2 was injected over the E123CaG-1 surface in the absence or presence
of each fragment. Binding of FGF-2 to E123CaG-1 was prevented by all the Ca-containing
fragments, but not by the P3E123 fragment, which does not bind FGF-2 (Figure 4B).
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All the Ca-containing TSP-1 segments bound to immobilized FGF-2 with Ky spanning from
314 nM to 1400 nM (not shown), thus in the range of the values calculated for the interaction
of immobilized E123CaG-1 with free FGF2. In these same experimental conditions, intact
TSP-1 bound FGF-2 with a Ky of 11 nM (Margosio et al., 2003), confirming that the domains
have a lower affinity for FGF-2 compared to intact TSP-1.

FGF-2/TSP-1 binding is calcium-dependent

The type 111 repeats of TSP-1 bind calcium, that affects the physical dimension of TSP,
sensitivity to proteolysis, and cell attachment properties (reviewed in (Adams, 2004)). We
therefore investigated the role of calcium in the binding of TSP-1, E3CaG-1 and Ca-1to FGF-2.

Binding of labeled TSP-1, E3CaG-1 or Ca-1 to immobilized FGF-2 was measured in buffers
containing increasing concentrations of calcium. In all cases, binding occurred only in low
calcium concentrations but was inhibited in the presence of calcium concentrations higher than
0.3 mM, with remarkable concordance between TSP-1 and the two domains (Figure 5A,B).
Calcium (1mM) also inhibited the formation of the E3CaG-1/FGF-2 complex in solution
(Figure 5B, inset).

Calcium ions inhibited the binding of FGF-2 to E3Ca-1 and Ca-1with an 1Csq of 0.095 + 0.02
and 0.15 + 0.01 mM, respectively (mean and SE of 4-6 experiments). Both transitions were
steep and occurred over a 2.5-fold concentration range. The effects of calcium on the binding
of the domains to FGF-2 (both ICgq value and steep dose dependency) closely parallel those
on the induction of changes in the secondary structure of E3Ca-1 and Ca-1 as monitored by
far ultraviolet circular dichroism (ECsqg of 0.15 and 0.21 mM, Hill coefficient of 5.1 and 4.6
for E3Ca-1 and Ca-1, respectively) (Hannah, Misenheimer, Annis & Mosher, 2003), strongly
indicative of an association between backbone structure detected by circular dichroism and
ability to bind FGF-2.

EDTA treatment leads to profound alterations of the calcium-binding domain and shape change
of the C-terminal region (Kvansakul, Adams & Hohenester, 2004; Misenheimer, Hannah,
Annis & Mosher, 2003). Addition of EDTA (5 mM) abolished the binding of TSP-1 to FGF-2
(93% inhibition, not shown) and prevented the formation of the E3CaG-1/FGF-2 complex in
solution (Figure 5B, inset).

Antiangiogenic activity of the type Ill repeats

To learn whether the FGF-2 binding domain of TSP-1, like intact TSP-1 (Taraboletti, Roberts,
Liotta & Giavazzi, 1990; Taraboletti et al., 1997), inhibits FGF-2 activity, the recombinant
fragments were tested in assays of FGF-2 binding to endothelial cells, induction of endothelial
cell proliferation in vitro and angiogenesis in vivo. Both E3Ca-1 and Ca-1 inhibited the binding
of labeled FGF-2 to endothelial cells (Figure 6A). This assay measures total binding, to both
low affinity and high affinity receptors. Since low affinity receptors are the vast majority of
the FGF-2 binding sites, this finding is indicative of an effect of the type Il repeats on FGF-2
binding to cell surface heparan sulfates. E3Ca-1 and Ca-1 inhibited FGF-2-induced endothelial
cell proliferation, with only marginal activity on baseline proliferation. In keeping with the
presence of different antiproliferative sites in the TSP-1 molecule, the isolated type 111 repeats
were less potent then entire TSP-1 in inhibiting endothelial cell proliferation (IC50 15+1 nM,
2.5+0.3 pM and 1.5+0.5 uM for TSP-1, E3Ca-1 and Ca-1, respectively). Nonetheless, we found
that the B5.2 antibody which recognizes the type 111 repeats reduced the antiproliferative
activity of whole TSP-1 (38+2% reduction, not shown), indicating that this domain relevantly
contributes to the antiangiogenic activity of the intact molecule. The differences in domain
concentrations active in inhibiting FGF-2 binding and cell proliferation were presumably due
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to the differences in the experimental conditions, since also TSP-1 showed activity at different
concentrations in the two assays.

In vivo, macroscopic observations of the CAM showed that E3Ca-1 alone did not affect
physiological angiogenesis, presenting few allantoic vessels arranged around the sponge
similarly to PBS-loaded sponges (not shown). Sponges adsorbed with FGF-2 were surrounded
by allantoic vessels developing radially towards the implant in a “spoked-wheel” pattern
(Figure 6C). When sponges were loaded with FGF-2 and E3Ca-1, a significant reduction of
FGF-2-induced angiogenic response was appreciable macroscopically: mean number of blood
vessels entering the sponge was 28+4 (FGF-2 alone) versus 3+1 (FGF-2+E3Cal-1, p < 0.001).

DISCUSSION

TSP-1 directly binds to growth factors, including FGF-2 (Margosio et al., 2003; Taraboletti et
al., 1997). In this study, by using recombinant portions of TSP-1, we have shown that the
FGF-2-binding site is located in the type 111 repeats, and that this domain is active in inhibiting
FGF-2 angiogenic activity. The major antiangiogenic site of TSP-1 has been localized in the
type | repeats. Our findings therefore provide evidence of the presence of a different, novel
antiangiogenic site of TSP-1, located on a different domain.

The type 111 repeats, together with the EGF-like type Il repeats and the carboxy terminal
globular end, constitutes the most conserved portion of TSPs. The most remarkable activity
discerned for the repeats to date has been cooperative binding of calcium ions (Adams,
2004). Analysis of the crystal structure of type 111 repeat-containing proteins has revealed a
peculiar protein “wire” structure organized around a metal core (Carlson et al., 2005;
Kvansakul, Adams & Hohenester, 2004). Up to 30 calcium ions bind each TSP-1 or TSP-2
subunit (Hannah, Misenheimer, Pranghofer & Mosher, 2004; Kvansakul, Adams &
Hohenester, 2004). Some of the bound calciums are not readily exchangeable in equilibrium
dialysis experiments (Misenheimer, Hannah, Annis & Mosher, 2003). We found that calcium-
saturated TSP-1, E3Ca-1 and Ca-1 did not bind to FGF-2. The finding that the transitions for
binding of E3Ca-1 and Ca-1 to FGF-2 and alterations of secondary structure occur over the
same ranges of calcium concentration indicates that TSP-1/FGF-2 binding requires the type
I11 repeats to be in a calcium-depleted structure. Nevertheless, the presence of EDTA, which
presumably removes all bound calcium and causes maximal loss of structure, abolished binding
of FGF-2 to TSP-1 or E3Ca-1. This finding implies that TSP-1/FGF-2 binding is controlled
by a structural change of TSP-1 that is induced by reduction in calcium ion concentration in
the environment but requires the presence of residual bound calcium.

Other activities of TSP type Il repeats are regulated by calcium, including attachment of
neutrophils (Majluf-Cruz et al., 2000) and binding to collagen (Galvin, Vance, Dixit, Fink &
Frazier, 1987), neutrophil elastase and cathepsin G (Hogg, 1994). In most cases, the induced
activity is ascribed to a calcium-dependent structural modification that allows the exposure of
the active site (Kvansakul, Adams & Hohenester, 2004). Similarly, it is conceivable that the
FGF-2 binding site is cryptic in calcium-saturated TSP-1, and becomes exposed in low calcium
concentrations, supporting the concept that the readily exchangeable calcium ions have a
critical role in controlling TSP structure and functions (Adams, 2004).

In experimental settings, calcium loading of TSP-1 is modulated by varying the calcium
concentration in the environment. Little is known about the physiological mechanisms that
regulate calcium loading of TSP in vivo. The local concentration of extracellular calcium
undergoes dynamic fluctuations under physiological conditions, and in highly specialized
tissues calcium concentrations transiently drop to levels compatible with the TSP/FGF binding
(Hofer, 2005). However, the actual relevance of local calcium fluctuation (for example in the
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tumor environment) in determining the ability of TSP-1 to bind to FGF-2 still remains to be
elucidated. Besides calcium, other factors can induce the exposure of active TSP sequences,
by altering the tertiary structure of the type Il repeats. The status of disulphide bonds between
consecutive type 11 repeats regulates the exposure of the RGD sequence (Kvansakul, Adams
& Hohenester, 2004) and the binding sites for neutrophil elastase and cathepsin G (Hogg,
1994). The conformation of TSP type 1l repeats is also affected by the binding of certain
molecules to TSP, even at sites distant from this domain (Dardik & Lahav, 1999; Watkins, Du,
Scott, Ouwehand & Hillery, 2003). Altogether, these considerations suggest that the exposure
of the FGF-2 binding site is achieved through both calcium-dependent and calcium-
independent mechanisms.

Binding of TSP-1 to FGF-2 prevents the growth factor interaction with HSPG on the cell
surface and in the extracellular matrix (Margosio et al., 2003; Taraboletti et al., 1997). Since
HSPG modulate the activity of heparin-binding factors (lozzo, 2005) the binding of TSP-1 to
FGF-2 might have important biological consequences. Indeed we previously found that the
interaction of TSP-1 with FGF-2 prevented FGF-2 binding to endothelial cells, internalization,
interaction with the extracellular matrix and proliferative activity (Margosio et al., 2003;
Taraboletti etal., 1997). In agreement, in this study we have found that the FGF-2 binding type
I11 repeat inhibit FGF-2 binding to endothelial cells and FGF-2-induced endothelial cell
proliferation, suggesting that this domain has the potential to affect the growth factor
bioavailability and activity. The finding that the type Il repeat prevent FGF-2-induced
angiogenesis in the CAM further point to a role for this domain in angiogenesis.

This study further indicates that the activity of TSP-1 depends on the environmental conditions.
Local fluctuations of calcium concentration, the presence of TSP-1-degrading proteases, TSP-1
ligands or receptors might modulate the bioavailability of functional sites of TSP-1, dictating
the final effect of TSP-1 on cell invasion, adhesion and angiogenesis. The complex role of
TSP-1 in angiogenesis - through the proangiogenic N-terminal domain or the anti-angiogenic
type | and type Il repeats - has been analyzed in several experimental models, including
angiogenesis assays in the CAM and cornea (this study and (Taraboletti et al., 2000)). The
isolated, recombinant domains provide a useful tool to dissect the role of each domain in various
experimental conditions, and will help clarify the impact of TSP-1 on angiogenesis in different
settings, including tumor angiogenesis.

In conclusion, this study demonstrates the presence of a novel FGF-2-binding antiangiogenic
site in the TSP-1 type Il repeats. Binding to FGF-2 is affected by local conformational changes
induced by calcium concentration. Moreover, we have found that this domain is active in
inhibiting FGF-2-induced angiogenesis. Additional investigations are warranted to fully clarify
the relevance of the FGF-2 /type 11 repeats interaction in the physiological and pathological
roles of thrombospondin.
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Figure 1.

A) Schematic representations of the human TSP-1 monomer and the recombinant fragments

used in this study. Abbreviation for the structural domains are: N, amino-terminal domain; C,
procollagen like domain; P, properdin like, type | repeat; E, EGF-like, type Il repeat; Ca,
calcium-binding, type 111 repeats; G, globular carboxy-terminal domain. Residues are related

to the initiating methionine. B) Purified recombinant proteins were resolved by SDS-PAGE

and stained with Coomassie blue. Molecular weight markers are indicated in kDa. The type 111

repeats-containing domains migrated more slowly than predicted by their molecular weight,

as reported (Anilkumar, Annis, Mosher & Adams, 2002; Hannah, Misenheimer, Annis &

Mosher, 2003).
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P3E123-1
E3CaG-1

FGF-binding ability of CP123-1, P3E123-1, and E3CaG-1. A) Binding of labeled FGF-2 to
plastic coated with increasing concentrations of TSP-1 or TSP-1 fragment. B) Binding of
labeled TSP-1 or fragments, at the indicated concentrations, to immobilized FGF-2. Data are
the amount of bound FGF-2, as absorbance (Abs), mean and SD of triplicates. C) Formation
of the complex between FGF-2 and the indicated TSP-1 fragment in solution. Samples were
analyzed in Western blot. Arrow indicates the putative FGF-2/E3CaG-1 complex. Molecular
weight markers (in kDa) are on the left. Experiments in A were done in calcium-free buffers,
in B calcium concentration was < 0.1 mM.
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Localization of the FGF-binding site in the type 111 repeats of TSP-1. A) Binding of labeled
FGF-2 to plastic coated with increasing concentrations of TSP-1 fragments. Data are the
amount of bound FGF-2, as absorbance, mean and SD of triplicates. B) Binding of labeled

E3Ca-1 or Ca-1, at the indicated concentrations, to immobilized FGF-2. C) Competition assay:
binding of labeled TSP-1, E3Ca-1 and Ca-1 to immobilized FGF-2 in the presence of 2.5 uM
unlabeled E3Ca-1, Ca-1, or TSP-1 used as competitors (see legend). Data are the percentage

of control binding, in the absence of competitors. D) Effect of the monoclonal anti-TSP-1

antibodies B5.2 and D4.6 (50 pg/ml) on the binding of TSP-1, E3Ca-1, or Ca-1 to immobilized
FGF-2. Binding is the percentage of control, in the absence of antibodies. Experiments were

done in calcium-free buffers.
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Figure 4.

Real time biomolecular studies of FGF-2 interaction with TSP-derived peptides. A) Overlay

of blank-subtracted sensograms showing the binding of FGF-2 (1400, 1120, 840, 560, 280 and
140 nM from top to bottom) to immobilized E123CaG-1. B) Competition assay. FGF-2 was

loaded onto the BIAcore CM5 sensorchip containing immobilized E123CaG-1 in the absence
or in the presence of the indicated TSP-1-fragment (1.5 uM). Data are the percentage of FGF-2
bound to the sensorchip at the equilibrium in the absence of any competitor. Experiments were
done in calcium-free buffers.
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Figure 5.

Effect of calcium on the interaction of TSP-1 and its fragments with FGF-2. Binding of 20 nM
labeled TSP-1, E3Ca-1 or Ca-1 to immobilized FGF-2 was tested in the presence of the
indicated concentration of CaCl2. Data are the amount of bound labeled protein, as the
percentage of maximal binding (in calcium-free buffer), mean and SD of triplicates, from one
experiment representative of 4-6. Inset: labeled FGF-2 and E3CaG-1 in solution were
incubated in calcium-free buffer (control) or in the presence of CaCl, (1 mM) or EDTA (5
mM). The samples were then analyzed by Western blot.
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Figure 6.

Antiangiogenic activity of the TSP-1-type Il repeats. A) Binding of FGF-2 to endothelial cells.
BAEC were incubated with labeled FGF-2 in the absence (control, white column) or presence
of the indicated recombinant fragment (7.5 uM grey columns, 15 pM striped columns, 30 uM
black columns). The amount of cell-bound FGF-2 is expressed as absorbance. B) Endothelial
cell proliferation. BAEC were exposed to the indicated concentration of E3Ca-1 (triangles),
Ca-1 (squares), or TSP-1 (25 pug/ml, lines) with (black symbols, solid line) or without (white
symbols, dashed line) 5 ng/ml FGF-2 and incubated for 3 days. Proliferation is expressed as
absorbance. C) FGF-2-induced angiogenesis in the CAM assay. FGF-2 was administered in
the absence or presence of E3Ca-1 on day 8 and pictures were taken 4 days later (n=10).
Original magnification: 50 x.
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