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Endostatin, the C-terminal domain of collagen XVbinds to transglutaminase-2
(TG-2) in a cation-dependent manner. Recombinanmtamuendostatin binds to TG-2 with an
affinity in the nanomolar range (K= 6.8 nM). Enzymatic assays indicated that, intiast to
other extracellular matrix proteins, endostatinas a glutaminyl substrate of TG-2 and is not
cross-linked to itself by the enzyme. Two arginrasidues of endostatin, R27 and R139, are
crucial for its binding to TG-2. They are also ifwexd in the binding to heparin (Sasa&kil.,
EMBO J 18:6240-6248), and tab5(31 and avp3 integrins (Fayeet al., J Biol Chem
284:22029-22040), suggesting that endostatin isbleat to interact simultaneously with TG-2
and heparan sulfate, or with TG-2 and integringilition experiments support the GTP
binding site of TG-2 as a potential binding site émdostatin. Endostatin and TG-2 are co-
localized in the extracellular matrix secreted hydahelial cells under hypoxia, that
stimulates angiogenesis. This interaction occurim@ cellular context might participate in
the concerted regulation of angiogenesis, and tigmoesis by the two proteins.

INTRODUCTION

Endostatin (ES) is a C-terminal fragment of tie chain of collagen XVIII, which
inhibits angiogenesis, and tumor growth [1, 2]bilhds toa5B1 andav3 integrins [3, 4]
glypicans 1 and 4 [5], and to vascular endotheaiiedwth factor receptor-2 (VEGFR-2,
FIk1/KDR) [6] on the surface of endothelial cell$ie binding of human endostatin d&p31
integrin leads to the inhibition of focal adhesikinase/c-Raf/MEK1/2/p38/ERK1 mitogen-
activated protein kinase pathway [7]. Endostatsoahhibited the binding of VEGF165 to
both endothelial cells and to the purified extradat domain of KDR/FIk-1. Furthermore,
endostatin blocks VEGF-induced tyrosine phosphtiofaof KDR/Flk-1 and activation of
ERK, p38 MAPK, and p125(FAK) in human umbilical me@ndothelial cells [6].
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Endothelial cells are a rich source of transgluase-2 (TG-2) [8], and this enzyme
plays an important role at the surface of thosks.cEbr example, evidence has been reported
for its externalization and its co-localization kvithe 1 integrin [9]. Cellsurface TG-2
interacts with integrins of thf1 andp3 subfamilies in focal adhesion sites [10], and the
formation of a complex between TG-2 and VEGFR-2 lbean proposed as a mechanism for
modulation of endothelial cell response to VEGF][1Qonflicting in vivo studies have
proposed that the enzyme both stimulates and ishiéngiogenesis [12, 13]. However
application of exogenous TG-2 blocks angiogenesadose-dependent manner inmmitro
angiogenesis assay without causing cell death, byeahanism that involves increased
accumulation of extracellular matrix proteins [1Zhis C&*-dependent enzyme catalyzes
post-translational modification of proteins by tf@mation of y-glutamyl<-lysine bonds
between glutamine and lysine residues [15, 16, T@}2 is a multifunctional enzyme which
undergoes a GTP-binding/GTPase cycle, with guamueleotide and calcium binding
reciprocally regulating its transamidation actijihg].

Endostatin and TG-2 share several extracellulainpes such as nidogen, SPARC,
collagen VI, and thgd-amyloid peptide [15, 19, 20, 21, 22]. Both protesre also able to
bind to heparin [19, 23, 244531 andavB3 integrins [3, 4, 10], and VEGF receptor-2 [6,.11]
They are involved in angiogenesis, and are incredsebrain after trauma [25, 26].
Furthermore they may play a role in Alzheimer’'sedise. Endostatin is released by neurons
and accumulates in amyloid plaques [27] and TG-fbcalizes with the pathological lesions
in Alzheimer's disease brain [28, 29]. All thesenoaon properties prompted us to investigate
the possible existence of an interaction betweesdghwo proteins, and we have recently
shown that endostatin interacts with TG-2 [22]. ¥¥port here that endostatin binds to TG-2
with an affinity in the nanomolar range in a catokdependent manner. Endostatin is not a
glutaminyl substrate of TG-i vitro, and it is not cross-linked to itself by the eneyrince
endostatin and transglutaminase-2 are both invoimeithe regulation of angiogenesis, and
have been implicated in Alzheimer’s disease, itikely that their interaction is of major
importance for the modulation of endothelial celgration and/or proliferation, and for the
formation and/or the stabilization of amyloid plagun neurodegenerative diseases.

EXPERIMENTAL

Proteins and antibodies

Recombinant human TG-2 was purchased from two emdifit suppliers
(Immundiagnostik, Germany, and Covalab, France)n&upig TG-2 extracted from liver
was from Sigma-Aldrich (St Quentin Fallavier, FraphcRecombinant endostatin, the C-
terminal domain of collagen XVIII (NC1), and NC1 taants (D104N and R27A/R139A)
were produced in human embryonic kidney celipressing Epstein-Barr virus nuclear
antigen (HEK 293-EBNA cells, [4, 22, 23]. TranstttHEK 293 cells expressing wild type
or mutant endostatin and the NC1(XVIIl) domain wargenerous gift of Naomi Fukai and
Reidunn Jetne (Harvard Medical School, Boston, U3A) avoid the confusion due to two
different numberings reported for endostatin in therature, amino acids residues are
numbered starting from the first amino acid residfiendostatin (i.e. Hfs corresponds to
His™*? when numbering starts from the first amino acidhef entire C-terminal domain NC1
of collagen XVIII). Both proteins were tagged by theptide Flag at the N- or the C-terminus
for endostatin and at the C-terminus for the NCthaio. The conditioned culture media were
filtered through 0.22-um filters and applied to anb heparin HiTrap (GE Healthcare,
Uppsala, Sweden) for wild-type and mutant endostaand to an anti-Flag M2 affinity
column (Sigma-Aldrich) for wild-type and mutant NCEndostatin was further purified by
gel filtration on a Superde®75 column (60 cm x 2.6 cm, GE Healthcare), andNRd

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
' 2010 The Authors Journal compilation ' 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 15 Feb 2010 as manuscript BJ20091594

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20091594

domain was further purified on a Sephacryl S20@mmol (60 cm x 2.6 cm, GE Healthcare).
The purity of proteins was assessed by SDS-PAGE iamdunoblotting. The purified
proteins were concentratdaly ultrafiltration and stored at -80°(Recombinanthuman
endostatin expressed Richia pastoris was from Calbiochem (San Diego, CA). Anti-TG-2
monoclonal antibody (CUB7402) was from NeoMarkere(Ront, CA, USA). Bovine
collagen Xl was a generous gift from Dr. Marie-@GaiRonziere (UMR 5086, CNRS,
University Lyon 1, France).

Preparation of a polyclonal antibody against humarendostatin

Recombinant human endostatin with a Flag peptidieeaC-terminus was used for the
immunization of New Zealand white rabbits. Endostailuted in phosphate buffered saline
(PBS, 660 pg/ml) emulsified with an equal volume Fokund's complete adjuvant was
injected intra-dermally. Two booster injections lwiEreund's incomplete adjuvant were
performed 14 and 28 days after the first injectibhe IgG fraction was purified from the
immunserum by affinity chromatography on ProteinC&ramic Hyper D®F (Pall Life
Sciences, Saint-Germain en Laye, France). IgGs eleted by 0.1 M citric acid pH 3, and
neutralized with 1 M potassium phosphate bufferoHhe polyclonal antibody was assayed
by immunoblotting, and solid-phase assays. Thebadyi reacted with wild type and mutant
endostatin, and with the wild type and mutant NO4I{¥ domains (Supplementary material,
Fig S1).

Solid-phase binding assays

Transglutaminase was diluted in 25 mM THi€l, 150 mM NaCl, pH 7.4 (TBS) for
coating. Endostatin and the NC1(XVIIl) domain wetduted in 10 mM PBS pH 7.4
containing 138 mM NaCl, 27 mM KCI, or.in 25 mM THI, 150 mM NacCl, pH 7.4 (TBS).
Aliquots (100 ul) were added to the wells of a 98lhwnicroplate (MaxiSorp, Nunc, Thermo
Fisher Scientific, Roskilde, Denmark). Plates wianeibated overnight at 4°C, and wells were
blocked for 2 h with 5% (w/v) BSA in TBS. The platevere incubated for 2 h at room
temperature with TG-2 diluted in TBS containing MnEDTA with or without cations (8
mM CaC}, MgCl,, or MnCL). The wells were washed three times with TBS dairtg 0.1%
(v/v) Tween 20. Bound transglutaminase was detelsyed monoclonal anti-TG-2 antibody
diluted 1:1000 in TBS + 0.1% (v/v) Tween 20 for Athroom temperature. Bound endostatin
was detected with the polyclonal anti-endostatitibady diluted 1:1000. The wells were
washed 3 times with TBS, 0.1% (v/v) Tween 20, ardenthen incubated with either alkaline
phosphatase-conjugated or peroxidase-conjugatexhdag antibodies. The immunological
reaction was detected by addipgitrophenyl phosphate (absorbance measured ahA)5
or 3,3',5,5'-tetramethylbenzidine (absorbance waasured at 450 nm). Nonspecific binding
was measured in BSA-coated wells, and was subtratten the values measured in
endostatin-, or transglutaminase-coated wells.iftubition experiments by GTP, endostatin
was diluted in 25 mM TrisiCl, 150 M NaCl pH 7.4 (0.1 pg/well), and incubataegkrnight at
4°C in a 96-well-microplate (MaxiSorp, Nunc). Wellere blocked for 2 h with 5% (w/v)
BSA in TBS. TG-2 was preincubated in TBS containl@gmM CaC} with several
concentrations of GTP (0-100 uM) for 1 h at roommperature, before incubation for 2 h at
room temperature. The binding of TG-2 to endostats performed as described above. All
assays were performed in triplicate.

Surface plasmon resonance arrays

SPR arrays were performed using a Biacore Flexsystem (GE Healthcare, Sweden)
as described previously [22]. This available higimsity array platform is able to follow the
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binding of a single analyte to 400 target spota &tme. Proteins (50 and 200 pg/ml) were
spotted in triplicate at two concentrations onte surface of a Gold Affinity chip (GE
Healthcare) using a non-contact PiezoArray sp@Rerkin Elmer, Courtaboeuf, France). Six
drops of 330 pl each were delivered to the surf#cihe chip (spot diameter: 250-300 um,
spotted amount: 100-400 pg/spot). The chips weza thried at room temperature and stored
under vacuum at 4°C until their insertion into Biacore Flexchip instrument. The chip was
blocked with Superblock buffer (Pierce, Thermo 8tifie, Brebieres, France) for 5 x 5 min.
The blocked chip was then equilibrated with PB85® (v/v) Tween 20 at 500 pl/min for 90
min. TG-2 (500 nM) was flowed at 25°C over the chipface for 25 min at the same flow
rate. The dissociation of the endostatin-TG-2 caxplas monitored in buffer flow - PBS,
0.05% (v/v) Tween 20 - for 40 min. Data collectednfi reference spots (gold surface), and
from buffer spots were subtracted from those ctdldon spotted proieins to obtain specific
binding curves.

Surface plasmon resonance binding assays

The SPR binding assays were performed in a Biacore Tit@ruments (GE
Healthcare). Recombinant human endostatin (50 pig/d® mM maleate buffer, pH 6.2) was
covalentlyimmobilized to the dextran matrix of a CM5 senshipcvia its primary amine
groups according to the manufacturer's instruc(@nine coupling kit, GE Healthcare) at a
flow rate of 5 pl/min with 10 mM Hepes buffer pH47containing 0.15 M NaCl and 0.05%
(v/v) P20 (HBS-P buffer, GE Healthcare) as running buffer. An imrtiabtion level ranging
between 1800 and 2000 resonance units (RU) wa@ehtaa control flow cell was prepared
with 10 mM maleate buffer pH 6.ZnCl, (1 mM) was added to the running buffer for
binding experiments. Sensorgrams collected on tral flow cell were automatically
subtracted from the sensorgraniained on immobilized endostatin to yield spedifinding
responsesBinding assays were performed at 25 °C, but thepsarmompartment of the
Biacore T100 was kept at 4°C to maintain transghitase-2 in its native state. Kinetic and
affinity constants were calculated by injecting ex@V concentrations of transglutaminase-2
(8—-130 nM) in the presence of 2. MM CaQiver immobilized endostatin at 60 pl/min. The
complexes were dissociated by a pulse (60 s) oMINaCI + 2 M guanidinium chloride. The
kinetic rates,k, and ky (association and dissociation ratenstants, respectively), were
calculated usingthe Biacore T100 evaluation software 2.0Apparent equilibrium
dissociation constantsKf) were calculatecas the ratio ofky/k, for a 1:1 (Langmuir)
interaction model. Inhibition experiments were matrout by preincubating TG-2 (130 nM)
with 1 mM GTP for 15 min at room temperature befimjecting the mixture over endostatin
immobilized on the sensor chip.

Cross-linking experiments

Guinea pig TG-2 (5 mU/ml, Sigma-Aldrich) was inetd with recombinant human
endostatin expressed in mammalian cells (10 pgtim)piotinylated peptide TVQQEL used
as an acyl donor (30) (Assay mix A5731, Sigma-Aldyiand 1 mM dithiothreitol. The
reaction was carried out for 2, 5, 10, 20, 30 alanén at room temperature and was stopped
by addition of 20 mM EDTA. Control experiments wgerformed with TG-2 and endostatin
alone. The reaction products were analyzed by SBSH and by immunoblotting with
either streptavidin-peroxidase, or with the polyebanti-endostatin antibody, followed by
chemiluminescence detection (ECL, GE Healthcarepnother series of experiments, TG-2
(20 mU/ml) was incubated with endostatin (10 pg/riptin-X-cadaverin (2 mM, Sigma-
Aldrich), 8 mM CaC} and 1 mM dithiothreitol. The reaction was carr@d for 120 min at
room temperature, and was stopped by addition chRDEDTA. Control experiments were

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
' 2010 The Authors Journal compilation ' 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 15 Feb 2010 as manuscript BJ20091594

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20091594

performed with either TG-2 or endostatin alone. Thaction products were analyzed as
described above.

Cross-linking experiments: Reaction between entios(d76 nM) and biotinylated peptide

TVQQEL-OH mediated by guinea pig TG-2 (5 mU/ml).aegons were carried out for 60

min at room temperature with or without GTP (uM)edlts were analyzed by

immunoblotting using A) extravidin-peroxidasend B) polyclonal antibody against

endostatin.

Immunocytochemistry

Primary cultures of human umbilical vein endothletiells (HUVEC) were grown in
endothelial cell growth medium 2 (PromoCell, Helmely, Germany). The cells were used for
immunofluorescence experiments between passaged 8.aHUVEC were seeded on glass
coverslips and cultivated in complete medium innmaxia or hypoxia (1% ¢). The cells
were then fixed with cold methanol for 5 minutes$obbe blocking with 10% (v/v) normal goat
serum in PBS. They were then incubated either thighanti-endostatin antibody, or with the
antibody directed against TG-2 diluted in PBS comtg 1% (v/v) normal goat serum.
Secondary goat antibodies directed against rablitause 1gG coupled to AlexaFluor-488 or
-555 were from Invitrogen (Cergy Pontoise, Frand®)clei were stained with TO-PRO-3
(Invitrogen). Coverslips were mounted with Mowiaichobserved with a TCS SP2 confocal
microscope (Leica Microsystems, Nanterre, France).

RESULTS

Transglutaminase binds to monomeric endostatin ando the C-terminal domain of
collagen XVIII

The binding of human TG-2 to endostatin and tottimeric NC1 domain of collagen
XVIII was demonstrated by SPR arrays (Figure 1A)der the same experimental conditions,
TG-2 was found previously to bind to known ligantigparin and heparan sulfate [31),
collagen Xl [32] (Supplementary material, Fig. SApB1 and av3 integrins [10], and
amyloid A3 peptide [26]. The interaction was confirmed byidphase assays (Figure 1B),
and was also observed with guinea pig TG-2 (FigzB¢. Several sources of TG-2 and
endostatin were used to support the existencesghtbraction between these two molecules.

The binding properties of the D104N mutant wenrgestigated because individuals
with the homozygous D104N polymorphism in the COA18gene have a high risk of
occurrence of cancer [33, 34]. The D104N mutatimhnot alter the folding of endostatin and
of the NC1(XVIIl) domain as assessed by intrinsimfescence (Supplementary material Fig.
S3). This mutation did not affect significantly thbility of endostatin, or of the NC1 domain
of collagen XVIlI, to bind to transglutaminase-Ad&res 1B, and 3B). In contrast, the double
R27A/R139A NC1 mutant that has lost its capacitpital heparin [19] but is properly folded
as assessed by fluorescence spectroscopy (Suppéeyraaterial Fig. S3), bound to TG-2 to
a lesser extent (31% compared to the wild type N@tain) (Figure 1B).

The binding of recombinant endostatire.(expressed in yeast or in mammalian cells)
to immobilized TG-2 was concentration-dependergyf@ 2A). Similar results were obtained
in the reverse orientation when TG-2 was incubatiial endostatin-coated wells (Figure 2B).

The binding of endostatin to transglutaminase-2 islependent upon cations

Binding assays were performed with human reconmbii&s-2 in the presence of 1
mM EDTA to remove residual cations from the sangd to analyze the effects of different
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cations added at 8 mM. In absence of any cation2™i& not bind significantly to endostatin
(Figure 3A). The addition of cations increased bieing by ~ 2-fold for MgGJ, ~ 10-fold
for MnCl,, and ~ 38-fold for CaGl(Figure 3A). Similar increase in binding was obéal
with guinea pig TG-2 in the presence of cationsp(@ementary material Fig. S4). Calcium
was used for further experiments because it wasribgt efficient in promoting endostatin
binding. In presence of 8 mM Cathe binding of TG-2 to wild-type endostatin awdthe
D104 N endostatin mutant was saturable (Figure 3B).

Endostatin binds to transglutaminase with highaffinity

Kinetic analysis was performed by injecting guimpeg TG-2 at several concentrations
over immobilized endostatin produced either in maaimemn cells (Supplementary material
Fig. S5A) or in yeast (Supplementary material E§B). The sensorgrams were fitted to a 1:1
Langmuir model using the Biacore T100 evaluatioitvgre (2.0.1), and kinetics and affinity
constants were calculated (Table 1). The affinitpstants were 6.8 nM, and 5.6 nM for
recombinant endostatin produced from mammaliars el yeast, respectively (Table 1).

TG-2 is regulated by calcium and GTP. The trandatitig activity of the enzyme is
inhibited by GTP in an allosteric fashion, wher€zsCh partially reverses GTP inhibition
[35]. We performed inhibition experiments with GT& reversible inhibitor of the cross-
linking activity of TG-2, to determine if it was k&bto interfere with the binding of TG-2 to
endostatin. Recombinant TG-2 in TBS containing 8 mMCL was preincubated with
increased concentrations of GTP (0-100 uM) for dt hoom temperature. It was then added
to a 96-well microplate coated with recombinant Annendostatin expressed in mammalian
cells and incubated for 2 h at room temperature.obferved a decrease in the binding level
of TG-2 to endostatin upon the addition of incregsconcentrations of GTP (Figure 4A).
This inhibition was confirmed by SPR experimentsewmhthe binding of guinea pig TG-2 to
recombinant human endostatin expressed in mammedihe was nearly abolished (96.7%
inhibition) by 1 mM GTP (Figure 4B). A similar effewas observed with human endostatin
produced in yeast (100% inhibition, data not showije above results suggest that either
endostatin binds to TG-2 at the same site as GTRhat the interaction with endostatin
requires TG-2 to be in an open conformation, faltyivated by calcium.

Endostatin is not a glutaminyl substrate of transtutaminase-2

We performed enzymatic assays to determine if gilatio was a substrate of TG-2.
Endostatin was incubated with the enzyme in thesgaree of an acyl donor,e. the
biotinylated peptide TVQQEL. Analysis of the reacti products by SDS-PAGE and
immunoblotting showed that the biotinylated peptickes cross-linked to endostatin, and to a
lesser extent to the enzyme (Figure 5A). The amotimicorporated peptide increased as a
function of time. In absence of TG-2, or in presenf a C4' ion chelator (20 mM EDTA),
the biotinylated peptide was not cross-linked wittither endostatin or TG-2.
Immunodetection with a polyclonal anti-endostatmil@ody showed that endostatin was not
cross-linked to itself or to TG-2 under those expental conditions (Figure 5B). When
endostatin was reacted with the biotinylated peplitYQQEL in the presence of TG-2 and
GTP, the amount of peptide incorporated into eratvstiecreased when GTP concentration
increased (Figure 6A), whereas the amount of eatlnstlid not change in these conditions
(Figure 6B). The incorporation of the peptide watsilty inhibited by 500 uM GTP as shown
in Figure 6 A. Since GTP is an inhibitor of thensamidating activity of TG-2, these results
confirm that the cross-linking of endostatin to TYBEL is mediated by the transamidating
activity of TG-2 and that endostatin behaves asaeyl acceptor in the transamidation
reaction.
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When endostatin was incubated with TG-2 and catgvan acyl acceptor, no cross-
linking reaction was detected, even when the reactvas performed with an increased
amount of enzyme (10 U/ml instead of 5 mU/ml) amd& longer period time (120 muearsus
60 min, Figure 7A and B). These results show tinalbstatin is an acyl acceptor, but not an
acyl donor in the transamidation reaction catalyaed G-2. Preliminary results showed that
endostatin did not inhibit the cross-linking adiiof transglutaminase-2n vitro
(Supplementary material Fig. S6), suggesting thatlostatin does not bind to the
transamidating active site of TG-2.

Endostatin and transglutaminase-2 are co-localizedh the extracellular matrix secreted
by endothelial cells and in vessel walls

To determine if the binding of endostatin with PGaccurs within the extracellular
matrix secreted by endothelial cells and/or atdbk surface, immunostaining experiments
were performed with anti-endostatin and anti-tréutsgninase antibodies. Since hypoxia
induces COL18A1 gene in a HIFfxldependent manner in endothelial cells [36], human
umbilical cord endothelial cells (HUVEC) were inaibd in a hypoxic environment for six
days to enhance detection of endostate by immunofluorescernce). Indeed an increased
level of endostatin was detected in the extracalloatrix synthesized by cultured endothelial
cells under hypoxia, that stimulates angiogenesig)pared to normoxia (Figure 8A and B).
As can be seen from Figure 8, transglutaminased@2aalized with endostatin/collagen XVl
in the extracellular matrix secreted by HUVEC crdtliunder hypoxic conditions (Figure 8C-
E). We have confirmed the co-localization of irdo&gminase-2 and endostatin in tissue by
performing double immunostaining of foreskin segsiavith antibodies directed against TG-2
and endostatin. TG-2 and endostatin were co-icadlim vessel walls (Supplementary
material Fig. S7).

DISCUSSION

The interaction between endostatin and TG-2 wasodstrated by SPR and by solid-
phase assays with two different socurces of tramsglimase (human recombinant TG-2 and
guinea pig TG-2 extracted from liver), and two eiffint sources of recombinant human
endostatin (produced by HEK 293 EBNA cells or imsg. These experiments revealed that
endostatin binds to transgiutaminase with affinitythe nanomolar range and in a cation-
dependent manner, calcium ions being the most pateang those assayed.

TG-2 catalyzes post-translational modification ppbteins by the formation of-
glutamyl<-lysine bonds between glutamine and lysine resid&eslostatin contains eight
glutamine residues that could potentially act agaghinyl substrates (acyl donors) in the
transamidation reaction. However, endostatin isangtutaminyl substrate of TG4 vitro,
but rather an acyl acceptor providing lysine resglin the transamidation reaction. This is in
agreement with the fact that none of the glutamesdues of endostatin is found within a
QXP sequence, a preferred sequence for glutaminerdsubstrates where X represents a
variable amino acid [37] and with the fact that tit¢éerminus of endostatin contains a QP
(Q'P?) sequence reported to abolish transamidation [31%.LGQS sequence found in the N-
propeptide of thexl chain of procollagen Ill, a physiological substr of TG-2 [38], is
present in endostatin (residues 158-161) butldated on the side of endostatin that is not
involved in the binding to TG-2. Therefore the gluine residue 16@oes not appear to be a
glutaminyl substrate of TG-2.

GTP inhibits the binding of endostatin to tranghatnase-2, suggesting that endostatin
could bind to the GTP binding site on TG-2. Howewtee binding of endostatin to TG-2 is
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calcium-dependent and calcium is known to actiV&e2 by switching on its transamidating
(i.e. cross-linking) activity [15]. Since the activatiof TG-2 by C&" can be counteracted by
the allosteric inhibitor GTP [35], the inhibitionf eendostatin binding by GTP might
alternatively suggest that endostatin binds tottaesamidating active form of the enzyme.
Thus, we used TG-2 in an extended, active, confoomg39] to further investigate the
location of the endostatin binding site on TG-2. Wave shown here that R27 and/or R139
residues participate in the binding of endostatimG-2. These residues both form part of a
large basic patch on endostatin, comprising theateybinding site [19], that is likely to
interact with negatively charged amino acids onZ' &4rface. In addition to our experimental
data, we have used the Connolly molecular surf&dese2 to have clues on possible binding
site(s) of endostatin on TG-2. There are three thegjg charged areas on the enzyme: one in
the N-terminaB-sandwich domain, one close to transamidating yi&tatore, and a third one
close to the GT®inding site. We have shown that endostatin dogsrterfere with TG-2
cross-linking activityin vitro and that GTP blocks the binding of endostatin @2 These
results suggest that endostatin may bind to, aecto, the GTP binding site but not to the
transamidating active site of TG-2.

The requirement of calcium ions for endostatirding to TG-2 suggests as discussed
above that endostatin binds to the open form of ¢éneyme. Extracellular TG-2 is
predominantly maintained in the catalytically inaetclosed conformation under ordinary
physiological conditions, and is able to promotdl eelhesion, spreading, migration, or
differentiation independently of its catalytic atty [15]. Extracellular TG-2 is transiently
activated in response to innate immune signals asaxposure to polyinosinic-polycytidylic
acid, a potent ligand of the toll-like receptor T3H40]. The stimulation of innate immune
pattern recognition receptors such as TLR3 triggerselease of extracellular TG-2 from cell
surface integrins and the concomitant enzyme &eaiivd40]. It is thus possible that in the
course of angiogenesis up-regulated innate immuoeptors trigger the activation of
extracellular TG-2 leading in turn to endostatinding. This hypothesis is supported by the
fact that multiple human endothelial cell typesresgs surface TLR3, which play a key role in
disrupting the haemostasis balance on endothedild ¢41], and by the suppression of
sequence- and target-independent angiogenesif®biAsiia TLR3 [42].

Endostatin might cooperate with TG-2 in severajlgotrpathological processes either
through direct interactions or through more comptegchanisms involving multimolecular
complexes. Direct interactions between endostatth BG-2 might play a role in organizing
the extracellular matrix in skin basement membranelostatin being present in this location
[43], and TG-2 stabilizing basement membranes [44].the endothelial cell surface,
endostatin inhibits both the extracellular activatof proMMP-2 by inhibition of MT1-MMP
as well as the catalytic activity of MMP-2, thustking the invasiveness of tumor cells [45].
MMP-2, functioning in concert with MT1-MMP, hydrates cell-surface-associated TG-2,
and the cleavage eliminates both the adhesion fanzymatic activity of TG-2 [46]. It
should be noted that endostatin and TG-2 bind ¢octitalytic domain of MMP-2, and both
proteins inhibit MMP-2 maturation [46, 47].

Besides MMP-2, endostatin and TG-2 share hepardates VEGF-R2 and integrins
as binding partners at the cell surface, and begulate endothelial cell adhesion [3, 6, 10,
11, 48]. As reported here, two arginine residueglicated in the binding of endostatin (R27
and/or R139) to TG-2 are also involved in the bmgdio a531 andav33 integrins [4], and to
heparin [19]. This suggests that endostatin isaimi¢ to bind simultaneously to TG-2 and
a5B1/avpB3 integrins or to TG-2 and heparan sulfate. The localization of
endostatin/collagen XVIII and TG-2 in the extrao&l matrix secreted by cultured
endothelial cells indicates that this interactioaynoccur in a cellular context and supports its
physiological relevance. These proteins are colied in the extracellular matrix
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synthesized under hypoxia that stimulates angicgendhis raises the possibility that
endostatin and TG-2 regulate endothelial cell behavand control angiogenesis in a
concerted fashion. However, their molecular intgyph the extracellular matrix secreted by
endothelial cells and/or at the surface of thesdls ceemains to be deciphered.
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Table 1: Kinetic and equilibrium dissociation consants of the binding of
transglutaminase-2 to endostatin.

Rate and affinity constants of the binding of s@ubransglutaminase-2 to immobilized
endostatin calculated from SPR binding assays usiagBiacore T100 evaluation software

2.0.1.
Endostatin
(Immobilized on HEK 293 EBNA P. pastoris
) cells
the chip)
Guinea pig TG-2
Injected in solubl{ + 2 mM CaC} + 2 mM CaCj
form

ka (M's?) 1.12x 16 Mt st 6.10 x1d M* s*

kd (s%) 7.65 x 10* s* 3.41 x10's-1

Ko (M) 6.8 nM 5.59 nM
Chi? 4.1 8.81

U-value 1 1
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FIGURE LEGENDS

Figure 1. TG-2 binds to endostatin and to the trimeric C-termnal NC1 domain of
collagen XVIII

A) Overlay of sensorgrams resulting from the in@etof human TG-2 (500 nM) over
immobilized wild-type NC1+, 154 pg) and wild-type endostatin-~, 300 pg) (flow rate
500 pl/min). B) Solid-phase binding assay. Bindofidnuman TG-2 (350 nM) to immobilized
wild type and mutant endostatin and NC1(XVIIl) doméD.5 pg/well).

Figure 2: Soluble and immobilized endostatin bind to TG-2

Solid-phase binding assays. A) Binding of recombifauman endostatin (500 nM) produced
in mammalian M) or yeast [d) expression systems to immobilized TG-2 (mean of 3
experiments: SD). B) Binding of humanCd, 350 nM) and guinea pig TG-B( 350 nM) to
immobilized mammalian human endostatin. The valwesxpressed as mean + SD (n=3).

Figure 3: The binding of endostatin to TG-2 is cation-depend#

A) Solid-phase assays: effect of cations. Bindofghuman TG-2 (64 nM) to coated
endostatin produced in HEK 293 cells (0.1 pg/wielhe presence of cations (8 mM). (mean
of 3 experiments SD) B) Binding of human TG-2 (0, 1, 2, 4, 8, 18, 84, 128, 256 nM to
immobilized human endostatin{— wild-type endostatiis— D104N mutant endostatin; 0.1
png/well) in the presence of 8 mM CaCThe values are expressed as mean = SD (n=3).

Figure 4: GTP inhibits the binding of TG-2 to endostatin

A) Solid-phase binding assays: Effect of GTP (0-udd) on the binding of human TG-2 (64
nM) to endostatin (expressed in HEK cells; 0.1 ediwin presence of 8 mM CaflThe
values are expressed as mean = SD (n=3); B) SRRnlgi assays: injection of guinea pig
TG-2 (130 nM) with ) or without £—-) 1 mM GTP over immobilized human endostatin.

Figure 5. Endostatin is as an acyl acceptor in the transamidation reaan catalyzed by
TG-2

Cross-linking experiments: Reaction between entiast@76 nM) and the biotinylated
peptide TVQQEL-OH mediated by guinea pig TG-2 (5/ml). The reaction was carried out
for 0, 2, 5, 10, 20, 30 and 60 min at room tempeeat Results were analyzed by
immunoblotting using A) extravidin-peroxidgseand B) polyclonal antibody against
endostatin.

Figure 6: GTP inhibits the cross-linking between edostatin and an acyl donor mediated
by guinea pig TG-2

Reaction between endostatin (476 nM) and the hilatied peptide TVQQEL-OH mediated
by guinea pig TG-2 (5 mU/ml). Reactions were caroet for 60 min at room temperature in
absence of GTP orin presence of increased GTRentnations (10 - 500 uM). Results were
analyzed by immunoblotting using A) extravidin-padase and B) polyclonal antibody
against endostatin.

Figure 7: Endostatin is not a glutaminyl substrateof TG-2

Cross-linking experiments: Reaction between entiostéES, 476 nM) and biotin-X-
cadaverin (Cad) in presence of human or guineaT®@g2 (10 mU/ml). Analysis of the
reaction products by immunoblotting using A) exidav-peroxidase, and B) anti endostatin
antibody.
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Figure 8 Endostatin and TG-2 are co-localized in the extradrilar matrix synthesized
by HUVECs under hypoxia

Confocal microscopy: immunostaining of endostatiolagen XVIII (A-C), and TG-2 (D),
merge (E) in the extracellular matrix secreted bitured HUVECs. Cells were grown to
confluence in normoxia (A) or hypoxia (B-E). Nucl@lue) were stained using TO-PRO-3.
Bar = 30pum.
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Figure 6
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