
Lebestatin, a disintegrin from Macrovipera
venom, inhibits integrin-mediated cell
adhesion, migration and angiogenesis
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Lebestatin, a new member of the lysine-threonine-serine (KTS)-disintegrin family, was purified to homogeneity
from Tunisian snake (Macrovipera lebetina) venom. It is a single-chain polypeptide composed of 41 amino
acids. The amino-acid sequence of lebestatin shows that it displays a pattern of cysteines similar to other short
disintegrins, but contains the sequence KTS rather than RGD in its integrin-binding loop. Lebestatin presents a
high homology with obtustatin and viperistatin. Lebestatin interacts specifically with the a1b1 integrin. It was
thus able to inhibit both adhesion and migration of PC12 and a1b1 integrin-expressing CHO cells (CHO-a1) to
type I and IV collagens. This disintegrin also affected adhesion and migration of endothelial cells and exhibited
an anti-angiogenic effect in vivo when using the 8-day-old embryo chick chorioallantoic membrane model.
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Disintegrins are a family of low molecular weight
proteins present in many viperidae venoms.1,2 They
are divided into five different subgroups according
to their polypeptide length and number of disulfide
bonds. The long subgroup (83 amino acids) with
seven disulfide bonds, includes bitistatin. The
medium subgroup (68–73 amino acids) with six
disulfide bonds contains, kistrin, flavoridin and
barbourin. The third subgroup includes the short
disintegrins, single polypeptide chains of 49–51
amino acids with four disulfide bonds, echistatin
and eristostatin belong to this group. The disintegrin
domains of PIII snake-venom metalloproteinases
containing approx. Hundred amino acids with 16
cysteine residues involved in the formation of eight
disulfide bonds constitute the fourth subgroup of
the disintegrin family. Unlike short-, medium- and
long-sized disintegrins, which are single-chain

molecules, the fifth subgroup is composed of homo-
and heterodimers.3

Snake disintegrins are potent and specific antago-
nists of several integrins, which are a superfamily of
structurally related ab heterodimers. Integrins re-
present a major class of adhesion receptors.4,5 They
participate in the complex biological process of
embryonic development and in the maintenance
of tissue integrity. They also function in wound
healing and pathological processes such as inflam-
mation and malignant transformation by affecting
cellular activities like cell growth, differentiation,
migration and apoptosis.4,6 For example, the integrin
a1b1, a receptor of laminin-1 and collagens, has
been involved in cell migration and tumor angio-
genesis.7 Snake disintegrins were demonstrated to
have a potent antiangiogenic activity.8–11

The integrin-inhibitory activity of disintegrins
depends on the appropriate pairing of cysteine
residues, which determines the conformation of
the inhibitory loop.2 Most disintegrins contain an
Arg-Gly-Asp (RGD) sequence in the carboxyl-termi-
nal half of the molecule, which is essential to their
ability to block integrin interaction with ligands.1,12

Barbourin, the most selective inhibitor of aIIbb3
integrin, was the first described disintegrin with an
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active KGD sequence13 instead of RGD. Subse-
quently, many such venom proteins have been
identified, including atrolysin E which has an
MVD motif in its inhibitory loop.14 CC8, a hetero-
dimeric disintegrin isolated from the venom of
Cerastes cerastes, contains a WGD sequence and is
a potent and selective inhibitor of aIIbb3, avb3 and
a5b1 integrins.15 Two new disintegrins, obtustatin
and viperistatin, were recently isolated from the
venom of the Vipera lebetina obtusa and Vipera
palestinae, respectively.16,17 They have only 41 amino
acids and are considered the shortest disintegrins
yet described. They contain a lysine-threonine-
serine (KTS) motif in the integrin recognition loop
and are selective inhibitors of the binding of integrin
a1b1 to type IV and type I collagens.11,17

Here we report the amino-acid sequence and
biological characterization of a novel short dis-
integrin, lebestatin, isolated from the venom of
Macrovipera lebetina. This disintegrin has a very
high homology with obtustatin, and viperistatin and
exhibits highly inhibitory effects on cell adhesion
and cell migration to collagens I and IV. Also, it
shows in vivo anti-angiogenic activity.

Materials and methods

Materials

Venom was collected from Macrovipera lebetina
snakes in the Pasteur Institute’s Serpentarium
(Tunis, Tunisia) and stored at �201C. Dulbecco’s
modified Eagle’s medium (DMEM) and RPMI 1640
medium were purchased from GIBCO (Cergy-Pon-
toise, France) and horse and fetal calf serum (FCS)
from Bio Whittaker (Fontenay-sous-Bois, France).
Platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), human fibrino-
gen, human laminin-1 and rat type IV collagen were
from Sigma (St- Louis, MO, USA). Rat type I
collagen was from Upstate (Lake Placid, NY, USA)
and human fibronectin from Chemicon (Temecula,
CA, USA). Human vitronectin was purified accord-
ing to Yatogho et al18 Zeocint was provided by
Invitrogen (Cergy-Pontoise, France). The 3A3 anti-
rat a1 subunit antibody was kindly provided by S
Carbonetto, McGill University, Montréal, while the
FB12 anti-human a1 subunit antibody was from
Chemicon. Anti-a2 (Gi9), anti-a3 (C3VLA3), anti-av
antibody (69.6.5) and anti-b1 (Lia1/2) were from
Immunotech (Marseille).

Purification of Lebestatin

Crude venom (267mg) of Macrovipera lebetina was
dissolved in 0.2M ammonium acetate, pH 6.8
and fractionated by a Sephadex G-75 (Pharmacia,
Uppsala, Sweden) column equilibrated with the
same buffer, as previously described.19,20 Fraction
IV, containing the anti-platelet aggregation activity
with low molecular mass, was collected and

lyophilized for further purification. It was applied
to a reverse phase C8 column (250� 4.6mm, 5mm;
Beckman; Fullerton, CA, USA) equilibrated with
0.1% trifluoroacetic acid (TFA) in 10% acetonitrile
and then eluted at a flow rate of 0.8ml/min with an
acetonitrile linear gradient 10–63% over 45min. The
homogeneity of lebestatin was assessed by a second
step of high-performance liquid chromatography
(HPLC) on a C18 column (250� 4.6mm, 5mm;
Beckman) under the conditions described above.

The apparent mass of the purified lebestatin
was determined by SDS-PAGE method using 20%
polyacrylamide without or with reduction by 2%
b-mercaptoethanol. Molecular weight standards
consisted of a2-Macroglobulin from human plasma
(180 kDa), b-galactosidase from Escherichea coli
(116 kDa), phosphorylase b from rabbit muscle
(97.4 kDa), serum albumin from bovine (66 kDa),
fumarase from porcine heart (48.5 kDa), carbonic
anhydrase from bovine erythrocytes (29 kDa), b-
lactoglobulin from bovine milk (18.4 kDa), a-lact-
albumin from bovine milk (14.2 kDa) and aprotinin
from bovine lung (6.5 kDa). Proteins were stained
with Coomassie blue.

Structural Characterization of Lebestatin and Peptide
Quantification

Purified lebestatin was reduced by incubation for
1h at 371C in 6M guanidine-HCl; 0.5M Tris/HCl;
2mM ethylene-diamine tetra-acetic acid; 1.4 mM
dithiothreitol (DTT), pH 7.5. Lebestatin was then
alkylated at final concentration of 9 mM 4-vinyl-
pyridine. The reaction was stopped after 5min
by addition of 14 mmol of DTT. The mixture was
desalted by reverse-phase HPLC on a C18 column as
described above for protein purification.

The amino-acid sequence of S-alkylated protein
was determined by Edman degradation in an
Applied Biosystem 476 A protein sequencer.
Sequence homology was evaluated by a computer
search in the protein sequence database using
BLAST program implemented in the Protein-protein
BLAST (blastp) search at http://www.ncbi.nlm.nih.
gov.

Determination of the molecular mass of native
lebestatin was carried out on a Voyager DE-RP
MALDI-TOF mass spectrometer (Biosystem, Fra-
mingham, MA, USA). Lebestatin was dissolved in
CH3CN/H2O (30:70) with 0.3% TFA. The matrix
solution was prepared as follows: alpha-cyano 4-
hydroxycinnamic acid was dissolved in 50% CH3CN
in 0.3% TFA/H2O to obtain a saturated solution at
10mg/ml. Equal volumes (0.5 ml) of peptide solution
and matrix solution were combined and allowed
to dry. Mass spectra recorded in linear mode were
externally calibrated with suitable standards and
then analyzed by the GRAMS/386 software.

Peptide quantification was accomplished after
determination of the molecular mass and amino-
acid sequence. The extinction coefficient for lebes-
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tatin was calculated according to Gill et al21 using
the following formula:

P
280¼ 5690ntrpþ 1280ntyrþ 120nss

where ntrp, ntyr and nss represent the number of
tryptophane residues, tyrosine residues and disul-
fide bonds, respectively). Absorbance at 280nm was
determined using a Beckman DU 640 spectrophoto-
meter. Concentration of lebestatin was determined
according to the Beer–Lambert law.

Cells

Human colonic adenocarcinoma (HT29-D4) and
fibrosarcoma (HT1080) cells were routinely cultured
in DMEM containing 10% FCS. Human leukemia
(K562) and ovarian adenocarcinoma (IGROV1) cells
were cultured in RPMI 1640 medium containing
10% FCS. Rat pheochromocytoma (PC12) cells were
cultured in DMEM supplemented with 5% FCS and
10% heat-inactivated horse serum. Human micro-
vascular endothelial cells (HMEC-1) were cultured
as described.22

The cDNA sequence encoding rat a1 integrin
subunit was excised from pBS plasmid by EcoR1
digestion and subcloned into the EcoR1 site of pZeo-
SVS plasmid (Invitrogen). Chinese hamster ovary
(CHO-K1) cells were transfected with Lipofectamin
(Invitrogen) according to the supplier instructions.
Stable cells were selected and maintained in DMEM
supplemented with 10% FCS and 500 mg/ml Zeo-
cint. Clonal populations were obtained by limited
dilution. a1-expressing clones were selected by
FACS analysis using 3A3 function blocking mAb.

Cell Adhesion and Migration Assays

Adhesion assays were performed as previously
described.23,24 Briefly, cells in single cell suspension
were added to wells coated with purified extra-
cellular matrix (ECM) proteins and allowed to
adhere to the substrata for 1 h (HMEC-1, HT1080,
IGROV1, CHO-a1 and PC12 cells) or 2h (HT29-D4
and K562 cells) at 371C. After washing, attached
cells were fixed, stained by 0.1% crystal violet and
lysed with 1% SDS. Absorbance was then measured
at 600nm.

In vitro cell migration assays were performed
in modified Boyden chambers (NeuroProbe Inc.,
Bethesda, MD, USA) with porous membranes pre-
coated with 10 mg/ml of type IV collagen as pre-
viously described,23,24 except that cells were stained
with 0.1% crystal violet. Cell migration was then
quantified by measurement the absorbance at 600nm.

Chick Chorioallantoic Membrane (CAM)
Angiogenesis Assay

Chick embryos from 3-day-old eggs were opened
and put in double Petri dishes with water for
humidity. After 5 days at 371C, filter paper discs

(+ 6mm) soaked in buffer (0.9% NaCl) or lebestatin
(0.1 mg/embryo) were applied on the CAM. Sponta-
neous angiogenesis was observed and photographed
every day. To check the effect of lebestatin on growth
factor-induced angiogenesis, PDGF (10ng/embryo)
or VEGF (200ng/embryo)-impregnated filter discs
were administrated topically on the CAM of 8-day-
old embryos. After 24 h, lebestatin (0.5 mg) was
applied to the CAM and blood vessels were photo-
graphed with a digital camera at � 10 magnification
after 72 h of incubation. Quantification of angio-
genesis was carried out in digitized images by
measuring the total blood vessels length using
Metaview software. Measures were performed by
three experimenters in a circle, centered on filter
disc, that represents 50% of the total CAM surface.

Molecular Modeling

Molecular modeling of lebestatin and viperistatin was
achieved using MODELLER,25 based on the obtustatin
structure (PDB code 1MPZ) as template. Using the
lowest MODELLER objective energy, we selected the
10 best models that were averaged by NMRCLUST 1.2
into a single model. PROCHECK V3.5.4 was used to
confirm that the geometric quality of all models
generated by molecular modeling was correct.26

Results

Purification of Lebestatin

The crude venom of Macrovipera lebetina was
separated into five fractions by gel filtration on a
Sephadex G-75 column as described.19,20 The frac-
tion IV was the lowest concentration and exhibited
antiplatelet aggregation activity and contained pep-
tides with low molecular weight.27 This fraction
was collected, lyophilized and applied to a reverse-
phase HPLC C8 column. Five peaks were detected
(Figure 1a). The peaks IV1 and IV4 have been
previously characterized and termed lebetins 1 and
2, respectively.27,28 Characterization of peaks IV3 and
IV5 will be reported elsewhere. Here, we describe
the purification of the second peak (IV2) by reverse-
phase HPLC using a C18 column. One sharp peak
was detected and designated as lebestatin (Figure
1b). Moreover, purified lebestatin was analyzed by
SDS-PAGE under nonreducing and reducing condi-
tions. The analysis revealed a monomeric band at
about 4 kDa (insert Figure 1b). The purity was also
checked by MALDI-TOF mass spectrometry (data
not shown).

Structural Characterization of Lebestatin

The entire amino-acid sequence of lebestatin was
established using automated Edman degradation.
The protein consists of 41 amino acids including
eight cysteines (Figure 2). The calculated isotope-
averaged molecular mass of lebestatin assuming all
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cysteines as S–S bonds is 4406.8Da and is in
agreement with that determined experimentally by
MALDI-TOF mass spectrometry (4411.52Da) (data
not shown).

The sequence analysis showed that lebestatin has
a high sequence homology with known venom
disintegrins. The alignment of amino-acid sequence
of lebestatin with those of obtustatin (Vipera
lebetina obtusa),16 viperistatin (Vipera palestinae),17

echistatin (Echis carinatus),29 kistrin (Agkistrodon
rhodostoma)30 and flavoridin (Trimeresurus flavor-
idis)31 is shown in Figure 2. The highest sequence

identity was observed with KTS motif-containing
short disintegrins. Indeed, lebestatin differs from
viperistatin and obtustatin in only two amino acids
flanking the KTS loop and/or in the C-terminal part.

Lebestatin is a Selective Inhibitor of a1b1 Integrin

Snake venom disintegrins are potent and specific
antagonists of various integrins. The amino-acid
sequence similarities of lebestatin with obtustatin
and viperistatin suggest that our disintegrin might
block the a1b1 integrin. We therefore performed
adhesion assays on type I and IV collagens, two
ligands of a1b1, by using CHO cells transfected with
the rat a1 integrin subunit. As illustrated in Figure 3,
lebestatin abolished the attachment of CHO-a1 cells
to type I collagen, while inhibition was almost
complete on type IV collagen. To make sure of the
specificity for a1b1, we next checked the lebestatin
effect on various cell/ECM protein pairs involving
unique integrins: a2b1 (HT1080/type I collagen),
a5b1 (K562/fibronectin), avb3 (IGROV1/fibrinogen),
avb5 (HT29-D4/vitronectin), avb6 (HT29-D4/fibro-
nectin) and a6b4 (HT29-D4/laminin-1). The adhe-
sive function of these integrins was not affected by
lebestatin (Figure 3).

As shown in Figure 4a, the a1b1 integrin is the
receptor for type I and IV collagens in rat pheochro-
mocytoma cells PC12. Indeed, the monoclonal anti-
body 3A3 against rat a1 subunit readily inhibited
attachment of both CHO-a1 and PC12 cells on
collagens. We therefore used PC12 cells to deter-
mine the efficiency of lebestatin to inhibit cell
adhesion. The effect on PC12 cell attachment to
type I collagen was dose dependent (Figure 4b). The
concentration of lebestatin giving half-maximal
inhibition of cell adhesion on type I collagen was
0.2 nM for PC12 cells (Figure 4b) and 0.4 nM for
CHO-a1 cells (not shown). Similar results were
obtained on type IV collagen (data not shown).

Lebestatin Inhibits Cell Migration

We tested the ability of lebestatin to inhibit integrin-
dependent migration of CHO-a1 and PC12 cells,

Figure 1 Purification of lebestatin. (a) Fraction IV, exhibiting
antiplatelet aggregation activity and possessing peptides with low
molecular weight, was applied to an RP-HPLC C8 column. (b)
Fraction IV2, lebestatin, was further analyzed by a C18 column.
SDS-PAGE (20%) was performed under nonreducing (NR) and
reducing (R) conditions and stained with Coomassie blue.

Figure 2 Determination of the amino-acid sequence of lebestatin. Comparison of the amino-acid sequence of lebestatin with those of
others snake venom disintegrins. Sequence homology was evaluated by computer search in the protein sequence database (BLAST
(blastp) search). Alignment of the amino-acid sequence of disintegrins was performed with the program CLUSTALW. ‘*’ means that the
residues in that column are identical in all sequences in the alignment. ‘:’ means that conserved substitutions have been observed. ‘.’
means that semiconserved substitutions are observed. The underlined are amino-acid residues that are different in lebestatin, viperistatin
and obtustatin.
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using haptotaxis assays towards attractive proteins
in modified Boyden chambers. Lebestatin impaired
migration of CHO-a1 cells towards type IV (Figure
5a) and type I (not shown) collagens. This inhibition
was dose-dependent, with an half-maximal inhibi-
tion at a concentration as low as 0.1 nM (Figure 5b)
and an almost maximal effect at 1 nM. Migration of
CHO-a1 cells towards type IV collagen is likely a1b1
integrin-dependent as 3A3 antibody completely
blocked migration (Figure 5b). Lebestatin also
impaired migration of PC12 cell line to type IV
collagen (data not shown).

Effect of Lebestatin on Angiogenesis

Recent studies showed a critical role for a1b1
integrin in angiogenesis.7 Moreover, the closely
related disintegrin obtustatin, inhibited angiogene-
sis in chicken CAM assays.11 We therefore checked,
for the first time, whether lebestatin could inhibit
endothelial cell integrins. As illustrated in Figure
6a, lebestatin partially inhibited adhesion of human
microvascular endothelial cells (HMEC-1) to type IV
collagen. The extent of the effect (46% inhibition)
was very similar to that observed with a function-
blocking antibody against human a1b1 integrin
(48% inhibition), suggesting that HMEC-1 adhesion
to type IV collagen involves additional integrins.
Similar results were obtained with type I collagen
and laminin-1, two other a1b1 integrin ligands (not

shown). Combination of anti-integrin subunits anti-
bodies show that residual lebestatin-resistant adhe-
sion was due to a2b1 and other b1-containing
integrins (Figure 6a). Similar results were obtained
regarding cell migration in modified Boyden cham-
bers. Thus, HMEC-1 migration to type IV collagen
was only partially inhibited both by lebestatin and
anti-a1 antibody (Figure 6b).

The effect of lebestatin on in vivo angiogenesis
was evaluated by using the chick CAM assay (Figure
7). Upon dissection of the CAM of 8-day-old chick
embryos, the spontaneous angiogenesis in CAM was
clearly observed after 72h (Figure 7a). As illustrated
in Figure 7b and c, topical application of lebestatin
inhibited the spontaneous angiogenesis in a dose-
dependent manner. The new vessel formation was
considerably reduced with 0.1 mg of lebestatin per
embryo (Figure 7b).

Furthermore, chick CAM assays were performed
under the induction of angiogenesis by PDGF (10ng/
embryo) or VEGF (200ng/embryo) for 48 h with or
without the addition of lebestatin. Either PDGF or

Figure 3 Effect of lebestatin on various integrins in cell adhesion
assays. Adhesion assays were performed with various cell/ECM
protein pairs involving unique integrins: a1b1 (PC12/type I or IV
collagens) a2b1 (HT1080/type I collagen), a5b1 (K562/fibronec-
tin), avb3 (IGROV1/fibrinogen), avb5 (HT29-D4/vitronectin), avb6
(HT29-D4/fibronectin) and a6b4 (HT29-D4/laminin-1). Cells were
preincubated without (open bar) or with 100nM lebestatin (shade
bar) for 30min at room temperature. Cells were then added to 96-
well microtiter plates coated with 5 mg/ml fibronectin, vitronectin
or laminin-1, with 10mg/ml type I or IV collagens or with 50mg/ml
fibrinogen and allowed to adhere for 1 or 2h at 371C. After
washing, adherent cells were stained with crystal violet,
solubilized by SDS and absorbance was measured at 600nm.
Data shown (7s.d.) are from one experiment representative of two
or three performed in triplicate.

Figure 4 Dose–effect of lebestatin on a1b1-dependent cell adhe-
sion. (a) CHO-a1 and PC12 cells were preincubated with 10mg/ml
anti-a1 integrin antibody for 30min at room temperature. Cells
were then added to 96-well microtiter plates coated with 10mg/ml
type I or IV collagens and allowed to adhere for 1 h at 371C. After
washing, adherent cells were stained with crystal violet,
solubilized by SDS and absorbance was measured at 600nm. (b)
PC12 cells were preincubated with the indicated concentrations
of lebestatin for 30min at room temperature. Cell adhesion on
type I collagen was measured as above. Data shown are means
(7s.d.) from three experiments performed in triplicate.
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VEGF induced a pronounced angiogenic response in
this model (Figures 7d and f, respectively). Lebes-
tatin as little as 0.5 mg per embryo displayed a
significant inhibition on PDGF- and VEGF-induced
angiogenesis. Figures 7e and g show that lebestatin
treatment after PDGF and VEGF, respectively,
abruptly stopped capillary development. Vessels
that developed prior to lebestatin treatment were
not altered, indicating that lebestatin only blocks
neoangiogenesis. Quantification of angiogenesis
clearly shows that lebestatin treatment significantly
reduced angiogenesis in both nonstimulated and
angiogenic factor-stimulated conditions (Figure 7h).

Discussion

Disintegrins have numerous applications in studies
on platelet thrombosis, endothelial cell apoptosis,
migration and angiogenesis.32,33 Here, we report the
purification of a novel short disintegrin (41 amino

acids), lebestatin, isolated from Macrovipera lebe-
tina venom. Lebestatin presents a high sequence
homology with other snake venom disintegrins, in
particular with short disintegrins such as obtustatin
isolated from the venom of Vipera lebetina obtusa
and viperistatin from the venom of Vipera palesti-
nae (about 97% identity).16,17 This high degree of
similarity could be explained by the fact that these
three vipers are different subspecies.

Integrins are essential mediators and regulators of
physiological and pathological tumorigenesis and
angiogenesis. The receptor avb3 has been identified
as the first integrin target to inhibit tumor angiogen-
esis.32 However, recent findings suggest that addi-
tional integrins may also be valuable targets, in
particular a1b1, a2b1 and a5b1.34 Thus, combined
addition of anti-a1b1 and anti-a2b1 antibodies
reduced tumor growth and angiogenesis in mice.7

Many endogenous antiangiogenic molecules have
also been identified such as arresten, which inter-
acts with the a1b1 integrin.35 This integrin is also a

Figure 5 Lebestatin inhibits cell migration. (a) Cell motility
was determined in a modified Boyden chamber using porous
membrane precoated with 10mg/ml of type IV collagen. After
treatment with 10nM lebestatin for 30min at room temperature,
CHO-a1 cells were seeded into the upper reservoir and allowed to
migrate through the filter towards the lower reservoir for 5 h at
371C. Cells that migrated to the underside of the filter were
stained with 0.1% crystal violet. Scale bar: 100 mm. (b) Cell
migration towards collagen was performed upon treatment with
lebestatin at the indicated concentration or 3A3 antibody against
a1 integrin subunit. After staining of cells with crystal violet, the
colorant was solubilized with 1% SDS and absorbance was
measured at 600nm. Data shown (7s.d.) are from one experiment
representative of three performed in triplicate. They are expressed
as a percentage of adhesion in the absence of lebestatin.

Figure 6 Effect of lebestatin on endothelial cell integrins. (a) Cell
adhesion was performed as described in Figure 4a using HMEC-1
cells preincubated with 1 mM lebestatin or with 10mg/ml of
antiintegrin antibodies. (b) Haptotaxis experiments and their
quantification were performed as described in Figure 5a using
HMEC-1 cells treated or not with 1 mM lebestatin (Leb) or with
10mg/ml of anti-a1b1 integrin antibody (FB12). Data shown
(7s.d.) are from one experiment representative of three performed
in triplicate.
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Figure 7 Effect of lebestatin on angiogenesis in CAM assay. The CAM models were prepared using 8-day-old chick embryos treated as
described in Materials and methods. Filter disks were soaked in (a) 0.9% NaCl alone; (b) 0.1 mg of lebestatin and (c) 0.5mg of lebestatin;
(d) 0.9% NaCl and 10ng PDGF; (e) 10 ng PDGF and 0.5 mg lebestatin; (f) 200ng VEGF; (g) 200ng VEGF and 0.5 mg lebestatin. After
incubation for 72h, CAMs were photographed with a digital camera. Each group contained five CAMs and the experiment was repeated
three times. (h) Quantification of the total blood vessels length was performed in a circle representing 50% of the total CAM surface.
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target for venom peptides. Obtustatin and viperista-
tin thus selectively inhibit binding of a1b1 integrin
to immobilized collagen.11,17 In the present study,
we show that lebestatin is also a selective a1b1
integrin inhibitor.

Lebestatin differs from obtustatin at position 24
(Arg/Leu) and 38 (Ser/Leu). Also, it differs from
viperistatin at position 38 (Ser/Val) and 40 (Pro/
Gln). It is now well known that the KTS loop and
C-terminal sequence are responsible for the activity
of these peptides. Thus, amino-acid substitutions in
these regions may have an effect on their biological
activities. This is clearly the case as we observed
that non conserved amino-acid residues are critical
for the efficiency of the peptides. For example,
efficiency of obtustatin to inhibit cell adhesion
(IC50¼ 1.8 nM) was improved by about 10-fold by
replacement of Leu24 (present in obtustatin) by Arg24

(present in lebestatin), leading to an IC50 of 0.22 nM,
a value very similar to that of lebestatin (IC50¼
0.20nM). This structure/function relationship
study will be described in detail elsewhere (O Ziri,
manuscript in preparation). Our results are also
supported by the fact that the additional substitu-
tion present in viperistatin increased its efficiency
even further.17

In addition to its effect on cell adhesion, low
concentrations of lebestatin readily inhibited cell
migration on collagen, by blocking a1b1 integrin.
Lebestatin also inhibited endothelial integrins, as
both adhesion and migration of HMEC-1 to type IV
collagen were affected by the peptide. However, in
the case of endothelial cells, the inhibitory effect
was only partial, most probably due to the presence
of other integrins that rescue a1b1.

Several models have been used to study the role of
cell adhesion molecules in angiogenesis, including
Matrigel tube formation, chick CAM assay, and
murine Matrigel plug.36 Here we used the CAM
model and found that lebestatin inhibited the
spontaneous angiogenesis in a dose-dependent
manner. Our data show that lebestatin is able to
inhibit new vessel formation at only 0.1 mg/embryo.
Crosstalk between integrins and growth factor
receptors is critical in all steps of angiogenesis. It
was shown that VEGF can induce activation of key
integrins involved in angiogenesis,7 including a1b1
and a2b1. In addition, various growth factors,
including PDGF-BB have been shown to induce
VEGF expression in several malignant and nonma-
lignant cell lines.37 VEGF shares structural homo-
logy with the PDGF family.38 In this work, we
demonstrated that lebestatin treatment (0.5 mg/
embryo) abruptly stopped VEGF- and PDGF-in-
duced capillary development. Obtustatin, at 5mg/
embryo, also inhibited angiogenesis induced by
fibroblast growth factor 2 (FGF2) when assayed in
the CAM model,11 although it seems that obtustatin
is at least 10 times less active than lebestatin. This is
in agreement with observed differences of the
potencies of these two proteins in cell adhesion. It

will be very interesting to obtain the same results for
viperistatin in order to improve our knowledge of
the structure–activity relationship of this peptide
group.

The superimposition of the structural models of
lebestatin and viperistatin with the 3D structure of
obtustatin39 shows that they share similar conforma-
tional features (Figure 8a). The main structural
differences between the three peptides are located
in the loop that contains the KTSRTS (lebestatin
and viperistatin) or KTSLTS (obtustatin) motif, and
the C-terminal domain (PSYPG41-COOH, PVYQG41-
COOH and PLYPG41-COOH for lebestatin, viperista-
tin and obtustatin, respectively). It is worth noting
that the KTS loop and the C-terminal domain are in
close spatial proximity and located on the same side
of the molecule.40 It is therefore likely that both

Figure 8 Molecular models of lebestatin, viperistatin and obtus-
tatin. (a) Superimposition of backbone atoms of obtustatin
(white), lebestatin (red), and viperistatin (blue). (b) Superimposi-
tion of the integrin-binding loop. The side chain of KTSRTS
(lebestatin and viperistatin) and KTSLTS (obtustatin) are shown.
The color code is the same as in Figure 8a. (c) Superimposition of
the C-terminal region of lebestatin and viperistatin. The color
code is the same as in Figure 8a.
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domains are functionally important and could be
responsible for the different potencies of the com-
pounds. Interestingly, replacement of uncharged
Leu24 residue (present in less active obtustatin) by
positively charged Arg24 residue (present in more
active lebestatin and viperistatin) might thus play a
key role for integrin interaction and antiangiogenic
properties of the peptides (Figure 8b). Additionally,
in the C-terminal region, replacement of Val38

(viperistatin) by Ser38 (lebestatin), and/or Gln40

(viperistatin) by Pro40 (lebestatin) are potentially
important (Figure 8c).

Work is in progress in our laboratory to synthesize
lebestatin analogues in order to better understand
structure–activity relationships of these proteins
and to define the minimum structures of a1b1
receptor.
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