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Abstract

Disintegrins and disintegrin-like peptides interact with integrins and interfere with cell-cell and
cell-matrix interactions. A disintegrin-like snake venom gene, Acocostatin was cloned from the
venom gland mRNA of Agkistrodon contortrix contortrix. Acocostatin belongs to the PI1I-SVMP
subfamily of disintegrin-like peptides. The recombinant acocostatin peptide was produced and
purified as GST-fusion. The GST-acocostatin peptide, at 44 ug/mL, inhibited platelet aggregation
by 30% in PRP and 18% in whole blood. In addition GST-acocostatin, at 220ug/mL, inhibited SK-
Mel-28 cell migration by 48%, but did not inhibit T24 cell migration. The GST-acocostatin
peptide ability to induce apoptosis on HUVEC, HeLa, and SK-Mel-28 cells was determined using
Annexin-V-FITC and chromatin fragmentation assays after 24 h of treatment. At 5 uM GST-
acocostatin peptide, 19.68% +/— 3.09 of treated HUVEC, and 35.86% +/— 2.05 of treated HeLa
cells were in early apoptosis. The GST-acocostatin peptide also caused chromatin fragmentation
of HUVEC and HeLa cells as determined by fluorescent microscopy and Hoechst staining. The
GST-acocostatin peptide failed to induce apoptosis of SK-Mel-28 cells. We characterized the
HUVEC, HelLa, and T24 integrin expression by flow cytometry, as the first step in determining
GST-acocostatin binding specificity. Our results indicate that HUVEC express av, avp3, avp5, a6,
B1, and B3 integrin receptors. Hela cells express al, a2, a6, av, avp5, and B1 integrin receptors.
T24 cells express al, a3, a6, av, avp3, avp5, p1, B3, and B6 integrin receptors.
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1. Introduction

Endothelial cells form new blood vessels and are involved in diverse vascular homeostasis
processes such as blood clotting, vascular contraction, permeability, and wound healing
(Folkman and Shing, 1992). Endothelial cells also engage in pathological conditions such as
tumor progression and metastasis because of their role in blood vessel formation that is
necessary to deliver oxygen and nutrients to growing tumor cells (Carmeliet and Jain, 2000).
Thus, endothelial cells are considered as important targets in the development of anti-cancer
therapies (Swenson et al., 2007). Antagonists of integrin receptors have been shown to
inhibit angiogenesis and tumor growth by inducing apoptosis of endothelial cells (Brooks et
al., 1994; Hsu et al., 2007). Among these antagonists that can be used to prevent tumor cell
migration and metastasis are the snake venom toxins called disintegrins (McLane et al.,
2004; Swenson et al., 2007).

Disintegrins are small disulfide rich peptides from viper venom that bind to integrins on the
surface of normal and malignant cells (Dennis et al., 1990; Gould et al., 1990; McLane et al.
2004). Disintegrin binding motifs include RGD, KGD, MVD, MLD, VGD, and MDG
(McLane et al., 2004; Calvete et al., 2005). Disintegrin-integrin binding results in the
interference or activation of signal transduction pathways that can be exploited for
biomedical research. For example, contortrostatin, a dimeric disintegrin isolated from
Agkistrodon contortrix, binds to integrins avp3 and avp5 inhibiting tumor growth and
angiogenesis in nude mice (Zhou et al., 2000a; Swenson et al., 2005). The disintegrin
DisBa-01 from Bothrops alternatus inhibits the adhesion of avp3-expressing human
microvascular endothelial cell line-1 (HMEC-1) and a murine melanoma cell line (B16F10)
to vitronectin, suppressing their proliferation (Ramos et al., 2008).

Non-RGD containing disintegrin-like peptides can also suppress endothelial and tumor cell
proliferation by inducing apoptosis. Halysase, a snake venom metalloprotease (SVMP)
isolated from the venom of Gloydius halys, inhibits the adhesion of endothelial cells to
extracellular matrix proteins and induces apoptosis (You et al., 2003a). Other SVMPs such
as vascular apoptosis-inducing proteins 1 and 2 (VAP1 and VAP2) (Masuda et al., 1998;
Masuda et al., 2000; Maruyama et al., 2005) from the western diamondback rattlesnake
(Crotalus atrox), and VLAIP (Vipera lebetina apoptosis-inducing protein) from Vipera
lebetina (Trummal et al., 2005) also induce apoptosis of vascular endothelial cells.

SVMPs are proteins that belong to the reprolysin subfamily that contain multiple domains,
such as proenzyme domain and a conserved zinc-binding domain (HEXXHXXGXXH) (Fox
and Serrano, 2005). Snake venom metalloproteases are classified into three major classes
(P1, P11, P11, and PIV) on the bases of their multi-domain composition, peptide size, and
hemorrhagic activities (Fox and Serrano, 2008) . Class Pl peptides (20-30kDa) contain only
the signal sequence, proenzyme and metalloprotease domains and have relatively weak
hemorrhagic activity. Class Pll- SVMPs (30-60kDa) contain an additional disintegrin
domain in addition to the domains found in class PI. The PIlI- SVMPs are high molecular
weight (60—100kDa) hemorrhagic peptides that consist of a N-terminal metalloprotease
domain, a disintegrin-like domain, and a cysteine-rich domain at the C-terminus.

Research has focused on possible therapeutic and apoptosis inducing applications of SVMPs
isolated from crude snake venom (Swenson et al., 2005; Trummal et al., 2005; McLane et
al., 2008). Cloning of expressed snake venom genes provides an unlimited source of
disintegrin and disintegrin-like SVMPs that may have therapeutic value in the treatment of
cancer and other diseases. In the present study, we cloned, expressed, and functionally tested
a GST-disintegrin-like snake venom peptide designated as acocostatin, from Agkistrodon
contortrix contortrix. Recombinant acocostatin is capable of inducing apoptosis of HUVEC
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(Human Umbilical Vein Endothelial Cells) and HeLa cells, and preventing cell migration of
SK-Mel-28 cells.

2. Materials and methods

2.1. Venom gland sample homogenization, mRNA isolation and Acocostatin cDNA

synthesis

A venom gland was obtained from a copperhead snake (Avid # 058-586-284) Agkistrodon
contortrix contortrix) and frozen at —80°C until mRNA isolation. The venom gland was
minced into fine powder under liquid nitrogen using pre-cooled mortar and pestle, and
homogenized with a sterile dounce homogenizer. MRNA was isolated using Invitrogen Fast
Track 2.0 mRNA isolation kit according to the manufacturer’s protocol. RT-PCR reactions
were performed to generate double stranded cDNA using Promega Access RT-PCR kit with
the following disintegrin specific primer pairs. The forward primer was:
5’CCGGAATTCAAGAGATTGCCTGTCTTCC 3’ (an EcoRl restriction site is underlined).
The reverse primer was: 5’ACGCAAGCTTCTGCCTGTTGCTGCAGAC 3’ (a Hindlll
restriction site is underlined). The reverse transcription condition consisted of one cycle at
45°C for 45 min, followed by 94°C for 2 min. The PCR conditions included 40 cycles at
94°C for 30s, 60°C for 1 min and 68°C for 2 min, followed by one cycle of final extension
at 68°C for 7 min. The RT-PCR product was purified using the E-gel CloneWell
(Invitrogen) electrophoresis apparatus according to the manufacturer’s instructions. Purified
cDNA bands were sequenced using disintegrin-specific forward and reverse primers
(Sequetech Co). Sequencing results were analyzed using Bioedit biological sequence
alignment editor version 7.0.9.0. (www.mbio.ncsu.edu/BioEdit/bioedit.html). Acocostatin
cDNA was translated and the deduced amino acid sequence compared using BLASTp
(http://blast.ncbi.nlm.nih.gov). The molecular weight of the protein was estimated from the
deduced amino acid sequences using the Biology Workbench program
(workbench.sdsc.edu).

2.2. Cloning, expression and purification of the GST-acocostatin fusion peptide

Acocostatin cDNA was cloned into the p-GEX (KG) vector. To prepare the GST-acocostatin
fusion peptide, samples were transformed into E. coli BL21 cells. Cultures were grown to an
Agoo of 0.6-0.8 in 2xYTA broth. After 3 h induction with 1 mM IPTG, cells were
centrifuged at 6000 g for 15 min at 4 °C. The pellet was resuspended in 20 mL of 1X PBS
lysis buffer (140 mM NaCl, 2.7 mM KCI, 10 mM NayHPOy, and 1.8 mM KH,POy, pH 7.3)
on ice. Cells were lysed by mild sonication on ice, and centrifuged at 10,000xg for 20 min at
4 °C. The GST-acocostatin fusion peptide was purified in a5 mL GSTrap column (GE
Bioscience) according to the manufacturer’s instructions. The concentration of purified
peptide was determined with a Bradford assay using bovine serum albumin as a standard.
Two micrograms of GST-acocostatin peptide were mixed with 5 uL. of 4XNuPAGE LDS
sample buffer (Invitrogen) and 2 pL of 10x reducing agent in final volume of 20 uL. The
samples were boiled at 70 °C for 10 min, loaded on a NUPAGE 4-12% Bis-Tris gel
(Invitrogen), and separated at a constant 200 V for 40 min in NuPAGE 1X MES SDS
running buffer (Invitrogen). Three GST-acocostatin peptide purifications were used in this
study.

2.3. Inhibition of platelet aggregation using platelet rich plasma (PRP)

Platelet aggregation was estimated by turbidimetry using a dual-channel Chronolog
Aggregometer model 560 CA. PRP was prepared by mixing fresh blood sample with
trisodium citrate solution (3.2%, w/v) in a volume ratio of 9:1, followed by centrifugation at
190 x g, 25°C for 20 min to sediment leukocytes and erythrocytes. The platelet count was
adjusted to 3.0 x108 platelets/mL with platelet-poor plasma. Four hundred and ninety
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microliters of citrated PRP were pre-incubated at 37°C with a stir bar in a silicone-treated
glass cuvette. Then, 10 uL of GST-acocostatin in PBS buffer or PBS buffer alone were
added 4 min before addition of a platelet aggregation inducer. Aggregation was induced by
adding 5 pL of ADP (final concentration 10 uM), and the changes in light transmittance
were continuously recorded for 6 min. The percentage of inhibition was calculated by
comparing light transmittance of GST-acocostatin samples and control.

2.4. Inhibition of platelet aggregation using whole blood

The inhibition of platelet aggregation study was done according to the Sanchez et al. (2010)
method using a dual-channel Chrono-Log Whole-Blood Aggregometer [Ca*2] model 560
(Havertown, USA). Briefly, different concentrations of GST-acocostatin were added to 10%
citrated whole human blood or PRP, and pre-incubated at 37 °C for 2 and 4 min,
respectively. Platelet aggregation was initiated by 10 uM ADP. Light transmittance
reflecting percentage aggregation was measured using PRP and percentage of impedance
was measured using whole blood. The maximal aggregation in the absence of GST-
acocostatin was given as 100% aggregation.

2.5. Cell lines and culture conditions

The human melanoma SK-Mel-28 cell line was obtained from ATCC. The SK-Mel-28 cell
line was maintained with Eagle’s minimum essential medium, supplemented with 10% fetal
calf serum in a humidified 5% CO, air incubator at 37°C. HUVEC and endothelial cell
growth media were purchased from Lonza. HUVEC were cultured in endothelial cell basal
medium (EMB-2) supplemented with 0.4% bovine brain extract (BBE), 0.1% human
epidermal growth factor (hEGF), 2% fetal bovine serum (FBS), 0.1% hydrocortisone, and
0.1% mL gentomycin, amphoterin B (GA-1000), at 37 °C in 5% CO». The growth medium
was changed the day after seeding and every other day thereafter. HeLa cells were cultured
with DMEM media supplemented with 10% FBS and 1% penicillin-streptomycin-
Amphotericin B in a humidified 5% CO» air incubator at 37°C. T24 cells were cultured with
McCoy’s media supplemented with 10% FBS and 1% penicillin-streptomycin-Amphotericin
B in a humidified 5% CO> air incubator at 37°C.

2.6. Cell migration assay

The migration of tumor cells was measured by cells being scraped from the bottom of the
well and measuring the migration. One milliliter (5.0X10° cells/mL) of T24 and Sk-Mel-28
cells were plated on a 24 well microtiter plate. After 24 h of incubation, the medium was
discarded and the confluent monolayer was scratched with a 200 pL sterile tip at the center
of the well. The detached cells were washed twice with medium and 1 mL of new medium
was added. After the wounding process, the old medium was removed from the wells and
replaced by 900 pL of new medium containing 100 uL of GST-acocostatin. Synthetic
echistatin at 15 pg/mL (final concentration), a disintegrin that blocked migration of T24 and
SK-MEL-28 cells, was used as a positive control. The positive controls prevent tumor cell
migration. The negative control consisted of T24 or SK-Mel-28 cells incubated with PBS,
which allowed cell migration to occur. The cells were then incubated in a CO, chamber and
were only removed from the incubator for microscopy images at time 0, 3, 6, 12 and 24 h.
Percent of closure was calculated by the following equation: % Closure: [(C-E)/C] x 100,
where C is the units of distance of cell edge (mm) at zero time for the control, and E is the
distance from the cell edge (mm) at the final incubation time for the disintegrin.

2.7 Cellular adhesion inhibition assay

Inhibition of SK-Mel-28 and T24 cell binding to fibronectin induced by the GST-acocostatin
peptide was measured as described previously (Wierzbicka-Patynowski et al., 1999).
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Triplicate wells of a 96-well plate were coated with fibronectin at 10ug/mL, in 0.01 M PBS
pH 7.4, and incubated overnight at 4°C. The plate was blocked with 0.2 mL of 5% bovine
serum albumin (BSA) in PBS and incubated at 37°C, for 1 h. Cells were harvested, counted,
and resuspended in medium containing 1% BSA, at 5 x 10° cells/mL. The GST-acocostatin
peptide was added to the cell suspension at various concentrations and incubated at 37°C for
1 h. The blocking solution was aspirated, and the cell/protein fraction suspensions (0.2 mL)
were added to the wells coated with fibronectin, and incubated at 37°C for 1 h. Synthetic
echistatin (SIGMA, Lot. 023K12301), at 3 pM, was used as a positive control. In these
wells, 100% of SK-Mel-28 or T24 cells failed to bind to fibronectin. The negative control
consisted of SK-Mel-28 or T24 cells incubated with PBS. In these wells, the cells bound to
fibronectin. Wells were washed three times with PBS-5% BSA. Two hundred microliters of
medium in 1% BSA containing MTT (5:1 vol/vol) were added to the wells containing cells
and incubated at 37°C, for 2 h. MTT was aspirated and 100 uL. of DMSO were added to lyse
the cells. The plate was gently shaken, and the absorbance read at 570 nm using a Beckman
Coulter model AD 340 reader. The percent inhibition was calculated by the formula:
[(absorbance of negative control — absorbance of cell/'venom sample) + absorbance of
negative control] x 100.

2.8. Apoptosis Detection

HUVEC, HelLa, and SK-Mel-28 cells were cultured in 24 well plates. Five hundred
thousand cells were added to 1 mL of media for each well and grown for 24 h. Three wells
in every experiment were dedicated for each different treatment. Experiments were
performed in triplicates. After initial incubation, wells were treated with either, 5uM GST or
GST-acocostatin peptide and incubated for 24 h. An untreated control was also performed.
Cells were then detached from the plate surface using 0.05% trypsin EDTA. Trypsin was
neutralized with culture media. Cells were centrifuged, washed twice with cold PBS, and
resuspended in 250 pL of 1X binding buffer. Then, 100 uL were removed and exposed to 5
mL each of Annexin-V-FITC and Propidium lodide, Pl (BD Biosciences). The reaction was
incubated at room temperature, in the dark for 15 min. Four hundred microliters of 1X
binding buffer were added and 10,000 events per sample were analyzed using a Becton
Dickinson FACScan flow cytometer and FACSCalibur software. Statistical analysis of the
percent apoptotic cell population, using ANOVA, was performed using Systat.

2.9. Chromatin Fragmentation

HUVEC and HelLa cells were grown on chambered slides. One and a half million cells were
grown in 2 mL of media and grown for 24 h. After initial incubation, cells were treated with
either, 5uM GST or GST-acocostatin peptide for 24 h. An untreated control was also
performed. The media was aspirated and the cells washed twice with 1X PBS. Cells were
fixed on the slide with 3% formaldehyde for 1 h, followed by two washes with 1X PBS. Ten
micrograms/mL of Hoechst stain was added to cells and incubated in the dark for 15 min.
Excess Hoechst stain was removed by two 1X PBS washes. Slides were mounted with 30%
glycerol and viewed at 100X, oil immersion, with a Zeiss AXIO fluorescent microscope.

2.10. Characterization of integrins expression on HUVEC, HelLa, and T24 cells with flow

cytometry

The following antibodies were used to determine integrin expression on HUVEC, Hela, and
T24 cells. Antibodies against avf3 (avp3 sc-7312-FITC), al (al sc-81733-FITC), a2 (a2
5€-53352-FITC), 03 (a3 sc-13545-FITC), a6 (ab sc-19622-FITC), av (av-53360-FITC), 1
(B1 sc-9970-FITC), B3 (B3 sc-51738-FITC), CD9 (CD9 sc-13118-FITC), and respective
isotypes were purchased from Santa Cruz Biotechnology. Antibodies against avp5
(MAB1961F) were purchased from Millipore. Cells were cultured to 90-95% confluency in
a 75 cm? tissue culture flask and detached from the flask surface using 0.05% trypsin
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EDTA. Trypsin was neutralized with complete culture media. Cells were resuspended in 1X
PBS to a final concentration of 10° cells/mL, and blocked with 1 uL/mL normal rabbit
serum, for 25 min at room temperature. After blocking, cells were washed with ImL 1X
PBS, centrifuged, and resuspended in FCM Wash Buffer (Santa Cruz Biotechnology) to 108
cells/mL. One hundred microliters of cells were distributed in three, 12 x 75 mm round
bottom glass test tubes and fixed in 1% formaldehyde for 1 h. After fixation, cells were
washed three times in 1X PBS. The first tube received 5-20 pL of a cocktail containing
fluorochrome-conjugated monoclonal antibody. The second tube received the same volume
of matched isotype control antibody. The third tube of cells received an equivalent volume
of 1X PBS. This served as an autofluorescence control to establish appropriate flow
cytometer settings. Cells were incubated with conjugated antibodies or control for 1 h, at
room temperature, in the dark. Then three washes with 1X PBS were performed to remove
unbound antibodies. Four hundred microliters of 1X binding buffer were added and the
samples analyzed using a Becton Dickinson FACScan flow cytometer and FACSCalibur
software.

3.1. Disintegrin cDNA RT-PCR and sequence analysis

Two cDNAs (212 bp and 417 bp) were obtained from the RT-PCR primers. For this study,
we cloned and expressed the 417 bp cDNA (designated as Acocostatin, GenBank accession#
HQ206717), a PI1I-SVMP. The P111-SVMP identified in this study is coded by a truncated
cDNA. Isoleucine is the first codon of the Acocostatin cDNA. This cDNA lacks a stop
codon, and produces a 139 amino acid long peptide (Fig. 1). The translated peptide contains
a disintegrin-like region containing an Asp-Glu-Cys-Asp (DECD) motif, a cysteine-rich
region containing 20 cysteine residues, a variable region (10 amino acids) and a truncated
hypervariable region (two amino acids) at the C-terminus.

3.2. Production and purification of the GST-acocostatin peptide

Recombinant GST-acocostatin peptide was expressed in BL21 E. coli cells and purified. The
purified recombinant GST-acocostatin fusion peptide produced a single band at 42 kDa
when analyzed with SDS-PAGE under reducing conditions (Fig 2). GST alone separated at
26 kDa, as determined by SDS-PAGE. Thus, the estimated molecular mass of acocostatin
using SDS-PAGE was 16 kDa.

3.3. Inhibition of platelet aggregation and cell migration activities of GST-acocostatin

The GST-acocostatin peptide inhibited platelet aggregation by 33% in PRP and 18% in
whole blood (Table 1). In addition GST-acocostatin inhibited SK-Mel-28 cell migration by
48% (Table 2).

3.4. The GST-acocostatin peptide induced apoptosis of HUVEC and HeLa cells

The GST-acocostatin peptide’s ability to induce apoptosis on HUVEC, Hela, and SK-
Mel-28 cells was determined using Annexin V-FITC and chromatin fragmentation assays.
Since acocostatin was produced as a fusion with GST, it was essential to verify if GST
contributed to apoptosis induction. To exclude that possibility, we tested GST recombinant
protein alone under similar conditions. The results indicated that GST alone produced less
than 5% of early apoptotic cells, which was comparable to the rate observed in untreated
cells. Therefore, GST did not contribute in the induction of apoptosis of HUVEC or HelLa
cells in the GST-acocostatin peptide.

Fig. 3 shows quantification results of early apoptosis from triplicate experiments. At 5 pM
GST-acocostatin peptide, 19.68% +/— 3.09 of treated HUVEC, and 35.86% +/— 2.05 of
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treated HeLa cells were in early apoptosis. The GST-acocostatin peptide failed to induce
apoptosis of SK-Mel-28 cells.

The GST-acocostatin peptide was also able to induce chromatin fragmentation as
determined by fluorescent microscopy and Hoechst staining (Fig. 4A-C). Nuclear
fragmentation was not detected in untreated cells (Fig. 4C), or cells treated with GST-only
protein (data not shown).

3.5. Characterization of integrin expression on HUVEC, HelLa, and T24 cells

Flow cytometry was used to characterize integrin expression on HUVEC, Hela, and T24
cells, as the first step in determining which integrins bind to GST-acocostatin. Our results
showed that HUVEC express a3, a6, av, avp3, avp5, B1, and B3 integrin receptors (Fig. 5).
HelL a cells express al, a2, a6, av, avB5, and Bl integrin receptors. T24 cells express al (at
very low levels), a3, a6, av, avP3, avp5 (at very low levels), B1, and B3, integrin receptors.

4. Discussion

Snake venom contains a variety of active peptides including the high molecular weight P111-
SVMPs. PI11-SVMPs contain metalloprotease, disintegrin-like, and cysteine-rich domains
(Calvete et al., 2005). These high molecular weight SVMPs are involved in proteolytic
degradation of extracellular proteins, inhibition of collagen-induced platelet aggregation,
and induction of endothelial cell apoptosis (You et al., 2003a; You et al., 2003b; You et al.,
2006).

4.1. Acocostatin is a truncated PlII-SVMP

RT-PCR amplification of A. contortrix contortrix snake venom mRNA with disintegrin
specific primers produced two different cDNA products (a 212 bp and a 417 bp bands). This
is due to high homology between the different disintegrin genes that can be amplified with
the same primers. The 212 bp cDNA showed 93% identity with Acostatin (Agkistrodon
contortrix contortrix, accession# AB078904) and 92% identity with Piscivostatin
(Agkistrodon piscivorus piscivorus accession # AB078906). The 417 bp cDNA revealed
95% nucleotide identity with Crotastatin (Crotalus durissus terrificus, accession#
DQ224420) and 94% identity with Vascular apoptosis-1 (VAP1) (Crotalus atrox,
AB042840).

In this study, we cloned and expressed the 417 bp cDNA (designated as Acocostatin).
Analysis of the predicted amino acid sequence revealed that acocostatin is composed of a
truncated PI11-SVMP containing the disintegrin-like domain and part of the cysteine-rich
domain. The disintegrin-like domain of acocostatin contains an ECD motif, which is similar
to other previously reported PI11-SVMPs such as VAP1 from Crotalus atrox (Masuda et al.,
2000) and halysase from Gloydius halys (You et al., 2003a). Figure 6 shows an amino acid
sequence comparison of acocostatin with other closely related P111-SVMPs. CLUSTAL W
multiple sequence alignment revealed that acocostatin shares 93% amino acid identity with
VAP1 (accession # BAB18307), crotastatin-1 (accession # ACI102286), lachestatin-2
(accession # ACI102291), batroxstatin-2 (accession # ACI02288), lachestatin-1 (accession #
ACI102290), and 92% identity with metalloproteinase isoform-7 (accession # ABG26984).
Cysteine residues are conserved in all sequences.

4.2. GST-disintegrin peptides have biological activity

GST-disintegrin or-disintegrin-like fusion peptides have biological activity. Functional
studies performed with GST-elegantin (Rahman et al., 1998), GST-rhodostomin (Chang et
al., 1993), GST-Adam 9 disintegrin peptide (Mahimkar et al., 2005), and GST-Moj peptides
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(Seoane et al., 2010) demonstrated that disintegrin peptides fused to GST are functional.
Furthermore, the activity of recombinant rhodostomin in binding competition assays
suggested that the GST-rhodostomin peptide was properly folded (Chang et al., 1993).

Moreover, GST-fusions were used to study the role of the disintegrin-like and cysteine-rich
regions of the PI1I-SVMP, HF3, on leukocyte rolling (Menezes et al., 2008). The GST-DC
(the disintegrin and cysteine-rich region together) and GST-C (cysteine-rich region only)
peptides activated leukocyte rolling and leukocyte adhesion to endothelial tissue. However,
the GST and GST-D (disintegrin region only) peptides failed to activate leukocyte rolling or
leukocyte adhesion, demonstrating that the results obtained from the GST-fusion peptides
were specific to the HF3 sequence examined and not to the GST fusion partner.

4.3. The GST-acocostatin peptide induced apoptosis of HUVEC, HelL a, but not Sk-Mel-28

cells

Apoptosis induction activity by the GST-acocostatin peptide was cell-specific. Although
apoptosis was induced in both HUVEC and HeLa cells, the GST-acocostatin peptide was
more effective in inducing a higher percentage of HeLa cells to undergo apoptosis (Fig. 3).
Furthermore, the human melanoma cell line, SK-Mel-28, failed to undergo apoptosis after
24 h treatment with 5uM GST-acocostatin.

Apoptosis induction activity of GST-acocostatin on HUVEC was lower than previously
reported apoptotic activity from other PI11-SVMPs. For instance after 24 h of incubation,
recombinant (r) halysase (10 nM) and VLAIP (10 pg/ml) induced apoptosis of 70% and
35% of HUVEC treated, respectively (You et al., 2003a; Trummal et al., 2005). The
difference in activity between GST-acocostatin, r-halysase, and VLAIP can be attributed to
the following differences. First, the method of apoptosis quantification was different in all
three studies. You et al., (2003a) determined the percentage of cells undergoing apoptosis by
counting apoptotic cells with a fluorescent microscope. This method of quantification fails
to discriminate between early and late stages of apoptosis and hence may contribute to a
higher percentage of apoptotic cells reported. In our study, we double stained our treated
cells with Pl and Annexin V in order to distinguish between early apoptosis and necrosis/
late apoptosis induction. Trummal et al. (2005) only used Annexin V single staining.
Therefore, it is possible that the higher percentage of apoptotic cells they obtained was a
mixture of early to late stages of apoptosis and probably, necrotic cells. Second, GST-
acocostatin sequence is truncated and lacks the metalloprotease domain and the C-terminus.
It has been shown that the metalloprotease domain contributes to the apoptotic activity of r-
halisase (You et al., 2003a).

Morphological changes such as chromatin fragmentation, cell shrinkage, and the formation
of cellular blebs associated with apoptosis induction were observed in HUVEC and HelLa
cells treated with the GST-acocostatin peptide. Similar results were obtained with HUVEC
treated with VAP1 (Masuda et al., 2000), r-halysase (You et al., 2003a).

4.4. Possible binding targets of GST-acocostatin

Integrins are a family of cell surface glycoproteins that occur in different alpha and beta
combinations. They regulate different cellular functions such as adhesion, proliferation,
differentiation, and migration (Huveneers et al., 2007). The different a and B subunits
combine to form distinct integrins that are expressed in a wide variety of tissues that have
different affinities for different ECM proteins (Hynes, 1992). Integrins recognize the RGD
sequences in the ECM proteins and involve in the bidirectional signal transduction that can
alter different cellular events (Swenson et al., 2007). The involvement of integrins in various
pathological conditions is also well established. For example, integrins avp3 and avp5 have
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been implicated to play a role in apoptosis, angiogenesis, tumor growth, and metastasis
(Brooks et al., 1994; Eliceiri and Cheresh, 1999; Hood and Cheresh, 2002). The role of
integrins in cancer progression has led investigators to focus on finding and characterizing
molecules that block integrin mediated signaling and inhibit tumor progression.

In addition to affecting platelet aggregation, disintegrins inhibit adhesion, migration and
proliferation of cells by binding to integrins that are expressed on platelets, vascular
endothelial cells, and tumor cells (Brooks et al., 1995; Zhou et al., 2000b; Marcinkiewicz et
al., 2003; McLane et al., 2004). These interactions occur between the disintegrins RGD
motif and integrins that are expressed on the surface of both normal and cancer cells (You et
al., 2003a; Swenson et al., 2005) . Disintegrins act as competitive inhibitors of cell surface
ligands on cancer cells and alter cell-cell and cell-matrix interactions (Swenson et al., 2004;
Yang et al., 2005; McLane et al., 2008).

Avraki et al. (2002) utilized antibody-blocking experiments to infer VAP1 binding
specificity. They reported that VAP1 induce apoptosis of HUVEC through a3, a6, p1
integrins and CD9, a transmembrane protein usually associated with integrin receptors.
Although acocostatin and VAP1 share 93% amino acid identity, their binding specificity
may not be similar. Our data suggest that GST-acocostatin does not utilize the a2, a6, or 1
receptors to induce apoptosis of HUVEC and HeLa cells since these receptors are expressed
on SK-Mel-28 (Fig. 5, this study; Seoane et al., 2010), a cell line that failed to undergo
apoptosis after GST-acocostatin treatment. In addition, a3 or avp3 are not utilized by GST-
acocostatin’s induction of apoptosis on HeLa cells. The a3 receptor is not expressed on
HeLa, and the av3 receptor is absent on this cell line and present on Sk-Mel-28 (Seoane et
al., 2010). Finally, we were unable to detect CD9 on the surface of HUVEC and suggest that
CD9 probably is not involved in the activation of HUVEC apoptosis (Fig. 7B).

A possible integrin target for GST-acocostatin binding and apoptosis activation of HUVEC
and HeLa cells may be avp5, a receptor found on both cell lines but not on Sk-Mel-28.
Integrin avp5 binds to vitronectin (Moschos et al., 2007), and its expression has been
correlated with cancer aggressiveness of some invasive tumors (Radis-Baptista, 2005).
Although the avp5 receptor recognizes the RGD motif (Barczyk et al., 2010), there are
several peptides that lack RGD and bind to this receptor. For instance, syndecan-1 (Sdc1)
and the CXC-chemokine CXCL4 are non-RGD containing peptides that bind to avp5 and
regulate angiogenesis (Beauvais et al., 2009; Aidoudi et al., 2008). Beauvais et al. (2009)
suggests that Sdc-1 binds to av5 laterally inducing clustering of avp5 receptors. However,
CXCL4 may bind directly to the binding site of avf5, as antibody blocking experiments
against av5 demonstrated that HUVEC binding to immobilized CXCL4 is blocked
(Aidoudi et al., 2008). Other proteins, such as Big-h3 and Thy-1 (thymus cell antigen 1),
bind to avp5 using different motifs even when they contain an RGD. Several of the periostin
family of proteins, such as Big-h3 and periostin, bind to avp5 receptors via YH or Asp-lle
motifs (Litvin et al., 2005; Guohong et al., 2010). Thy-1 binds to avp5 on lung fibroblasts
via an RLD sequence (Zhou et al., 2010).

GST-acocostatin was unable to induce apoptosis of SK-Mel-28 cells, but inhibited the
migration of this cell line. The cell migration inhibition was cell specific, as GST-
acocostatin failed to inhibit T24 cell migration. Predicting the receptor that may be targeted
by GST-acocostatin to inhibit cell migration of SK-Mel-28 cells is difficult at present. For
contortrostatin, a dimeric disintegrin, its interaction with avf3 and avp5 integrins may lead
to inhibition of breast cancer cell migration (Swenson et al., 2004; Swenson et al., 2007).
SK-Mel-28 and T24 cell lines express the avB3 integrin receptor, but the avp5 is expressed
on T24 but not on SK-Mel-28 (Seoane et al., 2010; and Fig.5, this study).
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Crystallography studies of two P1I11-SVMPs (VAP1 and catrocollastatin/\VAP2B) indicate
that their disintegrin-like loop is not accessible for integrin binding (Takeda et al., 2006;
Igarashi et al., 2007). Furthermore, they suggested that a hypervariable region, 12 amino
acids carboxyl of the variable region (at the cysteine rich domain), is a potential integrin
binding site. Functional studies demonstrated that the cysteine-rich region at the C-terminus
of PII1-SVMPs is a site for binding to collagen type I, and platelet aggregation inhibition
(Jia et al., 2000; Pinto et al., 2007; Serrano et al., 2007). Pinto et al. (2006) found that the
sequence capable of blocking platelet aggregation is located within the hypervariable region
of jararhagin, a PI11-SVMP. This region can potentially bind to a2B1 integrin receptors
preventing platelet aggregation (Kamiguti et al., 2003). Other P111-SVMPs bind to o231
integrin, a known collagen receptor on platelets (You et al., 2003a; Selistre-de-Araujo et al.,
2005). However, not all P111-SVMPs block collagen binding. For instance, VAP1 does not
bind to collagen and when the a2 integrin receptor on HUVEC was blocked with antibodies,
VAP1 was able to induce apoptosis (Araki et al., 2002).

4.5. Conclusions

The truncated version of acocostatin in our study lacks the metalloprotease domain and 13
amino acids at the N-terminus of the disintegrin-like domain. It has a variable region in the
cysteine-rich domain and the first two amino acids of the hypervariable region (Fig 6). Data
from our study and others suggest that not all of the possible binding sites of PI11-SVMPs
are found at the hypervariable region. For instance, halydin, a disintegrin-like peptide
lacking the variable and hypervariable regions, blocked platelet aggregation when whole
blood was used, by interrupting collagen binding to the a1B1 receptor on platelets (You et
al., 2003b). Our peptide blocked platelet aggregation of whole blood and PRP suggesting
that acocostatin’s hypervariable region may not be used in the inhibition of platelet
aggregation. Takeda et al. (2006) suggested that the PI111-SVMPs variable region, consisting
of 10 residues, on the cysteine rich domain might be a site of protein binding. It is possible
that the integrin binding site of GST-acocostatin may be in its variable region as our study
shows that GST-acocostatin is able to induce apoptosis and prevent cell migration in the
absence of most of the hypervariable region.
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Fig.1.

cDNA sequence and predicted amino acid sequence of acocostatin. The cDNA sequences
are located on the upper line and the predicted amino acid sequences denoted by one letter
symbol are situated on the lower line. The cysteine residues are shaded in gray boxes and the

ATTCCCAATCCGTGCTGCGATGCTGCAACCTGTAAACTGAGACGAGGAGCACAGTGTGCA
I p N p [ p A a T @ K L RR G A O [ a
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AAGGATGAGTGTGACATGGCTGATCTCTGCACTGGCCGATCTGCTGAGTGTACAGATCGC

K D FIlIGE M A D L § T ¢ R s A E T D R
TTCCAAAGGAATGGACAACCATGCAAAAACAACAACGGTTACTGCTACAATGGGAAATGC
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Fig. 2.

SDS-PAGE of expressed protein resolved in a 4-12 % NuPAGE Bis-Tris gel under reducing
condition. Molecular weight marker (Lane 1). Induced bacterial whole lysate expressing
GST-acocostatin fusion protein (Lane 2). Affinity purified GST protein (Lane 3). Affinity
purified GST-acocostatin fusion protein (Lane 4).
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Fig. 3.

GST-acocostatin induced apoptosis of HUVEC, HelLa, but nor Sk-Mel-28 cells. Cells were
cultured for 24 h with either medium alone, 5 uM GST, or 5 uM GST-acocostatin. After 24
h incubation, cells were collected and stained with Annexin V-FITC and PI apoptosis
detection kit and analyzed with a flow cytometer. The results are mean + standard error of
the mean of triplicate experiments.
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Fig 4.

GST-acocostatin induced chromain fragmentation of HUVEC. (A) Hoechst-stained cells
after treatment with 5 uM GST-acocostatin for 12 h. (B) Differential Interference Contrast
(DIC) image of cells in (A). (C) Untreated cells stained with Hoechst. Scale bar 10 pM.
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Fig. 5.

Integrin expression of HUVEC, HelLa, and T24 cells. Flow cytometry and human anti-
integrin monoclonal antibodies were used to determine integrin expression. Isotype
(negative control antibody) profile is indicated as a light gray line. Specific anti-human
integrin monoclonal antibody profile is indicated as a gray shaded graph.
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Amino acid comparison between acocostatin and six P11 disintegrin-like proteins. Dashes
indicate amino acid identities as compared to the acocostatin sequence. The disintegrin-like
domain is identified with a gray line above its sequence. The variable region is boxed. The
first two amino acids of the hypervariable region are identified with asterisks (*). The
variable and hypervariable regions are identified according to Takeda et al. (2006) VAP1
crystal structure and alignment analysis.
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Fig. 7.

CD9 is not expressed on HUVEC. A) Human white blood cells. B) HUVEC. Flow
cytometry and human anti-CD9 monoclonal antibodies were used to determine CD9
expression. Isotype (negative control antibody) profile is indicated as a light gray line.
Specific anti-human CD9 monoclonal antibody profile is indicated as a gray shaded graph.
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Table 1

Inhibition of platelet aggregation with platelet rich plasma (PRP) and whole blood in the presence of GST-
acocostatin.

Sample PRP™  Whole blood™
Control (PBS) 0 0
GST-acocostatin 30 18

The experiments were repeated two times in duplicates. The results are expressed in % of inhibition.

*
The final concentration of GST-acocostatin used with PRP and blood was 44 pg/mL
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Inhibition of SK-MEL-28 and T24 cells migration in presence of GST-acocostatin.

Table 2

Sample

SK-MEL-28 cells™  T24*

Control (PBS)

GST-acocostatin

0

48t

0
0

The experiments were repeated three times. The results are expressed in % of inhibition.

The final concentration of GST-acocostatin used with SK-Mel-28 and T24 cells was 220 pg/mL

Ip < 0.05 p=0.0036( Paired t Student).
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