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Abstract
Disintegrins are low molecular weight peptides isolated from viper venom. These peptides bind to
integrin receptors using a conserved binding motif sequence containing an RGD or similar motif.
As a consequence, disintegrins can inhibit platelet aggregation and inhibit cell migration,
proliferation, and initiate apoptosis in cancer cell lines. Rubistatin is a MVD disintegrin cloned
from a Crotalus ruber ruber venom gland. The biological activity of MVD disintegrins is poorly
understood. Recombinant rubistatin (r-Rub) was cloned into a pET32b plasmid and expressed in
reductase deficient E. coli. Expression was induced with IPTG and the resulting fusion peptide
was affinity purified, followed by thrombin cleavage, and removal of vector coded sequences. r-
Rub peptide inhibited ADP-induced platelet aggregation by 54% +/− 6.38 in whole blood. We
assessed the ability of r-Rub to initiate apoptosis in three human cancer cell lines. Cultures of SK-
Mel-28, HeLA, and T24 cells were grown for 24 h with 2.5µM r-Rub followed by Hoechst
staining. Chromatin fragmentation was observed in treated SK-Mel-28, but not in T24 or HeLA
cells. A TUNEL assay revealed that 51.55% +/− 5.28 of SK-Mel-28 cells were apoptotic after 18
h of treatment with 3.5µM of r-Rub. Cell migration and proliferation assays were performed in
order to further characterize the biological effects of r-Rub on SK-Mel-28 cells. At 3µM, r-Rub
inhibited cell migration by 44.4% +/− 0.5, while at 3.5µM it was able to inhibit cell proliferation
by 83% +/− 6.0.
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1. Introduction
Vital to the organization of metazoan tissue is the ability of individual cells to attach to an
extracellular matrix (ECM). Critical to this process are the members of the integrin receptor
family. Integrins are heterodimeric transmembrane proteins consisting of an α and β subunit.
These subunits form a receptor that facilitates an anchoring attachment between the cell and
ECM proteins such as fibronectin or collagen (Wegener and Campbell, 2008). Integrins also
have the ability to transduce signals depending on the extracellular environment (Hynes,
2002). Conformational changes caused by the binding of a ligand allow the integrin to
transduce a signal for the cell to migrate, proliferate, or undergo apoptosis (Ridley et al.,
2003; Mousa, 2008).

Integrin-mediated apoptosis, or anoikis, is an important process that keeps a regulatory
check on cancer development. When a cell loses its attachment to the ECM, integrins can
begin a signal cascade that leads to the release of pro-apoptotic proteins from the
mitochondria (Frisch and Ruoslathi, 1997). This in turn leads to the release of caspases
through the intrinsic apoptotic pathway and ultimately leads to cell death (Lockshin and
Zakeri, 2004). It is clear that avoidance of anoikis is a key step toward achieving metastasis
during cancer development (Reed, 1999). It has been shown that integrin antagonists, such
as disintegrins, can counteract this avoidance, causing cancer cells to undergo apoptosis
after treatment (Taga et al., 2002).

Disintegrins are a well-studied class of integrin antagonists isolated from viper venom.
Disintegrins are non-enzymatic, low molecular weight peptides synthesized as mRNAs
lacking a metalloprotease domain (Okuda et al., 2002; Vija et al., 2009) or released from
proteolytic cleavage of a larger snake venom metalloprotease (Kini and Evans, 1992). They
contain an integrin-binding loop with a variable amino acid binding motif (McLane et al.,
2004). An RGD motif is found in many disintegrins and is a classical characteristic of
integrin antagonists (Rouslahti, 1996). However, many disintegrins contain other binding
motifs such as KGD, MLD, VGD, MDG, and MVD (McLane et al., 2004; Calvete et al.,
2005). Additionally the amino acids flanking this binding motif, have been shown to play a
role in the biological activity of disintegrins (Kini and Evans, 1995a,b; Seoane et al., 2010).

Here we describe functional characterization of an MVD, medium-sized disintegrin, termed
rubistatin, cloned from the venom gland of the red diamond rattlesnake (Crotalus ruber
ruber). Atrolysin E/D, isolated from Crotalus atrox and a potent inhibitor of platelet
aggregation, is the only other studied MVD disintegrin (Shimokawa et al., 1998). However,
no additional functional studies were reported on Atrolysin E/D. Our present study presents
data indicating that r-Rub is a strong apoptotic inducer, and a cell migration and
proliferation inhibitor of SK-Mel-28 cells.

2. Materials and methods
2.1. Isolation of Rubistatin cDNA

A venom gland was extracted from a red diamond rattlesnake (Crotalus ruber ruber; Avid #
058-522-010) and stored at −72°C prior to mRNA isolation. The Invitrogen Fast Track 2.0
mRNA Isolation Kit was used to obtain mRNA from the venom gland. RT-PCR was used to
generate double stranded cDNA (Promega Access RT-PCR), with the following disintegrin-
specific primers: forward primer: 5' AATCCGTGCTGCGATGCTG 3', and reverse primer:
5' CTGCCTGTTGCTGCAGAC 3'. The reverse transcription reaction was performed at
45°C, for 45 min. PCR amplification consisted of 40 cycles of 94°C (30 sec), 60°C (1 min),
and 68°C (2 min). A final extension step was performed for 7 min, at 68°C. RT-PCR cDNA
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products were separated by 1% agarose gel electrophoresis, and purified using the E gel
system (Invitrogen).

2.2. Subcloning, expression, and purification of r-Rub
Rubistatin cDNA was amplified using the forward 5' CCGGGTACCAAT
CCGTGCTGCGATGCTG 3' (Kpn I linker underlined), and the reverse 5'
ACGCAAGCTTCTGCCTGTTGCTGCAGAC 3' (Hind III linker underlined) primers. PCR
was performed using 32 cycles of 94°C (30 sec), 60°C (1 min), and 68°C (1 min). The 224
bp band containing Rubistatin cDNA was separated in a 1% agarose gel, digested with Kpn I
and Hind III restriction enzymes and cloned into the pET 32b expression vector (Novagen).
The recombinant pET 32b/Rubistatin construct was transformed into competent reductase-
deficient, origami2 E. coli cells (Novagen).

Cultures were grown to an A600 of 0.6–0.8 in 2xYTA broth. After 4 h induction with 0.5
mM IPTG, cells were centrifuged at 6000 g for 15 min at 4 °C. Cell pellets were
resuspended in a total of 12.5 mL of His binding/wash buffer (50mM NaPO4 pH 8, 300mM
NaCl, 0.01% Tween-20). Cells were then lysed using 10 cycles of sonication for 20 sec
each. The thioredoxin (Trx)-r-Rub fusion protein was purified from the cell lysate using His
tag isolation Dynabeads (Invitrogen) according to the manufacture’s protocol. A thrombin
cleavage reaction was performed using a thrombin cleavage/capture kit (Novagen) with
thrombin optimized to 0.036 units/10µg to separate the Trx fusion partner from the r-Rub
peptide. To remove the Trx tag after thrombin cleavage, dynabead purification was
performed a second time. The thrombin cleavage reaction resuspended in 1× His binding/
wash buffer was added to dynabeads in a 14:1 ratio. The mixture was allowed to incubate
for 10 min with agitation before removing the supernatant from the beads. The concentration
of purified peptide was determined with a Bradford assay using bovine serum albumin as a
standard. Two micrograms of r-Rub peptide were mixed with 5 µL of 4×NuPAGE LDS
sample buffer (Invitrogen) and 2 µL of 10× reducing agent in final volume of 20 µL. 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).

2.3. Cell culture conditions
SK-Mel-28 cells were grown in Eagle’s minimum essential medium (ATCC). HeLA cells
were grown in Dulbecco's modified eagle medium (ATCC). T24 cells were grown in
McCoy’s 5A medium (ATCC). All media was supplemented with 10% fetal bovine serum
(FBS) and penicillin-100 (IU/mL), streptomycin (0.1 mg/mL), and amphotericin B (0.25µg/
mL). All cells were grown at 37°C in a humidified incubator with 5% CO2.

2.4. Inhibition of platelet aggregation using whole blood
The inhibition of platelet aggregation study was done according to the Sánchez et al. (2010)
method using a dual-channel Chrono-Log Whole-Blood Aggregometer [Ca+2] model 560
(Havertown, USA). Briefly, different concentrations of r-Rub were added to 10% citrated
whole human blood, and pre-incubated at 37 °C for 2 and 4 min, respectively. Platelet
aggregation was initiated by 10 µM ADP. Percentage of impedance was measured using
whole blood. The maximal aggregation in the absence of r-Rub was given as 100%
aggregation.

2.5. Chromatin fragmentation assay
Two well chamber slides were seeded with 106 cells in 1 mL of growth medium and were
allowed to settle for 24 h. Cells were treated with 2.5µM r-Rub in one chamber and with an
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equal volume of His binding/wash buffer in the other chamber. After treatment for 24 h,
cells were washed in 1× PBS and fixed in 3% formaldehyde for 1 h, followed by two
additional PBS washes. Hoechst stain (10µg/mL) was added to each well and allowed to
incubate for 20 min in the dark, followed by two PBS washes. Coverslips were mounted
using 30% glycerol and the slides analyzed using 1000× magnification on a Zeiss AXIO
fluorescent microscope.

2.6. Apoptotic assay
Five hundred thousand SK-Mel-28 cells were seeded in six wells of a 12 well plate and
allowed to grow for 24 h. Cells were treated for 18 h with 3.5µM r-Rub, equal volume of
His binding/wash buffer, or no treatment. Then, non-adherent cells were transferred to a
flow cytometry tube, followed by the remaining cells detached with 0.05% trypsin EDTA.
Cells were pelleted by centrifugation at 300×G for 5 min and fixed in 1% paraformaldehyde
for 1 h. Cells were washed twice with 1× PBS and resuspended in 70% ethanol. Cell
suspensions were stored at −20°C for 24 h. Cells were processed using an APO-BRDU™
Apoptosis Detection Kit (BD Biosciences) according to the manufacturer’s protocol. Cell
suspensions were analyzed using a Becton Dickinson FACSCalibur flow cytometer with
CellQuest software. Results were normalized to take into account the effect of the His
binding/wash buffer. Experiments were performed in triplicate.

2.7. Wound Healing Assay
A Cell BioLab Wound Healing Assay was used to measure cell migration inhibition. A cell
suspension of 5×105 SK-Mel-28 cells was seeded onto the 24 well-plate according the
manufacturer’s protocol. After 24 h incubation, the insert was removed and the cells were
washed twice with culture media. A picture was taken from each well before the addition of
500 µL of media containing 3µM of r-Rub peptide. Positive controls consisted of cells
treated with 3µM echistatin (Sigma). Negative controls consisted of cells treated with equal
volume of His binding/wash buffer. Cells were incubated for 24 h with their respective
treatments. Then pictures were taken of each well and the percentage closure was calculated
following the manufacturer’s instructions. Experiments were performed in triplicate.

2.8. Cell Proliferation Assay
A WST-1 assay (GenDEPOT) was used to determine cell proliferation inhibition. Fifty
thousand SK-Mel-28 cells/well were added to a 96-well plate grown for 24 h at 37°C in a
5% CO2 environment. After 24 h, growth media was aspirated. Then, 100 µL of culture
media containing 3.5 µM of r-Rub peptide were added to their respective wells. Positive
controls consisted of cells treated with 3.5µM echistatin (Sigma). Negative controls
consisted of cells treated with equal volume of His binding/wash buffer or PBS. After 24 h
all wells were then treated with 10 µL of WST-1 cell proliferation assay reagent for 1 h. The
same volume of culture medium and WST-1 reagent used to treat the cells was used as the
control blank for the microplate reader. The formation of the formazan product was
measured at 450 nm. The reference wavelength was 630 nm. A dual wavelength reading was
used to obtain the results, where the reference wavelength was subtracted from the reading
wavelength, 450–630 nm. Results were normalized to take into account the effect of the His
binding/wash buffer. Percentage of cell proliferation inhibition was calculated using the
following formula: (Abs450nm–600nm of treated ÷ Abs450nm–600nm of untreated) × 100.
Experiments were performed in triplicate.
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3. Results
3.1. An MVD disintegrin from C. ruber ruber

A 224 bp cDNA fragment was obtained from RT-PCR amplification of a venom gland from
a red rattlesnake (Fig. 1A). The small cDNAs isolated in this study coded for a truncated 61
amino acid disintegrin containing an MVD in its binding motif. The disintegrin termed
rubistatin begins with the amino acid Asn, includes a stop codon, and 20 nucleotides of its 3'
UTR (Fig. 2).

3.2. Expression and purification of recombinant rubistatin
After inducing expression of recombinant rubistatin (r-Rub) in reductase-deficient E. coli,
the recombinant peptide was isolated by His tag affinity purification. An SDS-PAGE gel
showed a distinct band at approximately 24 kDa, corresponding to the TRX-r-Rub fusion
protein (Fig. 1B). After cleavage with thrombin and removal of the TRX tag, SDS PAGE
analysis showed a single band (Fig. 1C).

3.3. Inhibition of platelet aggregation of r-Rub
r-Rub peptide inhibited ADP-induced platelet aggregation by 54% +/− 6.38 in whole blood
(Table 1).

3.4. r-Rub induced apoptosis of SK-Mel-28 cells
The r-Rub peptide’s ability to induce apoptosis on SK-Mel-28, T24, and HeLa cells was
determined using an APO-BRDU TUNEL and chromatin fragmentation assays. Cells were
incubated with 2.5 µM r-Rub peptide for 24 h. The r-Rub peptide was able to induce
chromatin fragmentation of SK-Mel-28 cells as determined by fluorescent microscopy and
Hoechst staining (Fig. 3A). Chromatin fragmentation was not detected in untreated cells
(Fig. 3B), T24, or HeLa cells treated with r-Rub peptide (data not shown).

A TUNEL assay was performed to quantify the population of apoptotic SK-Mel-28 cells
after treatment with r-Rub peptide for 18 h. At 3.5µM r-Rub peptide, 51.55% +/− 5.28 of
treated SK-Mel-28 cells were undergoing apoptosis (Fig. 4). The apoptotic activity of the r-
Rub peptide was statistically significant (p <0.005).

3.5. r-Rub inhibits cell migration and proliferation of SK-Mel-28
Cell migration and proliferation assays were performed in order to further characterize the
biological effects of r-Rub on SK-Mel-28 cells. At 3µM, r-Rub inhibited cell migration by
44.4% +/− 0.5 (Fig. 5A), while at 3.5µM it was able to inhibit cell proliferation by 83% +/−
6.0 (Fig. 5B).

4. Discussion
4.1. rubistatin, an MVD disintegrin

In this study, we cloned and expressed a 224 bp cDNA (designated as Rubistatin). Analysis
of the predicted amino acid sequence revealed that rubistatin is a medium-sized disintegrin
with an MVD motif. Figure 6 shows an amino acid sequence comparison of rubistatin with
other closely related medium sized disintegrins. Rubistatin shares 95% amino acid identity
with atrolysin E/D (accession # AAB23201.1), 87% amino acid identity with barbourin
(accession # P22827.1), tergeminin (accession # P22828.1), cerastin (accession #
AAB24805.1), lutosin (accession # AAB24809.1), and 84% identity with mojastin
(accession # ABG77588.1). Cysteine residues are conserved in all of these sequences.
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Disintegrins are characterized by their size and the number of disulfide bonds (4–7). The
disintegrin family includes: short (41–51 amino acids), medium (70 amino acids), long (84
amino acids), dimeric, or as disintegrin-like domains of PIII snake venom metalloproteases
(100 amino acids) (Calvete et al., 2005). Disintegrins’ binding strength to the integrin
receptor is determined by the conformation of the binding loop containing a tripeptide motif
(Juarez et al., 2008). This conformation is dependent on the formation of the appropriate
disulfide bonds in the disintegrin peptide (Calvete et al., 2005).

Most of the disintegrins contain an RGD tripeptide motif in the binding loop (McLane et al.,
2004). However, the small disintegrins, eristocophin II (accession # AAB2266), jerdostatin
(accession # AAP20878), and obustatin (accession # P83569) contain a MGD, RTS, and
KTS, respectively. The medium-sized disintegrins barbourin, tergeminin, cerastin, lutosin,
MT-C (accession # AF051790), and salmosin 2 (accession # AAC42597) have a KGD
instead. Atrolysin E/D has an MVD motif. The long disintegrin bilitoxin-1 has an MGD
motif (Nikai et al., 2000). Thirteen of the dimeric disintegrins contain non-RGD tripeptide
motifs. Five of these contain an MLD motif: EC3B (accession # P81630), EC6A (accession
# P82465), EMS11A (reference), EO5A (Bazan-Socha et al., 2004), and VLO5B (Bazan-
Socha et al., 2004). Four dimeric disintegrins contain a VGD motif, EC3A (accession #
P81630), EO5B (Bazan-Socha et al., 2004), lebetase (accession # CAA66471), and VLO5A
(Bazan-Socha et al., 2004). Three contain a KGD, ussuristatin-2 (accession # A59412),
VB7B (Calvete et al., 2003), and piscivostatin 2B (accession #BAC55946). One contains an
MGD motif, EMF10B (accession # P81743).

Different disintegrin tripeptide motifs bind to different integrin receptors (Marcinkiewicz,
2005). For instance, KTS disintegrins bind to αlβ1 integrins, while RGD disintegrins bind to
αIIbβ3, αvβ3, and αvβ5. MLD disintegrins bind to α4β1, α4β7, and α9β1 integrin receptors
(Marcinkiewicz et al., 1999; Marcinkiewicz et al., 2000; Bazan-Socha et al., 2004). It is also
clear that for three MLD-dimeric disintegrins (VLO5, EO5, and EC3) the amino acid N-
terminal to the MLD motif affects potency and selectivity to the integrin receptor (Bazan-
Socha et al., 2004; Walsh and Marcinkiewicz, 2011). Furthermore, the KGD-containing
medium-sized disintegrins salmosin 2, tergeminin, cerastin, and lutosin bind to αIIbβ3 and
are strong platelet aggregation inhibitors. However, the KGD-containing dimeric VB7B has
low platelet aggregation activity and can inhibit cell adhesion of cells containing α5β1
integrin receptors to fibronectin (Calvete et al., 2003).

4.2. Recombinant disintegrins
Heterologous expression of disintegrins in bacterial hosts provides many advantages.
Among these are the ability to rapidly express and purify high amounts of recombinant
disintegrins, and the ability to induce targeted mutations. Previous studies have shown that
GST-disintegrin fusion proteins expressed in E. coli display biological activity (Rahman et
al., 1998; Chang et al., 1993; Mahimkar et al., 2005; Seoane et al., 2010; Taklemeriam et al.,
2011). In the present study, we used a pET32 expression vector, transformed into a bacterial
strain that allows formation of disulfide bonds.

4.3. Apoptotic-inducing disintegrins
Several disintegrins and disintegrin-like peptides induce apoptosis (Wu et al., 2003). These
include: accutin (Yeh et al., 1998), agkistin-s (Ren et al., 2006) echistatin (Brassard et al.,
1999; Alimenti et al., 2004), rhodostomin (Yeh et al., 2001), salmosin (Hong et al., 2003),
the disintegrin portion of the recombinant (r) metargidin (Trochon-Joseph et al., 2004), the
mutant mojastin r-Moj-DM (Seoane et al., 2010), and the recombinant partial PIII-SVMP,
GST-acocostatin (Taklemeriam et al., 2011).
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r-Rub’s apoptotic activity was cell-specific, as it induced apoptosis of SK-Mel-28, but not of
T24 or HeLa cell lines. Cell-specific apoptotic-inducing activity was also shown with GST-
acocostatin (Taklemeriam et al., 2011). This type of specificity can be attributed to
differences in integrin expression. We have previously characterized the integrin expression
on SK-Mel-28, T24, and HeLa cell lines. The closest homolog to r-Rub, atrolysin E/D
inhibited ADP and collagen-activated platelet aggregation (Shimokawa et al., 1998). This
inhibitory activity suggests the potential binding of atrolysin E/D to integrin receptors
αIIbβ3, α2β1, or α1β1. It is possible that r-Rub binds to the same receptors, since r-Rub also
inhibits ADP-activated platelet aggregation. However, we have shown that SK-Mel-28 cells
lack α1β1 (Seoane et al., 2010). Both HeLa and SK-Mel-28 cell lines express α2β1
(Taklemariam et al., 2011), but r-Rub failed to induce apoptosis of HeLa cells. We also
hypothesize that it is unlikely that r-Rub binds to αvβ3, an integrin known to bind to
apoptotic-inducing disintegrins (Yeh et al., 1998; Wierzbicka-Patynowski et al., 1999), as
this receptor is found in both SK-Mel-28 and T24 cell lines (Seoane et al., 2010;
Taklemeriam et al., 2011). Therefore at this time, it is difficult to predict the receptor that is
targeted by r-Rub to induce apoptosis.

4.4. Apoptosis induction, proliferation and cell migration inhibition
r-Rub inhibited cell migration and proliferation and induced apoptosis of SK-Mel-28 cells.
Anti-proliferative and apoptotic-inducing effects on cancer cells due to a single agent have
been reported. For instance, three carbonic anhydrase IX inhibitors induced both effects on
HeLa cells (Cianchi et al., 2010). Furthermore, Gullo et al. (2010) demonstrated that CD137
(a member of the TNF family) agonists both inhibited cell proliferation and induced
apoptosis on multiple myeloma cell lines. In addition, rapamycin inhibited proliferation and
the invasive ability of two gastric cancer cell lines and induced their apoptosis (Yao et al.,
2011).

A connection between cell proliferation, migration, and apoptotic inhibition is also
emerging. For instance, endothelin-1 promotes cell proliferation, cell invasion, and apoptotic
inhibition of osteosarcomas (Zhao et al., 2011). López and Alvarez-Salas (2011)
demonstrated that microRNA (miR) 34c-3p inhibited cell proliferation and migration and
induced apoptosis of the cervical carcinoma cell line SiHa.

The mechanistic relationship between the activation of cell proliferation and inhibition of
apoptosis is clear for some tumor-promoting factors. For instance, Ammoun et al. (2011)
demonstrated that IGFBP-1 (insulin-like growth factor-binding protein-1) signaling results
in schwannoma cell proliferation via β1 integrin-driven activation of the Src/FAK pathway.
This in turn leads to the increased activation of AKT, an anti-apoptotic protein. The FAK
pathway is also known to inhibit and promote degradation of p53, an apoptotic inducer (Ilic
et al., 1998; Lim et a., 2008).

However, there is evidence demonstrating that different pathways regulate cell proliferation
and apoptosis for some potential anti-tumor agents. Immobilized isthmin (ISM) activates the
FAK survival pathway, but soluble ISM induces apoptosis by recruiting pro-caspase 8 to the
cell membrane (Zhang et al., 2011). Both of these pathways are activated by ISM binding to
αvβ5. Finally, MUC1 knockdown in MKN45, a human gastric carcinoma cell line, resulted
in the activation of both cell proliferation and apoptotic pathways (Costa et al., 2011).

4.5. Conclusions
Disintegrins perform a number of useful biological functions and are a source of potential
cancer treatments. Based on the amino acid alignment of rubistatin and its closest relative, it
is likely that atrolysin E/D shares similar activities. r-Rub peptide blocked platelet
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aggregation of whole blood. Our data demonstrate that r-Rub with its unusual MVDRN
motif is a potent apoptotic inducer of SK-Mel-28, but not T24 or HeLA cells. r-Rub also
inhibits cell migration and proliferation of SK-Mel-28. It is possible that some of the cell
proliferation inhibition may be due to apoptosis, as r-Rub induced apoptosis of treated SK-
Mel-28 cells. Although the signal transduction pathways activated by r-Rub remained to be
elucidated, the end result is the apoptotic activation, resulting in the down-regulation of
survival and cell migration of treated SK-Mel-28 cells.

Highlights

> r-Rub is a potent apoptotic inducer of SK-Mel-28, but not T24 or HeLA cells. >r-Rub
also inhibits cell migration and proliferation of SK-Mel-28. >It is possible that some of
the cell proliferation inhibition may be due to apoptosis. >It is likely that atrolysin E, the
closest homolog to rubistatin, shares similar activities.
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Fig. 1.
Cloning, expression, and purification of r-Rub. (A) 100 bp DNA marker (left lane).
Rubistatin cDNA (right lane). SDS-PAGE of expressed protein resolved in a 4–12 %
NuPAGE Bis-Tris gel under reducing condition (B–C). (B) Molecular weight marker (left
lane). Thrx/r-Rub fusion protein (right lane). (C) Molecular weight marker (left lane).
Purified r-Rub peptide (right lane).
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Fig. 2.
Partial cDNA sequences and deduced amino acid sequences of rubistatin (GenBank
accession number: JN22479). The cDNA sequences are shown on the upper line. The
deduced amino acid sequence (one-letter abbreviation) is on the lower line. The stop codon
is indicated with an asterisk (*). The Cys residues are shaded in gray. The MVD motif is
shown in a black box.
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Fig. 3.
r-Rub induced nuclear fragmentation of SK-Mel-28 cells. (A) Hoechst-stained cells after
treatment with 2.5 µM r-Rub for 24 h (chromatin fragmentation, white arrowheads). (B)
Untreated cells stained with Hoechst.
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Fig. 4.
r-Rub induced apoptosis of SK-Mel-28 cells. Cells were incubated with 3.5 µM of r-Rub
peptides for 18 h. Untreated cells were used as a negative control. Experiments were done in
triplicate. Standard deviation data are included as bars.
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Fig. 5.
r-Rub inhibited migration and proliferation of SK-Mel-28 cells. (A) At 3µM r-Rub inhibited
Sk-Mel-28 cell migration. (B) At 3.5µM r-Rub inhibited proliferation of SK-Mel-28 cells. In
both assays, cells were incubated with echistatin (positive control) or buffer (negative
control). Experiments were performed in triplicate.
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Fig. 6.
Amino acid comparison between rubistatin and other medium-sized disintegrins. Dashes
indicate amino acid identities as compared to the rubistatin sequence. The tripeptide binding
motif is shaded in a black box.
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Table 1

Inhibition of platelet aggregation with whole blood in the presence of r-Rub.

Sample Whole blood

Control (PBS) 0

r-Rub 54 +/− 6.38

The experiments were repeated thrice. The results are expressed in % of inhibition. The final concentration of r-Rub used with blood was 4.2 mg/
mL.

Toxicon. Author manuscript; available in PMC 2013 February 1.


