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Disintegrins are small non-enzymatic proteins common in the venoms of many viperid snakes. These
proteins have received signiﬁcant attention due to their ability to inhibit platelet aggregation and cell
adhesion, making them model compounds in drug development and design investigations. The present
study used a combination of molecular and proteomic techniques to screen the venom of the Middle
American Rattlesnake (Crotalus simus tzabcan) for novel disintegrins. Six disintegrin isoforms were
identiﬁed, and the most abundant, named tzabcanin, was further isolated and characterized. Tzabcanin
consists of 71 amino acids, has a mass of 7105 Da (by MALDI-TOF mass spectrometry) and contains the
canonical RGD binding domain. Tzabcanin was not cytotoxic to MCF-7 cells but showed weak cytotoxicity
to Colo-205 cells following a 24 h incubation period. Tzabcanin inhibited cell adhesion of both cell lines
to immobilized ﬁbronectin and vitronectin, and cell adhesion to immobilized tzabcanin was inhibited
when cells were incubated with a cation chelator (EDTA), indicating that integrinetzabcanin binding is
speciﬁc. This study provides a detailed analysis of the puriﬁcation and characterization of tzabcanin and
provides sequence and mass data for the multiple disintegrins present in the venom of C. s. tzabcan.
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1. Introduction
Snake venoms are a complex mixture of proteins and peptides
exhibiting an array of biochemical and pharmacological functions
[1]. These bioactive molecules have allowed for a trophic transition
from a mechanical (constriction) to a chemical (venom) means of
subduing prey [2] via the dysregulation of many homeostatic
mechanisms simultaneously. Because venoms consist of ‘usurped’
regulatory compounds, many have also been subjected to detailed
screenings in the search for novel compounds which may be utilized as biomedical tools and reagents [3e5].
Disintegrins are common constituents of viperid venoms and
are small (4e16 kDa) non-enzymatic, cysteine-rich proteins that
result from a post-translational cleavage of the P-II class of SVMPs
[6]. From a predation perspective, disintegrins may aid in the
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distribution of other venom compounds throughout prey tissues by
binding integrins aIIbb3 and inhibiting platelet aggregation [7,8].
Disintegrins may also have an important functional role during
envenomation, facilitating prey relocation by altering chemical
cues emanating from envenomated prey and allowing for prey
recovery via strike-induced chemosensory searching [9]. Structurally, disintegrins are classiﬁed based on their polypeptide length
and number of disulﬁde bonds [10]. Short disintegrins consist of
41e51 amino acid residues and 4 disulﬁde bonds, whereas medium
disintegrins are approximately 70 amino acids and have 6 disulﬁde
bonds. The vast majority of disintegrins that have been characterized and studied belong to this medium size class. The third group,
long disintegrins, is composed of 84 amino acids and 7 disulﬁde
bonds. The fourth group, which consists of the homo- and heterodimeric disintegrins, has subunits of approximately 67 amino
acids, including 10 cysteines which are involved in 4 intra-chain
disulﬁde bonds and 2 interchain cysteine linkages [10,11].
Despite the fact that disintegrins are relatively conserved, signiﬁcant differences are seen with respect to their binding afﬁnity
towards integrin receptors. These disintegrineintegrin interactions
are primarily mediated by the disulﬁde-deﬁned integrin-binding
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loop containing an RGD, KGD, MVD, MLD, MGD, WGD, VGD, KTS or
RTS sequence [10,12e15]. Although the amino acid residues adjacent to this binding motif also inﬂuence binding afﬁnity [16], it has
been suggested that the conserved aspartate residue in the tripeptide binding site of many disintegrins is responsible for binding
to the speciﬁc b integrin subunit, whereas the ﬁrst two residues
determine the afﬁnity to the speciﬁc a integrin subunit [17]. The
majority of characterized disintegrins contain an Arg-Gly-Asp
(RGD) sequence which has been shown to block integrin aIIbb3 on
platelet membranes, in addition to integrins a5b1, a8b1, avb1 and
avb3 (among others) which are expressed on many cell membranes
[18]. However, non-RGD containing disintegrins have also been
characterized and exhibit an array of unique integrin afﬁnities
[19,20]. These disintegrineintegrin interactions have been shown
to disrupt adhesion between cells and various ECM and plasma
proteins such as ﬁbronectin, vitronectin, ﬁbrinogen, laminin, and
certain collagen [21e24].
The use of venom compounds as potential therapeutics has long
been an area of interest among venom researchers. Disintegrins in
particular have been explored for biomedical applications due to
their potent integrin blocking activity. In fact, two anti-platelet
drugs currently on the market, tiroﬁban (aggrastat), and integrilin
(eptiﬁbatide), were both designed based on the structures of the
venom disintegrins echistatin [25] and barbourin [16], respectively.
Further, disintegrins have received signiﬁcant attention for their
anti-metastatic and anti-angiogenic properties [21e23,26e32]
demonstrating their potential applications as an anti-cancer therapeutic. RGD disintegrins such as the homodimeric contortrostatin
[21,22,26], and monomeric colombistatin [23], in addition to
obtustatin, which contains the sequence KTS in its active site
[31,32], have been shown to signiﬁcantly inhibit experimental
metastasis, angiogenesis, and cellular adhesion to speciﬁc ECM
proteins. The pharmacological potential of these compounds provides a strong motivation to examine snake venoms for novel disintegrins that may have application in biomedical research and
drug discovery efforts.
The current study was aimed at screening the venom of the
Middle American Rattlesnake (Crotalus simus tzabcan) for novel
disintegrins by a combination of cDNA analysis of transcripts and
multistep liquid chromatography and mass spectrometry-based
analysis of venom proteins. We isolated and characterized the
most abundant disintegrin present in C. s. tzabcan venom and
examined its cytotoxicity and ability to inhibit cell adhesion of
human colon adenocarcinoma (Colo-205) and breast adenocarcinoma (MCF-7) cell lines.

2. Materials and methods
2.1. Snakes, venom and biochemicals
Two adult C. s. tzabcan were housed individually at the University of Northern Colorado Animal Resource Facility (UNC-IACUC
protocol #0901C-SM-ML). The snakes were received from the US
Fish and Wildlife Service after a conﬁscation, so the exact locality of
origin is uncertain; however, this subspecies occurs only in the
n peninsular region of Me
xico. Venom was extracted as
Yucata
previously described [33], pooled, and samples were centrifuged
(10,000 g for 5 min), lyophilized and stored at 20  C until use.
Matrigel (356234) was purchased from BD Biosciences (Franklin
Lakes, NJ, USA). Fibronectin (F0895), vitronectin (V8379), and all
additional buffers and reagents (analytical grade or better) were
purchased from SigmaeAldrich, Inc. (St. Louis, MO, USA). Protein
gels, mass standards and electrophoretic reagents were obtained
from Invitrogen-Life Technologies (Grand Island, NY, USA).
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2.2. Size exclusion liquid chromatography (SE-LC)
Two-hundred and ﬁfty milligrams of lyophilized venom were
dissolved in 3.0 mL HEPES buffer solution (10 mM, pH 6.8, with
60 mM NaCl and 5 mM CaCl2) and centrifuged at 1500 g for 5 min
to pellet and remove insoluble material. This solution was then
fractionated by low pressure size exclusion chromatography using a
90  2.6 cm column of BioGel P-100 medium (BioRad Inc., Hercules,
CA, USA) equilibrated with the same HEPES buffer. Fractionation
occurred at a ﬂow rate of 6.0 mL/h at 4  C, and 30 min fractions
were collected. Elution of size-fractionated protein and peptide
peaks was monitored at 280 nm using a Beckman DU640
spectrophotometer.
2.3. Reverse phase high performance liquid chromatography (RPHPLC)
Using two additional RP-HPLC methods, peak 6 from SE chromatography was further puriﬁed using a Phenomenex Jupiter C18
(250  4.6 mm, 5 mm) column on a Waters HPLC system using
Empower software. The Cl8 column was equilibrated with 95% of
0.1% TFA in water (solvent A) and 5% of 80% acetonitrile in 0.1% TFA
in water (solution B) and elution was achieved as follows: 95%
solvent A and 5% solvent B for 10 min; linear gradient to 85% A and
15% B over 1 min; linear gradient to 60% A and 40% B over 65 min;
linear gradient to 100% B over 2 min; isocratic at 100% B for 5 min;
linear gradient to 95% A and 5% B over 2 min. The peak containing
tzabcanin (RP-HPLC peak 2) was further puriﬁed using the same C18
column and a shallower gradient. Elution was achieved as follows:
95% A and 5% B, with a linear gradient to 79% A and 21% B over
10 min; linear gradient to 75% A and 25% B over 40 min; linear
gradient to 100% B over 2 min; isocratic at 100% B for 5 min; linear
gradient to 100% A over 2 min; isocratic at 100% A for 5 min.
Fractions were collected using a Waters Fraction Collector II at a
ﬂow rate of 1.0 mL/min, and protein peaks were monitored at 220
and 280 nm using a Waters 2487 Dual Absorbance Detector. Fractions were collected, lyophilized, and stored at 20  C until further
use.
2.4. One-dimensional SDS-PAGE electrophoresis
Crude C. s. tzabcan venom and SE-LC and RP-HPLC fractions were
assessed for the number and relative molecular masses of protein
components by SDS-PAGE under reducing (DTT) conditions using
NuPAGE 12% Bis-Tris gels and MES running buffer (electrophoresed
for approx. 45 min) as described previously [9]. Twenty-four mg of
crude venom or 3 mL SE-LC aliquots were added to each lane, and
Mark 12 standards were used for mass estimation. For RP-HPLC
fractions, 3 mg of lyophilized protein were resuspended in 1
reducing LDS buffer, placed into lanes on a NuPage 12% Bis-Tris gel
and electrophoresed as above. Gels were stained with Coomassie
Brilliant Blue overnight, destained and scanned with an HP Scanjet
4570C.
2.5. Mass analysis (MALDI-TOF-MS) and N-terminal sequencing
Mass determinations of lyophilized protein samples obtained by
RP-HPLC were analyzed using a Bruker Ultraﬂex MALDI-TOF/TOF
mass spectrometer (Proteomics and Metabolomics Facility, Colorado State University, Fort Collins, CO) operating in linear mode.
Protein samples (~0.5 mg) were spotted onto a sinapinic acid matrix
(10 mg/mL 50% acetonitrile, 0.1% triﬂuoroacetic acid; 1.0 mL) and
spectra were acquired in the mass range of 3.0e25 kDa. For Nterminal sequencing, approximately 50 mg of puriﬁed tzabcanin
was reduced with dithiothreitol and alkylated with iodoacetamide
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as previously described [34]. Clean up and isolation of the reduced
and alkylated product was accomplished by RP-HPLC using a Vydak
C18 column as above, with a ﬂow rate of 1.0 mL/min and a gradient
(1%/min) of 5e50% ACN. Protein fractions were collected and dried
via a Speed Vac and N-terminal sequencing (Edman degradation)
was performed on an ABI Procise 494 protein sequencer (Protein
Structure Core Facility, University of Nebraska Medical Center,
Omaha, NE) to obtain the ﬁrst 30 amino acid residues. The sequence
obtained was subjected to Basic Local Alignment Search Tool
(BLAST) at the National Center for Biotechnology Information
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).
2.6. RNA isolation, cDNA synthesis and 30 RACE
RNA isolation, cDNA synthesis, and 30 RACE of the C. s. tzabcan
disintegrins was accomplished following methods of Modahl et al.,
2015 (in review). Brieﬂy, RNA was puriﬁed from approximately
6 mg of lyophilized venom resuspended in 1 mL of TRIzol (Life
Technologies, CA, USA) following the manufacturer's recommended RNA protocol, with the addition of a 4  C overnight incubation in 300 mL ethanol containing 40 mL 3 M sodium acetate to
increase RNA yields. cDNA synthesis from total RNA was accomplished using the 30 RACE System (Life Technologies, CA, USA)
following the manufacturer's protocols. The oligo(dT) adaptor
primer (provided with the kit) initiates reverse transcriptase cDNA
synthesis at the poly(A) region of mRNA and effectively selects for
polyadenylated mRNAs from the total RNA preparation. Two sets of
30 RACE sense primers were designed to obtain C. s. tzabcan disintegrin sequences. The ﬁrst sense primer (50 -GGAGAAGARTGTGACTGTGGC-30 ) was designed from the tzabcanin Nterminal sequence, and the second sense primer (50 -GAGGTGGGAGAAGAWTGYGACTG-30 ) was modiﬁed from a previous primer
[35] by the addition of degenerate base pairs, determined from
multiple sequence alignments of a diversity of disintegrins from the
NCBI database, including multiple Crotalus adamanteus, Crotalus
viridis viridis, Agkistrodon piscivorus, Bothrops neuwiedi, Echis pyramidum, Echis coloratus and Echis carinatus metalloproteinase PII
sequences. Each sense primer was used in a reaction with the 30
RACE system AUAP antisense primer 50 -GGCCACGCGTCGACTAGTAC-30 . Twenty-three mL of PCR SuperMix High Fidelity polymerase
(Life Technologies, CA, USA) was used with 1 mL of cDNA template
and 0.5 mL of each primer (sense and antisense). PCR was done with
seven touchdown cycles of 94  C for 25 s, 52  C for 30 s, and 68  C
for two minutes. Thirty additional cycles followed at 94  C for 25 s,
48  C for 30 s, and 68  C for two minutes with a ﬁnal 68  C
extension for ﬁve minutes. The ampliﬁed products were electrophoresed on a 1% agarose gel, and bands of the estimated disintegrin size were removed and puriﬁed using the Wizard SV gel
and PCR clean-up system (Promega, USA).
2.7. Cloning and sequencing of disintegrins
Ampliﬁed cDNA was ligated into the pGEM-T Easy Vector System (Promega, Inc.) and transformed into Escherichia coli DH5 a
competent cells and grown on nutrient-rich agar plates overnight
at 37  C. Recombinant plasmids were selected from agar plates, ten
E. coli colonies were picked from each PCR and placed into 2 mL LB
broth treated with 1 mL/mL ampicillin, and shaken overnight at
37  C. Plasmids of each E. coli colony were than puriﬁed using the
Quick Clean 5M Miniprep Kit (GenScript, Inc) and sent for
sequencing at the DNASU facility (Arizona State University, AZ,
USA) using Big Dye V3.1 chemistry with samples processed on an
Applied Biosystems 3730XL Sequence Analysis Instrument.
Because snake venom disintegrins are often derived from proteolytic processing of P-II metalloproteinases, a custom BLAST

database of C. s. tzabcan P-II SVMPs was constructed from published
data [36]. The sequences obtained for disintegrins in this study
were then queried against this database, and exact matches were
considered P-II derived disintegrins. If sequences were 95e99%þ
identical, then they were considered probably matches, and if sequences were <90% identical, they were considered not derived
from P-II processing.
2.8. Cell lines and culture conditions
Cancer cells, growth media, fetal bovine serum (FBS) and cell
viability assay kits were purchased from American Type Cell Culture (ATCC; Manassas, VA, USA). Human colorectal adenocarcinoma
cells (Colo-205; ATCC CCL-222) were maintained with ATCCformulated RPMI-1640 medium supplemented with 10% FBS, and
human breast adenocarcinoma cells (MCF-7; ATCC HTB-22) were
maintained with Eagle's Minimum Essential Medium (EMEM)
growth medium supplemented with 10% FBS and 10 mg/mL human
recombinant insulin. Both cell lines were maintained in 75 cm2
ﬂasks as a monolayer culture in a humidiﬁed 5% CO2 air incubator at
37  C. Subcultivation of cells was performed according to ATCC
instruction, using trypsin-EDTA (0.05% trypsin and 0.02% EDTA).
2.9. Cytotoxicity assays
The colorimetric MTT [3-(4, 5-dimethylthiazolyl-2)-2, 5diphenyl-2H-tetrazolium bromide] assay was utilized to examine
possible cytotoxicity of tzabcanin, as well as crude C s. tzabcan
venom [37]; see also 38]. One hundred mL aliquots of Colo-205 and
MCF-7 cells, at a density of 5.0  105 cells/ml with complete media,
were plated in 96-well cell culture plates and incubated with
various concentrations of tzabcanin (0.22e14 mM), crude C. s.
tzabcan venom (20 mg), or 10 mL of 0.01 M phosphate buffered saline
(PBS, pH 7.2, as a control) at 37  C for 24 h. After 24 h, 10 mL of MTT
was added to the treated cells and plates were returned to 37  C for
2 h. Following incubation, 100 mL of Detergent Reagent (ATCC) were
added to cells, which were then incubated at room temperature
overnight in the dark. The plate was gently shaken and the absorbance read at 570 nm using a SpectraMax 190 plate reader. Assays
at each tzabcanin concentration were performed in triplicate and
each assay was repeated at least twice. Percent cell viability was
calculated by the following formula: [(absorbance of treatment
cells) - (absorbance of medium blank)/(absorbance of control cells)
- (absorbance of medium blank)] x 100, and all values are reported
as mean ± standard error of the mean.
2.10. Cell adhesion inhibition assays
Inhibition of Colo-205 and MCF-7 cell binding to the extracellular matrix proteins ﬁbronectin and vitronectin, and the basement
membrane matrix Matrigel was measured as previously described
[39]. Triplicate wells of Immulon-II 96 well microtiter plates were
coated with either 100 mL of ﬁbronectin (0.5 mg per well), vitronectin (0.3 mg per well), or Matrigel (0.5 mg per well) dissolved in
0.01 M PBS, pH 7.2, and allowed to incubate overnight at 4  C. Fluid
was then removed and unbound proteins were removed by
washing wells three times with 1% bovine serum albumin (BSA) in
PBS, and unbound sites were blocked with 2.5% BSA in PBS (1 h
incubation at 37  C). Both Colo-205 and MCF-7 cells were harvested
as mentioned above and resuspended in serum-free medium
containing 1% BSA at concentrations of 5  105 cells/mL. Cells were
treated with various concentrations of tzabcanin (0.22e14 mM) and
allowed to incubate at 37  C for 1 h immediately prior to seeding.
The blocking solution was aspirated, wells were washed 2 with
100 mL 1% BSA in PBS, and 100 mL cells were seeded in the coated
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2.11. Inhibition of cell binding to immobilized tzabcanin
Because integrin binding interactions are dependent on divalent
cations [40,41], cells were incubated with varying concentrations of
a cation chelator (disodium EDTA) to examine if tzabcanin binding
occurs speciﬁcally via integrin receptors. Puriﬁed tzabcanin (20 mg/
mL) was resuspended in PBS and 100 mL aliquots were add to
Immulon-II 96 well microtiter plates and incubated overnight at
4  C. Following overnight incubation, wells were washed and
blocked as described above. Further, both Colo-205 and MCF-7 cells
were treated as mentioned above except before addition to the
disintegrin treated wells, cells were incubated for 60 min at 37  C
with serum-free medium containing 1% BSA and various concentrations of EDTA. Cells were then added to the disintegrin treated
wells and the adhesion assay was performed as described above. All
assays were completed in triplicate and replicated at least 3 times.
2.12. Molecular modeling
Three dimensional structure of tzabcanin was modeled from the
primary structure using the I-TASSER server (http://zhanglab.ccmb.
med.umich.edu/I-TASSER/) as described previously [42]. A venom
disintegrin with known solution structure was identiﬁed by ITASSER as an appropriate template model (salmosin, from Agkistrodon halys venom [43]: Protein Database accession number 1L3X
A); tzabcanin shows 83% sequence identity with salmosin, and all
12 cysteines are conserved. Figures were created using Discovery
Studio Visualizer v3.1.1.11157 (Accelerys Software Inc., San Diego,
CA).
2.13. Statistical analyses
Data were analyzed by Analysis of Variance (ANOVA) followed
by Tukey's post-hoc test using R version 2.15.2. All p values <0.05
were considered as statistically signiﬁcant.
3. Results
3.1. Isolation and masses of C. s. tzabcan disintegrins and Nterminal sequencing of tzabcanin
Following SE chromatography, 9 major peaks were collected
(Fig. 1) which were assessed by reduced SDS-PAGE (Fig. 1 inset) to
identify proteins in the ~7 kDa range, as this is the general mass of
monomeric disintegrins [11,23,24,27]. Peak 6 yielded one protein
band in this mass range (Fig. 1 inset), and was further fractionated
by RP-HPLC chromatography, yielding 5 additional protein fractions
that eluted between 22 and 28% solution B (Fig. 2A). Following
reducing SDS-PAGE, all ﬁve fractions showed masses of approximately 7 kDa (Fig. 2A). The spectra obtained by MALDI-TOF indicated the presence of six disintegrin isoforms in C. s. tzabcan venom
(Fig. 2B). The most prominent of these disintegrins (RP-HPLC Peak
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Fig. 1. Size exclusion chromatography of crude C. s. tzabcan venom. A total of 250 mg of
crude venom was fractionated on a BioGel P-100 column. Fractions collected and crude
venom (CrV) were analyzed by SDS-PAGE (inset) under reducing conditions; fraction 6
contained disintegrin-sized peptides.

2) was further puriﬁed by an additional RP-HPLC step (Fig. 3A),
yielding one protein peak eluting at approximately 23% solvent B.
This protein, with a molecular mass of 7105.0 Da (Fig. 3B), was
named tzabcanin. It was subjected to Edman degradation N-terminal
sequencing,
yielding
the
sequence
GEECDCGSPANPCCDAATCKLRPGAQCADGLCCD and was assessed for
cytotoxicity and inhibition of Colo-205 and MCF-7 cell adhesion to
ﬁbronectin, vitronectin and Matrigel.
Because MALDI-MS determinations of masses of disintegrin
peaks did not correspond to theoretical masses derived from cDNA
sequences (likely due to C-terminal truncation; see Discussion),
cDNA-derived sequences were analyzed using ExPasy's ProtParam
tool (http://web.expasy.org/protparam/) to predict sequence association with the RP-HPLC chromatogram. Based primarily on
hydropathicity values (less negative values correlate with increased
hydrophobicity), sequences were tentatively assigned to the
respective HPLC peaks (Table 1).
3.2. cDNA sequencing analysis
Six cDNA sequences were obtained, ranging from 210 to 222 bp
in length and coding for six protein isoforms varying from 69 to 73
amino acids (Fig. 4).
NCBI Protein BLAST analyses indicated that all amino acid sequences obtained belong to the disintegrin family. Five of the six
sequences contain twelve cysteine residues, characteristic of medium sized disintegrins [28]; tzbdis-4 contains only 11 cysteine
residues. All six sequences also express the canonical RGD binding
motif.
The six disintegrins and the N-terminal sequence of tzabcanin
were aligned with sequences of disintegrins puriﬁed from other
viperid venoms (Fig. 5). Tzabcanin, the most abundant of the six
disintegrin isoforms, contains 71 amino acids, begins with a Gly,
ends with an Ala, and shares 97% sequence identity to the disintegrin basilicin [P31981].
3.3. Cytotoxicity
Crude C. s. tzabcan venom (20 mg/100 mL) exhibited potent
cytotoxicity towards both Colo-205 and MCF-7 cell lines, with
approximately 35 and 26% cell viability, respectively, remaining
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Fig. 2. RP-HPLC puriﬁcation and mass determination by MALDI-TOF-MS of C. s. tzabcan venom disintegrins. (A) RP-HPLC of SE peak 6. 2 mL samples were injected into a Phenomenex Jupiter C18 column and separated on a Waters 515 HPLC system. Five protein peaks eluted between 22 and 26% solvent B. Fractions were collected and analyzed by SDSPAGE (inset) under DTT-reducing conditions. (B) Mass spectra of RP-HPLC peaks 1e5; tzabcanin was present in peak 2 (m ¼ 7105 Da), and peaks 3 and 4 yielded two masses as
indicated.

after 24 h incubation (both p < 0.001; Fig. 6). However, tzabcanin
caused only a slight decrease in Colo-205 cell viability at concentrations of 1.75 mM and 3.5 mM (both p < 0.05) and at 14 mM

(p < 0.01); 7 mM tzabcanin also resulted in a decrease in cell survival, but this treatment level failed to reach signiﬁcance (p > 0.05).

Fig. 3. RP-HPLC polishing and mass determination of tzabcanin. (A) RP-HPLC peak 2 was further puriﬁed using a very shallow gradient. One peak eluted at 23% ACN and was
assessed by MALDI-TOF mass spectrometry. (B) Mass determination of tzabcanin by MALDI-TOF mass spectrometry analysis in positive linear mode indicated a native mass of
7105 Da.
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Table 1
Grand average of hydropathicity (GRAVY) and other physical parameters for C. s. tzabcan disintegrins.
RP-HPLC peak#

Hydropathicity value

pI

cDNA sequence#

# aas

PII-derived?

1
2 (tzabcanin)
3
4
5
e

0.799
0.754
0.674
0.592
0.578
0.565

7.61
6.84
4.81
4.81
4.58
5.03

1
2
4
6
5
3

71
71
73
73
73
69

No
No
Yes?
Yes?
Yes
Yes

Values calculated with ExPasy ProtParam tool. #aas, number of residues in disintegrin; PII-derived?, disintegrin derived from P-II SVMP: yes? ¼ probable. See text for further
explanation.

Tzabcanin failed to exhibit signiﬁcant cytotoxicity towards MCF-7
cells (p > 0.05).
3.4. Inhibition of cell adhesion in vitro
Fibronectin and vitronectin support adhesion to Colo-205 and
MCF-7 cells. Results indicate that tzabcanin inhibits adhesion of
both cell lines to ﬁbronectin and vitronectin in a dose-dependent
manner (Fig. 7a and b). The greatest inhibition was observed for
MCF-7 cells binding to ﬁbronectin (81% binding inhibition at 14 mM;
IC50 ¼ 6.9 mM), and although adhesion of Colo-205 cells to ﬁbronectin was hindered, the IC50 was twice as high (14 mM).
Similarly, tzabcanin inhibited adhesion of both cell lines to
vitronectin (Fig. 7B); the highest binding inhibition was observed
with Colo-205 cells (62% binding inhibition at 3.5 mM;
IC50 ¼ 6.6 mM), but inhibition of MCF-7 cell adhesion failed to reach
50% (44% binding inhibition at 14 mM). Matrigel supported adhesion in both cell lines, but tzabcanin failed to inhibit adhesion (data
not shown).
3.5. Tzabcanin binds to Colo-205 and MCF-7 cells via integrin(s)
Binding of both Colo-205 cells and MCF-7 cells to immobilized
tzabcanin was inhibited when cells were incubated with varying
concentrations of EDTA (Fig. 8). Approximately 95% inhibition of
MCF-7 cell binding to immobilized tzabcanin was achieved at 5 mM
EDTA (IC50 ¼ 2.01 mM), and 55% binding inhibition of Colo-205
cells to tzabcanin was achieved at 5 mM EDTA. These results suggest that tzabcanin binds to both of these cell lines via integrin
receptors.
3.6. Molecular modeling of tzabcanin
Like other medium disintegrins, tzabcanin adopts a semiglobular conﬁguration, and the RGD integrin-binding domain is
presented on the surface of the molecule (Fig. 9). The accessibility
of this integrin-binding loop is believed to be critical to the binding
efﬁciencies of disintegrins; a similar integrin-binding motif is found
in the disintegrin-like domain of many P-III SVMPs [44] and is also
likely functionally very important [45]. In addition, the model indicates close proximity of both the N- and C-termini to the RGD
site; as the C-terminus has been implicated in the selectivity of
disintegrins [13], this conformation likely has functional signiﬁcance as well.
4. Discussion
Due to their potential as lead compounds for binding and
blocking integrin receptors, disintegrins have become one of the
most studied venom protein families to date. In the current study, a
combination of molecular and proteomic techniques were utilized
to screen the venom of C. s. tzabcan for potentially novel

disintegrins. SE peak 6 yielded one protein mass of approximately
7e8 kDa by SDS-PAGE and was subjected to an additional RP-HPLC
step, yielding 5 additional protein peaks, each exhibiting molecular
masses in the range of monomeric disintegrins as determined by
both SDS-PAGE and MALDI-TOF mass spectrometry. When combined with cDNA analyses, results indicate the presence of
numerous disintegrin isoforms with masses ranging from 7105 to
7637 Da, and 69 to 73 amino acids in length. The molecular masses,
cysteine pattern, and polypeptide length place these disintegrins in
the medium-size classiﬁcation as described by Calvete et al. [10,11].
Sequences obtained via cDNA analyses were tentatively assigned to
the 5 peaks resulting from RP-HPLC fractionation of BioGel peak 6
based on their elution proﬁle and GRAVY values (see Table 1).
However, although MALDI-TOF mass analysis also indicates the
presence of six isoforms which correlate with these six cDNA sequences, caution must be taken when interpreting this assignment
of the RP-HPLC peaks to the speciﬁc translated amino acid sequences reported here without further independent amino acid
sequence data (MS/MS or Edman degradation). Only RP-HPLC peak
two, the most abundant of the disintegrins present, was further
characterized by N-terminal sequencing and deﬁnitively assigned
to the complete amino acid sequence obtained from cDNA
sequences.
As has been observed for other snake venom disintegrins,
including from the related Crotalus simus [24], theoretical and
MALDI-MS-derived masses did not agree. It is hypothesized that
this difference may result from the C-terminal truncation of tzabcanin; the mass of tzabcanin lacking the last four residues is
7098.94, which differs from tzabcanin's MALDI-determined mass
by 0.08%. This difference is well within the margin of error (~0.1% for example, University of Virginia School of Medicine MS core facility) often claimed for MALDI-TOF-MS. C-terminal loss of residues
was also noted in a previous study of dimeric disintegrins, in which
both subunits lost residues [46], so C-terminal truncation may not
be particularly uncommon among some snake venom disintegrins.
It may also explain the somewhat lower potency of tzabcanin toward cell adhesion inhibition than has been observed for other
related disintegrins.
Tzabcanin, the most abundant of the six isoforms, shares high
amino acid sequence identity with basilicin from Crotalus basiliscus
venom. Basilicin has an additional alanine at the N-terminus, a Glu
at position 29 and Lys at position 43, whereas tzabcanin contains an
Asp and Thr at these positions, respectively. Both disintegrins also
have identical RGDN and C-terminal sequences. Molecular
modeling of tzabcanin demonstrates that the RGD binding motif, as
well as the C-terminus, are accessible to the solvent and are
therefore available for integrin binding. Binding speciﬁcity and afﬁnity is based on the functional epitope created by the concerted
actions of the tripeptide binding loop and the C-terminal region of
the protein [13]. Further, the amino acid residues ﬂanking the tripeptide sequence can greatly inﬂuence integrin afﬁnity [11,13,47].
For example, disintegrins expressing RGDW domains often show
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Fig. 4. cDNA sequence and predicted amino acid sequence of C. s. tzabcan disintegrins. The cDNA sequence is located on the upper line and the corresponding amino acid sequence
is below. The cysteine residues are in bold print and the RGD binding motif is in bold print and underlined.
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Fig. 5. Amino acid sequence comparison of C. s. tzabcan disintegrins with selected disintegrins; RGDN disintegrins are in the top group and RGDW disintegrins are in the bottom
diagram. One-letter code for amino acids is used. Cysteine residues are shaded in gray, and the RGD binding motif is in bold print and underlined. Residue differences from tzabcanin
are shaded in yellow.

Fig. 6. Percent cell viability of Colo-205 and MCF-7 cells following exposure to crude
C. s. tzabcan venom (CV) or puriﬁed tzabcanin. *p < 0.05, **p < 0.01, ***p < 0.001,
compared to controls.

high afﬁnity to aIIbb3 integrins, whereas RGDN show higher selectivity towards both a5b1 and avb3 integrins [16,17,47]. Of the six
disintegrins reported here, four contain an RGDW binding motif,
and two, including tzabcanin, contain an RGDN binding region. Yet
even with identical integrin-binding regions, structural discrepancies in the C-terminal region can alter biological activity. Differences in ADP-induced platelet aggregation have been documented
between colombistatin and cotiarin, both RGDN disintegrins that
differ only by the presence of a Tyr72 in colombistatin, whereas
cotiarin exhibits His72 [23].
Although crude C. s. tzabcan venom was highly toxic to both
Colo-205 or MCF-7 cell lines, puriﬁed tzabcanin showed very low
levels of cytotoxicity toward Colo-205 cells and failed to exhibit
cytotoxicity at concentrations as high as 14 mM following 24 h
treatment of MCF-7 cells. Disintegrin-induced apoptosis in HUVEC
cells has been documented with rhodostomin [48] as well as with
accutin [49]; however, the ability of disintegrins to induce
apoptosis varies between cancer cell lines. Lucena et al. [29] found
that the recombinant RGDN disintegrin, r-viridistatin, failed to
induce apoptosis in SK-12 melanoma cells, and the disintegrin
rhodostomin did not induce apoptosis of MDA-MB-231 cells [50].

Fig. 7. a The effect of tzabcanin on Colo-205 and MCF-7 adhesion to immobilized ﬁbronectin; semilog plot. Various concentrations of tzabcanin (0.22 mMe14 mM) were incubated
with Colo-205 and MCF-7 cells (5.0  105 cells/mL) prior to addition to 96-well culture plates containing immobilized ﬁbronectin. *p < 0.01, **p < 0.001. b. The effects of tzabcanin
on Colo-205 and MCF-7 adhesion to immobilized vitronectin; semilog plot. Various concentrations of tzabcanin (0.22 mMe14 mM) were incubated with Colo-205 and MCF-7 cells
(5.0  105 cells/mL) prior to addition to 96-well culture plates containing immobilized vitronectin. *p < 0.05, **p < 0.01, ***p < 0.001, relative to controls.
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Fig. 8. Percent binding inhibition of Colo-205 and MCF-7 cells to immobilized tzabcanin following cell incubation with the cation chelator EDTA; semilog plot. Colo-205
and MCF-7 cells (5.0  105 cells/mL) were incubated with various concentrations of
EDTA (0.3e5 mM) prior to addition to wells containing immobilized tzabcanin.
*p < 0.01, **p < 0.001, relative to controls.

Similarly, the homodimeric disintegrin contortrostatin was found
to lack cytotoxicity toward MDA-MB-435 cells in vitro [22]. However, recently Lucena et al. [30] showed that recombinant disintegrins r-virdistatin 2 and r-mojastin 1 induced apoptosis in
approximately 20% of human pancreatic adenocarcinoma (BXPC-3)
cells. Therefore, the slight decrease in Colo-205 cell viability in the
presence of high concentrations of tzabcanin could be due to induction of apoptosis, or a loss of membrane integrity, ultimately
leading to antiproliferative effects. On the other hand, the potent
toxicity of crude venom towards both cell lines is likely due to the
presence of LAAOs, SVMPs, and PLA2s, which are abundant in C. s.
tzabcan venom [51] and have been shown to exhibit a combination
of cytotoxic and apoptotic activities [52e54]. Similarly, Bradshaw
et al. [38] also showed that C. s. tzabcan venom was signiﬁcantly
cytotoxic to both MCF-7 and human melanoma (A-375) cell lines.
Integrins are critical to cell attachment, migration and invasion,
and their signiﬁcance in cancer progression is being examined
extensively [55,56]. Integrin engagement to ECM proteins induces
cell proliferation and may prevent apoptosis in some cancers,
demonstrating the signiﬁcance of cell adhesion in tumor progression and survival. av integrins, in addition to a5b1, a8b1, and aIIbb3,

mediate cell adhesion to various ECM proteins, often by recognition
of the tri-peptide RGD binding motif [57]. These integrin-ligand
interactions are dependent on divalent cations, especially Mn2þ
and Mg2þ, to support ligand binding [40]. Ca2þ, on the other hand,
fails to support binding, yet it greatly regulates ligand adhesion
supported by Mn2þ and Mg2þ [40]. The inhibition of both Colo-205
and MCF-7 cell binding to immobilized tzabcanin in the presence of
a cation chelator (EDTA) indicates that tzabcanin-integrin binding
was occurring, likely through the RGD domain. The low binding
inhibition seen in Colo-205 cells (~55% binding inhibition at 5 mM
EDTA) compared to MCF-7 cells suggests that tzabcanin binding is
occurring in this cell line through a higher number of integrins,
requiring a higher concentration of EDTA to produce inhibition.
Although tzabcanin binds to both Colo-205 and MCF-7 cells,
tzabcanin-induced binding inhibition of these cell lines to ﬁbronectin and vitronectin is not as potent as has been reported for
some other disintegrins. Differential potency may be cell line
dependent; for example, colombistatin had a potent inhibitory effect (IC50 ¼ 33 nM) on SK-Mel-28 cell adhesion to ﬁbronectin, yet
much higher concentrations (IC50 ¼ 4.4 mM) of this disintegrin were
needed to inhibit T24 cells from binding to ﬁbronectin [23]. A recombinant form of viridistatin-2 also showed varying binding inhibition of numerous cell lines to ﬁbronectin, with IC50 values
ranging from 11 to 4450 nM [29]. Further, although inhibition of
cell adhesion was not as potent as other disintegrins, tzabcanin may
exhibit additional anti-metastatic properties by binding different
integrin receptors. For example, crotatroxin 2 failed to inhibit 66.3p
cell adhesion to ﬁbronectin, yet it signiﬁcantly inhibited cell
migration in vitro and lung tumor colonization in vivo [27].
Colo-205 and MCF-7 cells express integrins a5b1, avb5 and avb6,
as well as several other a/b subunits [58e61]; however, the
expression of these integrins and speciﬁc subunits may drastically
vary. For instance, Colo-205 cells show low levels of a5, but moderate levels of av, a1, and a3, and high levels of a2, a6 and b1 subunits
[58], each displaying speciﬁcity to one or several discrete ligands.
Fibronectin is recognized by an array of integrins including a5b1
and avb6, which were ﬁrst characterized for their ability to bind to
this ECM protein [62e64]. Integrins avb3, avb5, a3b1 a4b1 and a8b1
are additional receptors of ﬁbronectin [65]. Fibronectin-integrin
interactions contribute to numerous stages of tumor development, including tumor migration, invasion and metastasis [66].
avb5 has classically been known as a vitronectin receptor [67,68]
however, integrin avb6 has also been shown to adhere to vitronectin [69]. Therefore, Colo-205 and MCF-7 cells express an array of
integrins that show recognition to both ﬁbronectin and vitronectin.

Fig. 9. Space ﬁlling model (A) and stick model (B) of tzabcanin showing the same face of the molecule. In both ﬁgures, the RGD domain is shown in green, the N terminus is in
yellow and the C terminus is shown in red. Surface charges of other residues are shown in red to blue shading. Models are based on I-TASSER-derived modeling of tzabcanin and
were constructed using Accelerys Discovery Studio 3.1 software. Note proximity of the RDG domain and the C-terminus.
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Because many disintegrins have the capability to recognize an array
of integrins, the relatively weak potency of tzabcanin suggest that
this disintegrin may inhibit cell adhesion by binding to a more
select group of integrins, leaving other receptors available for
integrin-ECM interactions. Further, tzabcanin also contains an
RGDN binding domain which has been shown to exhibit higher
afﬁnity to integrin avb3 [16,47], an integrin not expressed on either
Colo-205 or MCF-7 cells. Therefore, studies utilizing cell lines
expressing avb3 are predicted to demonstrate greater potency of
tzabcanin.
5. Conclusions
This study reports the isolation and characterization of the most
abundant disintegrin, tzabcanin, from the venom of C. s. tzabcan. In
addition, we report molecular masses and cDNA sequences of ﬁve
additional medium-sized disintegrin isoforms from the same
venom. The documented differences in integrin-binding afﬁnity
between RGDW and RGDN disintegrins could represent distinct
biological roles for these integrin homologs and differential anticancer effects may also exist. Tzabcanin, a new RGD disintegrin,
was not cytotoxic to MCF-7 cells but produced a slight decrease in
cell viability in Colo-205 cells at high concentrations. This could be
due to induction of apoptosis by binding to an integrin(s) specifically expressed on Colo-205 cells that may be absent on the MCF-7
cell line. By binding to integrins, tzabcanin also inhibited cell
adhesion of both cell lines to ﬁbronectin and vitronectin. Although
this inhibition was not as potent as reported for other disintegrins,
the binding domain (RGDN) of tzabcanin suggests that it may have
higher afﬁnity towards avb3 integrins which are not present in
either Colo-205 or MCF-7 cells.
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