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Abstract

A5’ truncated snake venom metalloproteinase was identified from a cDNA library constructed
from venom glands of an eastern diamondback rattlesnake (Crotalus adamanteus). The 5’ -rapid
amplification of cDNA ends (RACE) was used to obtain the 1865 bp full-length cDNA sequence
of a snake venom metalloproteinase (CamVMPII). CamVMPII encodes an open reading frame of
488 amino acids, which includes a signal peptide, a pro-domain, a metalloproteinase domain, a
spacer, and an RGD-disintegrin domain. The predicted amino acid sequence of CamVMPII
showed a 91%, 90%, 83%, and 82% sequence homology to the P-I1 class enzymes of C.
adamanteus metalloproteinase 2, C. atrox CaVMP-II, Gloydius halys agkistin, and Protobothrops
Jerdonii jerdonitin, respectively. Disintegrins are potent inhibitors of both platelet aggregation and
integrin-dependent cell adhesion. Therefore, the disintegrin domain (Cam-dis) of CamVMPII was
amplified by PCR, cloned into a pET-43.1a vector, and expressed in Escherichia coliBL21.
Affinity purified recombinantly modified Cam-dis (r-Cam-dis) with a yield of 8.5 mg/L culture
medium was cleaved from the fusion tags by enterokinase cleavage. r-Cam-dis was further
purified by two-step chromatography consisting of HiTrap™ Benzamidine FF column, followed
by Talon Metal affinity column with a final yield of 1 mg/L culture. r-Cam-dis was able to inhibit
all three processes of platelet thrombus formation including platelet adhesion with an estimated
ICsq of 1 nM, collagen- and ADP-induced platelet aggregation with the estimated 1Csps of 18 and
6 nM, respectively, and platelet function on clot retraction. It is a potent anti-platelet inhibitor,
which should be further investigated for drug discovery to treat stroke patients or patients with
thrombotic disorders.
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1. Introduction

Crotalid venoms are rich sources of components that affect the hemostatic system. Snake
venom metalloproteinases are zinc-dependent enzymes responsible for hemorrhage that also
interfere with hemostasis (Bjarnason and Fox, 1994; Fox and Serrano, 2005). They are
divided into three major classes, P-1, P-11, and P-111, based on their general domain
organization (Fox and Serrano, 2008). The P-I class contains a pro-domain and a single
metalloproteinase domain. The P-11 class consists of a pro-domain, a metalloproteinase and
a disintegrin domain. The P-111 proteinases are composed of a pro-domain, a
metalloproteinase, a disintegrin-like domain, and a cysteine-rich domain. The former P-1VV
class, a P-111 structure with C-type lectin-like domains was re-classified into the P-111 group
as a P-111d subclass (Fox and Serrano, 2008). Disintegrins may be released by the
proteolysis of the P-I1 or P-111 class of snake venom proteins (Jia et al., 1996; Kini and
Evans, 1992; Yamada et al., 1999).

Disintegrins are a non-enzymatic group of small molecules (4-14 kDa) that bind selectively
to different integrin receptors and are well known to be integrin antagonists. Most
disintegrins contain a tripeptide, the RGD motif, which binds to the integrin a;pp3 on the
platelet surface and inhibit platelet aggregation (Saudek et al., 1991; Williams et al., 1990).
However, other disintegrins contain different amino acid sequences including the KGD,
RTS, KTS, MGD, MVD, WGD, VGD, MLD, and ECD motifs (Calvete, 2005; Calvete et
al., 2003; 2002; McLane et al., 2004). Two antiplatelet drugs, Eptifibatide (a cyclic KGD
peptide, Integrilin™) and Tirofiban (an RGD-mimetic, Aggrastat®) were designed based on
snake venom disintegrins and have already been approved for clinical use (De Vita et al.,
2012; Ji and Hou, 2011; Kristensen et al., 2012). Some RGD-disintegrins also inhibit tumor
cell migration, tumor angiogenesis, and tumor metastasis (Jang et al., 2007; Nakamura et al.,
1998; Oliva et al., 2007; Sanchez et al., 2009; Yang et al., 2005). In addition to their low
molecular weight and blocking integrin activity, disintegrins are of great interest for drug
discovery for a variety of disorders such as cancer, osteoporosis, and inflammatory diseases
(Walsh and Marcinkiewicz, 2011).

In the present study, we report on a P-11 class shake venom metalloproteinase cloned from
glands of a C. agdamanteus. Its disintegrin domain was subcloned, expressed in Escherichia
coliBL21 cells, and tested for its biological activities. This is the first report demonstrating
that a recombinantly modified disintegrin from C. adamanteus can inhibit platelet adhesion
to fibrinogen, inhibit collagen- and ADP-induced platelet aggregation, and also inhibit
platelet function on clot retraction.

2. Materials and Methods

2.1 Snake venom gland extraction and cDNA library construction

Venom glands were dissected from a euthanized adult C. adamanteus snake and
immediately frozen in liquid nitrogen. Approximately 30 g of the venom glands were used
to extract the total RNA using the NucleoSpin® RNAII kit (Clontech Laboratories, Inc., CA,
USA). A directional cDNA library using 1 g of total RNA was constructed using the In-
Fusion® SMARTer™ cDNA Library Construction Kit (Clontech Laboratories) according to
the manufacturer’s instructions. Briefly, 1 jug of total RNA from the venom gland was
reverse transcribed into the first-strand cDNA using the SMARTScript™ Reverse
Transcriptase (Clontech Laboratories) and the In-Fusion SMARTer CDS primer (Clontech
Laboratories) at 42°C for 90 min. Then, double-stranded cDNA (ds cDNA) synthesis was
performed on an iCycler Thermal Cycler (Bio-Rad Laboratories, Inc., CA, USA) by LD
PCR reaction containing 80 L of deionized H,0, 10 L of 10 x advantage 2 PCR buffer,
and 2 L of first-strand cDNA, 50 x dNTP Mix, 5" PCR primer Il A, 3" In-Fusion
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SMARTer PCR Primer, and 50 x Advantage 2 Polymerase Mix. The Thermal cycler (Bio-
Rad Laboratories) was programmed with an initial denaturation step at 95°C for 1 min
followed by 18 cycles for 95°C for 15 s, 65°C for 30 s, and 68°C for 6 min. Lastly, the ds
cDNA was purified using CHROMA SPIN™ + TE-1000 size exclusion column
chromatography (Clontech Laboratories). Three microliters of each fraction was
electrophoresed on a 1.1% agarose/EtBr gel to determine the peak fractions by visualizing
the intensity of the bands under UV light. Fractions containing large-, medium-, and small-
sized cDNA were pooled, which were then ligated into the pSMART2IFD vector (Clontech
Laboratories). The resulting ligation reactions were transformed into Electrocompotent £.
coli (Clontech Laboratories). The final resulting plasmid library had over 1 million
independent clones having inserts with an approximate average size of 1,000 bp by checking
over 2,130 clones using PCR. The 887 clones from the cDNA library were then randomly
digested with A/ul to determine the cleavage pattern. Based on their sizes and cleavage
patterns, the 576 unique plasmid DNAs were selected and sequenced at the DNA Facility,
Office of Biotechnology, lowa State University, lowa.

2.2 Obtaining the full-length cDNA of the P-ll metalloproteinase (CamVMPII)

The full-length cDNA was obtained using the SMARTer™ RACE cDNA amplification kit
(Clontech Laboratories) according to the manufacturer’s instructions. The first-strand cDNA
was synthesized by a modified oligo (dT) primer (5"-RACE CDS primer A) and the
SMARTer Il A oligonucleotide. The gene-specific antisense primer (5'-
CCTACAGAATGCTTCGGGTTGCACATACCACT-3") was designed based on the
sequence of the metalloproteinase domain of the 5’-truncated PIl metalloproteinase gene
obtained from cDNA library. The cDNA was amplified using the Advantage 2 PCR kit
(Clontech Laboratories), priming by the gene-specific antisense primer and the Universal
primer A Mix in the SMARTer™ RACE kit. The RACE product was electrophoresed,
purified, and ligated to the pGEM-T Easy vector (Promega, WI, USA). The ligation was
transformed into £. coli IM109 competent cells (Promega). Plasmids were extracted from
bacterial cell suspensions using the GenElute plasmid miniprep kit (Sigma-Aldrich, MO,
USA), and sequenced at the DNA Facility, Office of Biotechnology, lowa State University,
lowa. The full-length cDNA of CamVMPII was deposited into GenBank with the accession
number JX457344.

2.3 Sequence analysis

The cDNA sequences and predicted amino acid sequences were compared to the sequences
in the GenBank database using GenBank BLASTN and BLASTX programs (Altschul et al.,
1997). Multiple alignments of the amino acid sequences were performed with Clustal W
program (Thompson et al., 1994).

2.4 Construction of expression plasmid

The disintegrin domain of CamVMPII was used as a template for PCR. The cDNA encoding
the disintegrin domain, Cam-dis, was amplified by PCR with a forward primer 5’-
CGCGAATTCGAGGTGGGAGAAGATTGTGACTG-3" and a reverse primer 5”-
GACTCGAGTTAGCCATAGAGGCCATTTCTGGGA-3’. Two restriction enzyme sites:
EcoRl in the forward primer and Xhol in the reverse primer were introduced (underlined).
The PCR product was digested with £coRl and X#ol and gel purified. The PCR product was
subcloned into EcoRl and Xhol sites of pET-43.1a expression vector (Novagen, NJ, USA),
which contains the Nus tag for cloning and the high-level expression of soluble and active
recombinant proteins in £. coli and the histidine tag (His tag) for affinity purification
(Ermolova et al., 2003). The ligation was transformed into the £. co/i Top10 competent cells
(Invitrogen, CA, USA). Plasmids were extracted using the GenElute plasmid miniprep kit
(Sigma-Aldrich). Plasmids containing inserts of the predicted size for Cam-dis were
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performed by PCR and further sequenced to verify that the coding sequence was in-frame
with the vector sequence that encodes the Nus-His tag.

2.5 Expression and purification of recombinantly modified Cam-dis (r-Cam-dis)

The confirmed recombinant plasmid DNA (pET-43.1a-Cam-dis) was further transformed
into £. coliBL21 (DE3) star cells (Invitrogen). BL21 cells harboring recombinant plasmid
DNA were first cultured overnight in shaking flasks containing Luria-Bertani (LB) medium.
After inoculation of the overnight culture into fresh LB medium, the cultured cells were
grown at 37°C with shaking at 225 rpm until the absorbance at 600 nm (ODgqg) reached 0.6.
The culture was induced with a final concentration of 0.1 mM isopropyl p-d-thiogalactoside
(IPTG) for 3 h to induce the expression of recombinant proteins. Bacterial cells were
collected by centrifugation and resuspended in 50 mM sodium phosphate, 300 mM NacCl,
pH 7.0. Cells were lysed on ice with a Branson Sonifier 450 (Branson, Danbury, CT) with
the output control setting at 1, a duty cycle setting of constant, and 6 sonication pulses of 30
s per pulse. The lysate was centrifuged at 10,000 x g for 20 min at 4°C. The soluble
supernatant was purified using BD TALON metal affinity resins (BD Biosciences Clontech,
CA, USA) in an Econo-Column chromatography column (BIO-RAD, CA, USA), which was
previously equilibrated with 50 mM sodium phosphate, 300 mM NaCl, pH 7.0. The His-
tagged proteins were eluted using an imidazole elution buffer (50 mM sodium phosphate,
300 mM NacCl containing 150 mM imidazole, pH 7.0) at a flow rate 0.3 mL/min. To
generate recombinantly modified Cam-dis (r-Cam-dis) free of vector-encoded sequences,
the N-terminal Nus-His-tag fusion proteins were cleaved by recombinant enterokinase (rEK,
EMD Chemicals Inc., CA, USA) in rEK cleavage buffer (50 mM NaCl, 20 mM Tris-HCI, 2
mM CaCl,, pH 7.4) for 24 h. rEK was first removed from the reaction using a 1 mL
HiTrap™ Benzamidine FF (high sub) column (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden) according to the manufacturer’s instructions. To remove the N-terminal His-tag
fusion proteins from r-Cam-dis, the cleaved sample was re-applied to the Talon Metal
affinity column, which was pre-equilibrated with an rEK cleavage buffer. r-Cam-dis was
then obtained by washing the column with an rEK cleavage buffer. The column was finally
washed with an imidazole elution buffer to remove the N-terminal His-tag fusion proteins
bound to the column. r-Cam-dis was dialyzed against 1 x phosphate buffer saline (PBS), pH
7.4 and concentrated using a 3 kDa Amicon Ultra-15 centrifugal filter (Millipore,
Carrigtwohill, Ireland), electrophoresed on SDS-PAGE under non-reducing condition.

2.6 N-terminal sequencing

r-Cam-dis (4 pg) was transferred from an SDS-PAGE onto a PVDF membrane (Milipore
Corporation, MA, USA) using a Semi-Dry Transblot Cell (BIO-RAD) at 125 mA for 1 h.
The membrane was stained with Coomassie blue R-250 for 5 min and distained with 50%
methanol for 5 min. The sample membrane was sent out for N-terminal amino acid
sequencing at the Protein Facility, Office of Biotechnology, lowa State University, lowa.

2.7 Protein concentration determination

UV absorbance at 280 nm was used to accurately quantitate the amount of protein if using a
purified protein with a known extinction coefficient (epercent). The partially purified r-Cam-
dis contained the N-terminal part of the cleaved Nus tag (Fig. 3a). The estimated epercent
values of r-Cam-dis and the N-terminal part of the cleaved Nus tag calculated by Protein
Identification and Analysis Tools on the Expasy Server were 9 and 7, respectively.
Therefore, the average epercent OF the mixture of these two proteins was 8. The concentration
of this protein mixture was determined from the absorbance at 280 nm and further calculated
by the Beer-Lambert Law using the following equation: c=(A280/&percent X 1) X 10, where ¢
is the protein concentration in mg/mL, Aggg is the absorbance at 280 nm, epercent is the
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percent solution extinction coefficient in the unit of (g/100 mL)~* cm™1, and I is the
pathlength of the cuvette (cm). Purified bovine serum albumin standard (BIO-RAD) was
used to calibrate the absorbance at 280 nm. The partially purified r-Cam-dis was diluted in 1
x PBS to a stock concentration of 0.5 mg/mL. A stock solution was divided into aliquots and
stored at —20°C. The partially purified r-Cam-dis was diluted serially in 1 x PBS and used
for platelet activities. For simplicity, the partially purified r-Cam-dis was noted as r-Cam-dis
throughout the manuscript.

2.8 Platelet adhesion assay

Human blood was collected from healthy adult volunteers who had not taken any medication
for at least two weeks prior to sampling. The platelet-rich plasma (PRP) was obtained by
centrifugation at 157 x gfor 15 min at room temperature. The PRP was then incubated for
10 min at room temperature with 0.25 pwg/mL of prostaglandin E-1 (platelet activation
inhibitor) and centrifuged at 1,917 x g for 10 min at 24°C. The PRP was washed 2 times
with Tyrode’s buffer (145 mM NaCl, 5 mM KCI, 10 mM Hepes, 0.5 mM NayHPQO4, 6 MM
glucose, 0.2 % human serum albumin, 1 mM CaCl,, 1 mM MgSQO,4 and 0.5 IU/mL apyrase,
pH 7.4) and was centrifuged at 1,917 x g for 15 min at 24°C. Platelets were suspended in 1
mL of Tyrode’s buffer. Platelets were counted using a Neubauer chamber and adjusted to
the concentration required using Tyrode’s buffer.

Platelet adhesion to fibrinogen was measured by the colorimetric method in 96-well
microtiter plates as described by Bellavite et al. (1994). The 96-well polystyrene microplate
(Corning, NY, USA) was coated with 100 pL/well of human fibrinogen (2 mg/mL) at 4°C
overnight. Platelets (10 x 108 cells) were pre-incubated with various concentrations of r-
Cam-dis at 37°C for 1 h. Unbound adhesive proteins were removed from the coated wells by
plate aspiration. Two hundred microliters of 1 x PBS containing 1% bovine serum albumin
were added and incubated at 37°C for 1 h. After two washes with PBS, 100 pL/well of the
treated platelets were added to the wells and incubated at 37°C for 2 h. After the washing
step, the adherent platelets were allowed to react for 1 h at 37°C with 150 pL of substrate
solution (5 mM p-nitrophenyl phosphate dissolved in 0.1 M citrate buffer, pH 5.4 containing
0.1% Triton X-100). The reaction was stopped by the addition of 100 L of 2N NaOH. The
p-nitrophenol produced by the reaction was measured at 405 nm using a Beckman Coulter
AD340 microplate reader. The percentage of platelet adhesion was determined by assigning
100% to the number of platelets, which adhered without being pre-treated with r-Cam-dis.
As a negative control to adhesion, the wells were coated with bovine serum albumin (2 mg/
mL). r-Mojastin-1 at a final concentration of 7 g/mL (880 nM) was used as the disintegrin
control. The cleaved Nus tag at a final concentration of 1 pg/mL was used as the vector
control.

2.9 Platelet aggregation assay

The platelet aggregation assay was performed with human whole blood as previously
described (Sanchez et al., 2010). Four hundred and fifty microliters of 10% citrated human
blood was incubated at 37°C at least 5 min prior to use with equal amounts of 0.15 M
sodium chloride. r-Cam-dis at various concentrations was incubated with the blood samples
in a Chrono-log Whole Blood Aggregometer (Chrono-log, PA, USA) at 37°C for 1 min.
Platelet aggregation was initiated by a 5 pg/mL of collagen or a final concentration of 10
M ADP. r-Mojastin-1 was used for comparison (Sanchez et al., 2010). The cleaved Nus tag
(0.2 mg/mL) was used as the vector control. The percentage of impedance was measured.
The percent inhibition of platelet aggregation was calculated using the following equation:
[(C-E/C)] x 100, where C is the units of platelet aggregation (ohms) for the control, and E
is the unit of platelet aggregation (ohms) for the experimental fraction. The extent of the
inhibition of platelet aggregation was assessed by comparison with the maximal aggregation
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induced by the control dose of agonists (collagen and ADP). The median inhibitory
concentration (ICsg) was calculated from a dose-dependent curve using Microsoft Excel
2007.

2.10 Clot retraction assay

Platelet function as a function of clot retraction was measured using human whole blood on
a Sonoclot Coagulation and Platelet Function Analyzer (SIENCO, Inc.) as described
previously in detail (Hett et al., 1995; Miyashita and Kuro, 1998; Sanchez et al., 2010; Tucci
et al., 2006). The Sonoclot analyzer measures the activated clot time (ACT), clot rate, and
platelet function on clot retraction by measuring the viscosity changes of a whole blood or
plasma sample (von Kaulla et al., 1975). The time that plasma remains a liquid is reported as
the ACT. The clot rate is defined as the change in clot signal with a change in time. The
platelet function is obtained from the timing and quality of the clot retraction. Briefly, a
cuvette containing glass beads (gbACT + KIT) was placed into the cuvette holder, which
maintains the temperature at 37°C. A pre-warmed 10 pL sample (37°C) of a 0.3 M CaCl,
was added to one side of the cuvette. Ten microliters of r-Cam-dis at various concentrations
(0.01, 0.05, and 0.2 mg/mL) was added to the other side of the cuvette. Three hundred and
thirty microliters of citrated blood was added to the cuvette. The platelet function was
measured and the data was downloaded from Signature Viewer " program v. 3.1, software
provided by Sienco, Inc. on an iMac computer. The control was citrated blood that was
activated with glass beads contained in the cuvette and 0.3 M CaCls. r-Mojastin-1 (1 mg/
mL) was used for comparison. The cleaved Nus tag (0.2 mg/mL) was used as the vector
control. The significance was analyzed by the student’s £test. The level of significance was
at £<0.05. Pvalue was compared with the control.

3. Results

3.1 Amino acid sequence of CamVMPII

Using a partial sequence obtained from the cDNA library, a P-1l metalloproteinase-specific
antisense primer was designed for the 5"-RACE to obtain the full-length cDNA. This P-II
metalloproteinase from C. adamanteus was designated as CamVMPII. The cDNA sequence
of CamVMPII was 1865 bp in length, including 15 nucleotides of a 5"-end untranslated
region (UTR), an open reading frame of 1464 nucleotides, and 386 nucleotides of 3’-end
UTR with termination codon. The deduced amino acid sequence consisted of a 20-residue
signal sequence with the initial ATG codon, a 177-residue pro-domain containing a
cysteine-switch domain (SKMCGVT), a 199-residue metalloproteinase domain with a zinc-
binding motif (HELGHNLGIDH), a 16-residue spacer region, and a 76-residue disintegrin
domain containing the integrin receptor site RGD with 13 cysteine amino acids (Fig. 1). The
protein BLAST search and CLUSTAL W multiple sequence alignments revealed that the
amino acid sequence of CamVVMPII was homologous to C. agdamanteus metalloproteinase 2
(AEJ31985.1), C. atrox CaVMP-1l (ACV83932.1), Gloydius halys agkistin (AAL60587.1),
and Protobothrops jerdonii jerdonitin (P83912.1) with 91%, 90%, 83%, and 82% identity,
respectively (Fig. 2a).

Analysis of the predicted amino acid sequence revealed that Cam-dis is a medium-sized
disintegrin with an RGD matif. Fig. 2b shows amino acid sequences in comparison with
Cam-dis and other closely related medium-sized disintegrins. NCBI protein BLAST analysis
showed that the deduced amino acid sequence of the cloned Cam-dis had an 83% sequence
identity with salmosin-3 (AAC42596.1) from Gloydius brevicaudus and the native
disintegrin mojastin 2 (POC7X7.1) isolated from the venom of C. scutulatus scutulatus, and
was 82% identical to lutosin (P31986.1) from C. viridis, tergeminin (P22828.1) from
Sistrurus catenatus tergeminus, and albolatin from Cryptelytrops albolabris (Fig. 2b).
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3.2 Expression and purification of r-Cam-dis

The cDNA-coding region for the disintegrin domain was amplified by PCR and subcloned
into the £coRI and Xhol sites of the pET-43.1a expression vector. The yield of affinity r-
Cam-dis secreted in the culture supernatant was 8.5 mg/L of culture medium. Following rEK
cleavage of the fusion protein, and further purification by two-step chromatography as
described above, a yield of 1 mg of protein was obtained. SDS-PAGE analysis revealed two
protein bands at ~14 kDa and ~9 kDa, corresponding to the N-terminal part of cleaved Nus
tag and r-Cam-dis, respectively (Fig 3a, lane 2). The purity of r-Cam-dis was approximately
54%, as calculated by ImageJ 4.16r software (http://imagej.nih.gov/ij). As shown in Fig. 2,
Cam-dis consisted of 76 amino acids and had a calculated molecular weight of ~8 kDa. The
N-terminal end contained an extra nine amino acids derived from the vector (SPGARGSEF),
which added an additional molecular weight of ~1 kDa, making r-Cam-dis ~9 kDa with a pl
4.51 by Protein Identification and Analysis Tools on the Expasy Server. The N-terminal
sequence analysis of the product confirmed that the rEK cleavage occurred at the expected
recognition sequence (DDDDK) of the fusion protein and the unexpected secondary sites at
other basic amino acids in the Nus tag (Fig. 3). The empty vector was also expressed,
purified, and digested with enterokinase. The protein band at about 14 kDa was observed
and further purified using the same purification procedure as described above (Fig 3b, lane
3) and used as the vector control (cleaved Nus tag) for platelet activities including platelet
adhesion, platelet aggregation, and platelet function on clot retraction.

3.3 Platelet adhesion inhibition

r-Cam-dis inhibited platelet adhesion to fibrinogen with an I1Csq of 0.01 pg/mL (the
estimated 1Cgq of 1 nM) (Fig. 4). r-Mojastin-1 used as a disintegrin control (880 nM)
inhibited platelet adhesion by 97%.

3.4 Platelet aggregation inhibition

To determine the inhibitory effect of r-Cam-dis on human platelets, in vitro collagen-, and
ADP-induced platelet aggregation was carried out using human whole blood. r-Mojastin-1, a
recombinant RGD-disintegrin, which is a potent inhibitor of ADP-induced platelet
aggregation (Sanchez et al., 2010) was also tested for comparison. r-Cam-dis inhibited the
collagen- and ADP-induced platelet aggregation in a dose-dependent manner with I1Csq
values of 0.3 pg/mL and 0.1 pg/mL, respectively (Fig. 5). To consider the molar ratio of
platelet aggregation inhibition induced by collagen and ADP, the 1C5 values would be 18
nM and 6 nM, respectively. The ICsq values, for inhibiting collagen- and ADP-induced
platelet aggregation, of r-mojastin-1 were 3 pg/mL (341 nM) and 0.2 pg/mL (24 nM),
respectively. It was evident that the inhibitory platelet aggregation effects of r-Cam-dis were
more potent than that of r-mojastin-1 induced by both agonists, suggesting that r-Cam-dis is
a strong platelet aggregation inhibitor. The cleaved Nus tag (vector control, 14 kDa) was
incapable of inhibiting collagen- and ADP-induced platelet aggregation.

3.5 Clot retraction inhibition

The effect of r-Cam-dis on platelet function was determined by measuring the clot
retraction, a simple measurement of platelet interacting with fibrinogen/fibrin, using the
Sonoclot analyzer. A platelet function greater than 1 represents normal clot retraction. A
platelet function of less than 1 represents no clot retraction and a flat Sonoclot Signature
after fibrin formation. Sonoclot signatures from representative samples are shown in Fig. 6.
r-Cam-dis had no effects on the ACT and clot rate but significantly inhibited platelet
function in a dose-dependent manner (Fig. 6 and Table 1). r-Mojastin-1 did not affect the
ACT, clot rate, nor platelet function, which was consistent with previous results (Sanchez et
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al., 2010). The cleaved Nus tag (vector control) did not have an effect on the ACT, clot rate,
and platelet function.

4. Discussion

Snake venom metalloproteinases are widely distributed in Viperid and Crotalid snake
venoms and are involved in several pathological and biological effects, such as hemorrhage,
inflammation, necrosis, hypotension, pro-coagulant, anticoagulant, and antiplatelet activities
(Bjarnason and Fox, 1994; Fox and Serrano, 2009; 2005; Kamiguti, 2005; Kini, 2006). They
are multifunctional-domain proteins with a large number of variability in snake venoms and
are grouped into several subclasses depending on the organization of their domains (Fox and
Serrano, 2008). The P-Il and P-111 metalloproteinases are further divided into P-1la to P-lle
and P-llla to P-111d subclasses, respectively, based on their variable post-translation
modifications (Fox and Serrano, 2009; 2008).

In this study, we have characterized a metalloproteinase, CamVMPII, from the cDNA
library of C. adamanteus. Its deduced amino acid sequence consists of a signal peptide, a
pro-domain, a metalloproteinase domain, a spacer, and a disintegrin domain and belongs to
the non-proteolytic processed subclass P-11b snake venom metalloproteinase. CamVMPII
shares 91% identity with the previously reported metalloproteinase 2 from the same shake
(accession # AEJ31985.1), 90% identity with CaVMP-11 from C. atrox (accession #
ACV83932.1), 83% identity with agkistin from Gloydius halys (accession # AAL60587.1),
and 82% identity with jerdonitin from Protobothrops jerdonii (accession # P83912.1). The
cysteinyl residues are conserved in all of these sequences. Interestingly, a number of
different amino acids in coding regions were observed between the predicted amino acid
sequences of C. adamanteus CamVVMPII (in this study) and metalloproteinase 2 (Rokyta et
al., 2011), illustrating the diversity of metalloproteinases in this snake. A great diversity of
the class P-11 has been reported in Bothrops neuwiedi snake venom transcripts that could be
reflected in the generation of new functional proteins in the venoms (Moura-da-Silva et al.,
2011).

The amino acid sequence comparison of the disintegrin domain (Cam-dis) with other closely
related medium-sized disintegrins revealed that conserved cysteine residues were observed
among disintegrins (Fig. 2b). Cam-dis, salmosin 3 (Park et al., 1998), and albolatin
(Singhamatr and Rojnuckarin, 2007) shared an additional cysteine located in the N-terminal
end. An additional cysteine residue may form a disulfide bond with another residue located
in the spacer region that is believed to protect the proteolysis of the disintegrin domain from
the metalloproteinase domain (Fox and Serrano, 2009; 2005).

The disintegrin domain is a part of snake venom metalloproteinases, which involves the
binding of integrin receptors. Disintegrins typically contain the RGD or other tripeptide
motifs that can inhibit integrin-mediated platelet aggregation and block many biological
functions of integrins on cell surfaces (Calvete et al., 2005; Huang et al., 1987; Scarborough
etal., 1991). Functional recombinant disintegrins have been expressed in £. coli, such as
rhodostomin (Chang et al., 1993), jararhajin ECD-disintegrin (Moura-da-Silva et al., 1999),
r-mojastin-1 (Sanchez et al., 2010), r-rubistatin (Carey et al., 2012), DisBa-01 (Montenegro
etal., 2012; Ramos et al., 2008), and r-viridistatin-2 (Lucena et al., 2012).

In this study, the disintegrin domain of CamVVMPII, Cam-dis, was expressed in E. coli,
purified, and cleaved from the Nus-His fusion tags using recombinant enterokinase. r-Cam-
dis showed two major protein bands with molecular weights of about 9 and 14 kDa under
non-reducing condition. The N-terminal amino acid sequences of 9-kDa and 14-kDa
proteins revealed that the 9 kDa protein was r-Cam-dis containing an additional nine amino
acids from the vector at the N-terminus end. Structural-functional studies of disintegrins
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revealed that disulfide bonding is essential for the binding of disintegrins to integrin
receptors, whereas the integrin binding specificity and affinity of disintegrins depends on the
tripeptide and amino acid residues in the C-terminal end (Calvete et al., 2005; McLane et al.,
2001; Wierzbicka-Patynowski et al., 1999; Yahalom et al., 2002). Moreover, the NMR
structure of RGD-disintegrins including salmosin (PDB code 1ig2), kistrin (PDB code 1kst),
flavoridin (PDB code 1fvl), and echistatin (PDB code 2ech) revealed that the conformational
uniqueness of a disintegrin is a major contributing factor for the integrin binding selectivity,
which is necessary for biological activity (Shin et al., 2003). Therefore, the additional nine
amino acids with several hydrophobic amino acids could introduce a conformational change
in the protein structure that may alter its biological activity. The native disintegrin, if found
in the venom, should be further isolated from C. adamanteus venom for the purpose of
comparability. Further investigation on the three-dimensional structures of the native
disintegrin and r-Cam-dis will be required to understand and identify their biological
activities. The 14 kDa protein was identical to the N-terminal end of the pET-43.1a vector,
which might be derived from the enterokinase cleavage at the secondary sites located
towards the amino terminal end on the pET-43.1a vector. We tested several dilutions of
recombinant enterokinase to r-Cam-dis (1:20, 1:50, 1:100, and 1:200) and incubation times
(2, 4, 8, 16, 24, and 32 h) to optimize the efficiency of the cleavage; however, the
unexpected proteolytic protein (~14 kDa) released during the enterokinase cleavage of the
Nus-His-tagged r-Cam-dis fusion protein was observed in all conditions. This non-targeted
cleavage product at about 14 kDa corresponded to the cleavage of the N-terminal end of Nus
tag after its -ER124 sequence, which is one of three different secondary cleavage sites (-
MK134 _ER143 and -DR16 sites) as previously reported (Liew et al., 2005). We expressed
the empty vector, purified, and cleaved with recombinant enterokinase with the same
protocol for purification of r-Cam-dis. The cleaved Nus tag protein (~14 kDa) was then
isolated and used as the vector control for platelet activities.

Platelets play an important role in hemostasis, clot stability, and clot retraction. Upon
vascular injury, platelets adhere to the damage sites, spread, aggregate, secrete several
activating agents to further promote aggregation, which lead to a platelet thrombus.
However, inappropriate platelet adhesion and activation can lead to thrombosis, myocardial
infarctions, and strokes. Since disintegrins affect the mechanisms of platelet plug formation,
they could be a drug candidate for arterial thrombosis and heart disease. Therefore, the
effects of r-Cam-dis on platelet adhesion, platelet aggregation, and platelet function on clot
retraction were characterized. To exclude the cleaved Nus-tag from being involved in the
activity, the cleaved Nus-tag (~14 kDa) was used as the vector control and had no effect on
platelet adhesion, aggregation, or platelet function on clot retraction (Fig. 4 — 6, Table 1).

Platelet adhesion is the first step in the initiation phase of platelet plug formation for
inhibiting blood loss after vessel wall injury. Previous studies reported that disintegrins
inhibit platelet adhesion to immobilized extracellular matrix including fibrinogen,
fibronectin, and collagen (Da Silva et al., 2009; Sanchez et al. 2010; You et al., 2003). In
our study, r-Cam-dis inhibited platelet adhesion to fibrinogen with an 1Csq of 0.01 pg/mL
(an estimated IC5q of 1 nM). In addition, r-Cam-dis dose-dependently inhibited collagen-
and ADP-induced platelet aggregation using whole blood with the 1C5ps of 0.3 pwg/mL (an
estimated 1C5q of 18 nM) and 0.1 pg/mL (an estimated 1Csq of 6 nM), respectively. Based
on the molar concentration, the inhibition of collagen-induced platelet aggregation of r-
Cam-dis was about 19 times more efficient than that of r-mojastin-1 (Fig. 5a). Similarly, the
ICsq value for inhibiting ADP-induced platelet aggregation was 4 times more efficient than
r-mojastin-1 (Fig. 5b). Recently, two potent recombinant RGD-disintegrins, r-mojastin-1
(Sanchez et al., 2010) and r-viridistatin 2 (Lucena et al., 2012), have been reported to inhibit
ADP-induced platelet aggregation in whole blood with 1Csps of 46 nM and 34 nM,
respectively. The I1Cgg, for inhibiting ADP-induced platelet aggregation in PRP, of r-
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mojastin-1 was 122 nM, which was more efficient than other recombinant disintegrins with
ICsps ranging from 126 to 6000 nM (Sénchez et al., 2010). Platelet aggregation studies
using PRP with recombinant non-RGD-disintegrins, recombinant barbourin (a KGD
monomeric disintegrin), could inhibit ADP-induced platelet aggregation with 1Csq values
ranging from 330 to 370 nM (Marques et al., 2001). In addition, Singhamatr et al. (2007)
reported that recombinant albolatin, a KGD homodimeric disintegrin, inhibits collagen-
induced platelet aggregation with 1Csq of 976 nM, but is incapable of inhibiting ADP-
induced platelet aggregation. This indicated that r-Cam-dis is a potent platelet aggregation
inhibitor.

In addition, r-Cam-dis had anti-platelet function activity demonstrated by inhibiting platelet
interaction with fibrinogen/fibrin (clot retraction), but did not interfere with activated
clotting time and clot rate (Fig. 6). The ability of integrin a3 to bind to fibrinogen plays a
crucial role in platelet aggregation, adhesion, and hemostasis, suggesting that r-Cam-dis
binds to the platelet integrin apB3. However, other integrin specificity for r-Cam-dis should
be further investigated.

In summary, a full-length cDNA of snake venom metalloproteinase class P-11 containing the
disintegrin domain was characterized from the venom glands of C. adamanteus. Its
disintegrin domain was cloned and expressed with activity. This is the first study to report
that a new recombinantly modified RGD-disintegrin from C. adamanteus was shown to have
strong anti-platelet activities. It was able to inhibit three mechanisms of platelet plug
formation including platelet adhesion, platelet aggregation, and platelet function on clot
retraction. Due to its potent anti-platelet activity and medium size, r-Cam-dis could be used
to develop new agents for the treatment of thrombosis and heart disease.
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Abrreviations

ACT activated clotting time

ADP adenosine diphosphate

cDNA complementary deoxyribonucleic acid
CR clot rate

IPTG isopropyl p-d-thiogalactoside

PCR polymerase chain reaction

PF platelet function

pl isoelectric point

RACE rapid amplification of cDNA ends
RGD motif arginine-glycine-aspartic acid motif
PRP platelet-rich plasma

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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aatccagcctccaga
atgatccaggttctcttggtgactatatgcttagcagtttttccttatcaagggagetcet
M I Q VL L VvVTT1ICULAVYVFUPY QG S S
Signal sequence -
ataatcctggaatctgggaacgtgaatgattatgaagtagtctatccacgaaaagtcact
I I L E S G N V N D Y E V V Y P R K V T
§E§E¥§Eﬁcaaaggagcagttcagctaaagtatgaagatgccatgcaatatgaatttaag
A L P K GAV QL K Y EDA AMMTUGQYE F K
gtgaatggagagccagtggtccttcacctggaaaaaaataaaggacttttttcagaagat
V NG E P V VL HL E XK N X G L F S E D
tacagtgagactcattattcccctgatggcagagaaattacaacataccccccagttgag
Y s E T H Y s P D G RE I TT Y P P V E
Pro-domain
gatcactgctattatcatggacgcatccagaatgatgctgactcaactgcaagcatcagt
Q N D D S

gcatgcaacggtttgaaaggacatttcaagcttcaaggggagatgtaccttattgaacce
A C N GL K GHTV F XKL QGEMMT YL I E P
ttgaagctttccgacagtgaagcccatgcagtctacaaatatgaaaatgtagaaaaagag
L K L S DS E A HAV Y K Y E N V E K E
gatgaggcctccaaaatgtgtggagtaaccgagactaattgggaatcatatgageccatce
D EA S KMOCGVTETNWE S Y E P I
aaaaaggcctctcagtcaaatattcctcctgaagaagaagcattctaccaaagatacatt
K K A S Q s N I P P EEEAV F Y Q R Y I
gagcttgttgtagttgcagatcacagaatgtacacaaaatac®eggtgataiaactong
E L vV V V A DHIRMY T XK Y D G D K T E
ataagttcaataatatatgaaattgtcaacactttaactcagattttcagacctttgcat
I s s I I Y E I V N TTUL T Q I F R P L H
atccgtgtagctctgattggectagaaatttggtccagtggagaattgagtaaagtgaca
I RV AL I G L E I WS S GETUL S K VT

Metall . 1

ttatcagcagatgatactttggaagcaéttggagaatggagaaagacagtcttgatgaat
L s A DDTULEA AT FGEW RI KTV L MN
cgcaaaagacatgataatgctcagttactcacgggcatgatcttcaatgaaacaattgaa
R K R H DN AOQULTLTGMTIV FNET I E
ggaaggacttacaaaagtggtatgtgcaacccgaagcattctgtaggaattgttcgggat
G R T Y K S GMCNUP K H S V G I V R D
tatagaactagacgtcattttgttgcaaatagaatggcccatgaactgggtcataatctg
Y R T R R HF VANIZ RMMA AU HE L G H N L
ggcattgatcatgacagagattcctgtacttgtggtgctaactcatgcattatgtctgeg

GIDHDRDSCTCGANSMSA
acagtaagcaacgaaccttccagtcagttcagcgattgtagtcttaataaatatttgaat
T v s N E P S S Q F s D C S L N K Y L N
tatattgttcgttatcagtctacaacaaggtgccttcacaatgaaccctcagagacagat
Y I v R Y Q S T TR C L HNEP S E T D
attgtttcacctccattttgtggcaattactttaaggagg!gggagaagattgtgactgt
I vs P P F C G N Y K E V G E D C D C
ggccctcctgcaaattgtcagaatccatgctgtgathEEEEE!@tgtaaactgacaaca
G P P A NCOQNW®POCCDWA AATT CI KTULTT
gggtcacagtgtgcagaaggactgtgttgtgaccagtgcaaatttacgaaaaaaggaaca
G s g ¢ A EGLCOCDO QT CI KT FTI KI KOG T

Disintegrin domain
gcatgccggeccagcaaggggtgattggaatgacgatacctgcactggeccaatctgetgac
A CR©P A VNDDTTCTGOQS ATD
tgtcccagaaatggcctctatggctaaacaacaatggagatggaaaggtctgcagcaaca
C P R N G UL Y G -
cacgttgtattgatgtgaatacagcctactaagcaacctttgacttctectcagatttgat
tttggagatccttgtttcagaagattcaatttcccgeccagtccaaagagacccatctgea
tcctactagtaaatcacccttagecttccaaatggcatccaaaattctgcaatatttette
tccatatttaatctgtttaccttttgctgtaatcaaatctttttcccgecacaaagetee
atgggcatgtacaacaccaacgacttatttgctgtcnagaaaaaaaaaatggccatttta
ccatttgccaattgcaaagcacatttaatgcaacaagttctgectttttg
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cDNA and deduced amino acid sequences of CamVMPII with the translated open reading

frame from the start codon ATG to the termination codon TAA (shaded in gray). The

cysteine-switch motif (SKMCGVT) is bolded. The zinc-binding sequences

(HELGHNLGIDH) and Met-turn motif (CIM) are underlined and boxed, respectively.

CamVMPII has an RGD motif (black box) within the disintegrin domain. Each domain is
indicated by arrows.
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Fig. 2.
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488
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G@MWPFHA 484

Multiple alignment of predicted amino acid sequence of CamVVMPII with other homologous
venom proteins. The alignment was generated with the Clustal W multiple sequence
alignment program with manual adjustment and displayed with box shaded. a) CamVMPII
is closely homologous to class P-11 snake venom metalloproteinases, metalloproteinase 2
(Met 2), CaVMP-II, agkistin, and jerdonitin. b) The disintegrin domain of CamVMPII
(Cam-dis) is compared with other medium-sized disintegrins. The numbers in parenthesis
are the NCBI accession numbers. The tripeptide binding motif are marked by the letter “X”
above the sequences. All cysteine residues (letter “C” above the sequences) are conserved
except for an extra cysteine residue (the letter “C” highlighted in black) in Cam-dis,
salmosin 3, and albolatin.

Toxicon. Author manuscript; available in PMC 2014 March 15.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Suntravat et al.

a) b)
kDa 1 2
188
98
62
49
38
28
N-Terminus Identification
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14 Band 2 NKEILAVVEAV  The N-terminus of Nus Tag
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Fig 3.
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6 .

SDS-PAGE of the partially purified r-Cam-dis (a) and cleaved empty pET-43.1a vector (b)
under non-reducing condition. Samples were run on 4-12% Bis-Tris Gel using an Xcell
SureLock Mini-Cell at 200 V for 30 min. The gel was stained with RapidStain. a) Lane 1:
SeeBlue Plus2 Markers; lane 2: the partially purified r-Cam-dis (4 j.g). b) Lane 1: SeeBlue
Plus2 Markers; lane 2: cleaved empty vector pET-43.1a (3 ug); lane 3: purified cleaved Nus
tag (1 ng). The sequence for each band and its identification are on the right. An asterisk (*)
represents the N-terminal amino acid sequence of purified r-Cam-dis containing the nine
amino acids from the vector (italicized) before the disintegrin sequence (bold).
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Inhibition of platelet adhesion to fibrinogen by r-Cam-dis. Platelet (10 x 10° cells) were
preincubated with various concentrations of r-Cam-dis at 37°C for 1 h prior to adding to
fibrinogen-coated wells. p-nitrophenyl phosphate containing 0.1% Triton X-100 was used as
the substrate solution. The reaction product p-nitrophenol was measured at 405 nm. The
ICs0 was 0.01 pg/mL (an estimated 1Csq value of 1 nM). The cleaved Nus-tag (~14 kDa; A)
had no effect on platelet adhesion. The vertical bars represent the standard deviation. n = 3.
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Inhibition of collagen-induced platelet aggregation with r-Cam-dis and r-mojastin-1

.
f IC,=03pug/mL :
: /(estimated IC,, of : ICso=3 pg/mL

iy 18 nM) £ 4 (IC,, of 341 nM)

y = 18.65In(x) +73.28
R2=0.942

B;-Cam-dis

y = 14.53In(x) + 35.53
R?>=0.944

0 1

[¥)

3 4 5

Protein concentration (zg/mL)

Inhibition of ADP-induced platelet aggregation with r-Cam-dis and r-mojastin-1

y =24.75In(x) + 106.4
R2=0.969

P IC,=0.1 ug/mL (estimated ICs, of 6 nM)

/ IC,, = 0.2 pg/mL (ICs, of 24 nM)
37 3

y = 19.84In(x) + 82.66
R2=0.961

BrCam-dis
®;-Mojastin-1
A(Cleaved Nus tag

0.5 1 1.5

Protein concentration (xg/mL)

Inhibition of platelet aggregation induced by collagen (a) and ADP (b) with r-Cam-dis and r-
mojastin-1. The inhibition assay was performed with human whole blood as described in the
Materials and Methods. Platelet aggregation was initiated by a 5 pg/mL of collagen or a
final concentration of 10 M ADP. The maximal aggregation in the absence of recombinant
disintegrin was given as 100% aggregation. The ICggs values for inhibiting collagen-induced
platelet aggregation were 0.3 pg/mL (an estimated 1Csq of 18 nM) for r-Cam-dis and 3 g/
mL (an 1C5q of 341 nM) for r-mojastin-1. The I1Csqs values for inhibiting ADP-induced
platelet aggregation were 0.1 pg/mL (an estimated 1C5q of 6 nM) for r-Cam-dis and 0.2 pg/
mL (an 1Csq of 24 nM) for r-mojastin-1. The cleaved Nus-tag (~14 kDa; A) did not inhibit
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collagen- and ADP-induced platelet aggregation. The vertical bars represent the standard
deviation. n = 3.
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Fig. 6.

Data from Sonoclot signature and further analyzed by Microsoft Excel 2007. r-Cam-dis
were added to the final concentrations of 0.3, 1, and 6 pg/mL in whole blood using glass
bead activated cuvettes (gbACT + KIT) on a Sonoclot Analyzer System. The activated clot
time (ACT) is the time (min) in which whole blood begins to clot. The clot rate is defined as
the rate of fibrin polymerization, which is the slope in the linear part of the curves and is
defined as the change clot signal with change in time (U = Asignal/Atime). The platelet
function (PF, the timing and quality of the clot retraction) is a calculated value, derived by
using an automated numeric integration of changes in the Sonoclot signature after fibrin
formation has completed. The control was citrated blood that was activated with glass beads
contained in the cuvette and 0.3 M CaCls,. r-Mojastin-1 at a final concentration of 29 pg/mL
(4 M) was used for comparison.
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Table 1

Sonoclot analysis of whole blood platelet function on clot retraction by r-Cam-dis and r-mojastin-1.

Sample Platelet function® Mean + SD (n=3) P value
Control? 2.63+0.31 -
r-Cam-dis (0.3 pg/mL) 2.63+0.38 1.00
r-Cam-dis (1 pg/mL) 0.23+0.15 0.0003
r-Cam-dis (6 p.g/mL) 0.17 £ 0.06 0.0002
r-Mojastin-1 (29 pg/mL)¢  3:00£044 0.30
Cleaved Nus tag 2.90+0.89 0.65

Bold letter indicates the significant reduction of the platelet function

by r-Cam-dis compared with the control at £< 0.05.

a - ) . . . .
Platelet function is defined as the function of clot retraction. A platelet function greater than 1 represents normal clot retraction. A platelet

function of less than 1 represents no clot retraction.

bThe control was citrated blood that was activated with glass beads contained in the cuvette and 0.3 M CaCl2.

Dr-Mojastin-l at a final concentration of 29 pg/mL (4 M) was used
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for comparison.
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