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Four phospholipase A2 (PLA2) enzymes (Superbins a,
b, c, and d) with varying platelet aggregation inhibitor
activities have been purified from Austrelaps superbus
by a combination of gel filtration, ion-exchange, and re-
versed-phase high-pressure liquid chromatography. Pu-
rity and homogeneity of the superbins have been con-
firmed by high-performance capillary zone electro-
phoresis and mass spectrometry. The electron spray
ionization mass spectrometry data showed that their
molecular masses range from 13,140 to 13,236 Da. Each of
the proteins has been found to be basic and exhibit vary-
ing degrees of PLA2 activity. They also displayed differ-
nt platelet aggregation inhibitory activities. Superbin a
as found to possess the most potent inhibitory activity
ith an IC50 of 9.0 nM, whereas Superbin d was found to

be least effective with an IC50 of 3.0 mM. Superbins b and
c were moderately effective with IC50 values of 0.05 and
0.5 mM, respectively. The amino-terminal sequencing
confirmed the identity of these superbins. cDNA cloning
resulted in the identification of 17 more PLA2 isoforms in
A. superbus venom. It has also provided complete infor-
mation on the precursor PLA2. The precursor PLA2 con-
ained a 27-amino-acid signal peptide and 117- to 125-
mino-acid PLA2 (molecular mass ranging from 13,000 to

14,000 Da). Two of these PLA2 enzymes resembled more
losely (87%) Superbin a in structure. Two unique PLA2

enzymes containing an extra pancreatic loop also have
been identified among the isoforms. © 2000 Academic Press

Key Words: phospholipase A2; platelet aggregation
inhibitor activity; venom; Australian elapid; Austre-
laps superbus.
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Platelet aggregation plays an important role in
platelet retraction and wound healing (1, 2), where any
aberration in platelet aggregation could lead to death
or debilitation. Due to their pivotal and fundamental
role in hemostasis and thrombosis, inhibitors of plate-
let aggregation are highly sought after as drugs in the
prevention/treatment of cardio- and cerebrovascular
diseases and atherosclerosis and in the regulation of
tumor growth in cancer. Phospholipase A2 (PLA2)

3 en-
zymes are also useful as tools in the study of molecular
mechanisms of platelet aggregation and also have po-
tential in the development of drugs against platelet
aggregation (3, 4).

Phospholipase A2 (EC 3.1.1.4) enzymes are fre-
uently found in nature, especially in mammalian pan-
reas and animal venoms. They catalyze the hydrolysis
f phospholipids at the sn-2 position of the glycerol

backbone to release fatty acid and the corresponding
1-acyl lysophospholipid (5). In snake venoms, PLA2

enzymes exhibit a wide variety of pharmacological ef-
fects (6, 7) by interfering in normal physiological pro-
cesses.

A number of PLA2 enzymes from snake venoms that
affect platelet aggregation have been purified and
characterized (8–12). They are the most potent among
snake venom enzymes that cause platelet aggregation.
The information available on platelet aggregation in-
hibitors from Australian snake venoms is still very
sparse, even though Australian snake venoms are

3 Abbreviations used: PLA2, phospholipase A2; RT-PCR, reverse
transcription polymerase chain reaction; FPLC, fast-performance
liquid chromatography; TFA, trifluoroacetic acid; ESI, electron spray
ionization; CZE, capillary zone electrophoresis; PC, phosphatidylcho-
line; PBS, phosphate-buffered saline; MuMLV, murine Moloney leu-

kemia virus; BSA, bovine serum albumin; dNTP, deoxynucleotide
triphosphate.
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291PLATELET AGGREGATION INHIBITOR
among the most lethal in the world, containing inter-
esting groups of protein toxins that are different from
other snake venoms, presumably because of different
evolutionary pressures. Platelet aggregation inhibitors
that have recently been purified and characterized are
from Pseudichis papuanus (13), Acanthophis praelon-
gus (14), and Acanthophis antarticus (15). Also, three
such PLA2 enzymes have been reported from Austre-
laps superbus (16, 17).

Most primary structures of PLA2 reported so far
ave been obtained by protein sequencing studies.
owever, some sequences have also been determined

ia cDNA cloning and nucleotide sequencing (18–21).
In this paper, we report the purification and partial

haracterization of four inhibitors of platelet aggrega-
ion from A. superbus venom. These inhibitors are
LA2 enzymes and have been named Superbins a, b, c,

and d. Superbins a and b exhibited quite potent anti-
platelet activity. We also report the cloning of cDNAs
encoding 17 isoforms of PLA2 from the same snake.

MATERIALS AND METHODS

Materials. Lyophilized crude venom and venom glands from a
single A. superbus (Mount Gambier, South Australia) snake were
purchased from Venom supplies (Tanunda, South Australia).

Superdex 75 (16 mm/60 cm) columns were purchased from Phar-
macia LKB Biotechnology, (Uppsala, Sweden); UNO S1 (7 3 35 mm)
ation-exchange columns and cartridges and reagents for pI deter-
ination were purchased from Bio-Rad (Richmond, CA); and re-

erse-phase C-18 columns (Nucleosil 5, 10 3 250 mm) were pur-
hased from Phenomenex (Torrance, CA). Reagents for N-terminal
equencing were from Applied Biosystems (Foster City, CA). Colla-
en and ADP for platelet aggregation assay and lecithin for PLA2

assay were purchased from Chrono-Log (Havertown, PA) and ICN
Biochemicals (Irvine, CA), respectively. The chromatographic re-
agents were from Fisher Scientific (Springfield, NJ) and Fluka
(Buchs, Switzerland).

The Escherichia coli strain used as host was JM 109 [F9traD36
acIq D(lacZ) M15 proA1B1I e142 (McrA2) D(lac–proAB) thi gyrA96

(NaIr) endAI hsdR17(rk
2mk

1) relAI supE44 recA1] (22). pT7Blue
T-vector (Novagen, U.S.A.) was used in subcloning and sequencing of
reverse transcription polymerase chain reaction (RT-PCR) products.

Restriction endonucleases, T4 DNA ligase, Taq polymerase, and
T4 DNA polymerase and deoxynucleotides were purchased from
Amersham International p/c (Buckinghamshire, UK). The kits for
automated DNA sequencing were obtained from Applied Biosystems
(Foster City, CA). The oligonucleotide primers were synthesized and
supplied by Oswel DNA service (UK) based on the conserved non-
coding regions of the reported PLA2 precursor gene (18, 19, 21).

All other analytical grade reagents and chemicals used were ob-
ained from Sigma (St. Louis, MO).

FIG. 1. Purification of superbins. (A) Gel filtration: Superdex 75 col
50 mg/ml of A. superbus venom dissolved in 1.0 ml of deionized
emperature. Fractions AS3 and AS4 showed antiplatelet activity. (B
.05 M ammonium acetate buffer (pH 5.0), was loaded with 8 mg/m
ml/min, using a linear gradient of NaCl up to 1 M in the same buffer

activity. (C–F) Reverse-phase HPLC: Nucleosil (C-18) column, equilib

ASIh, respectively, in a linear gradient of ACN in 0.1% TFA. Fractions A
antiplatelet activity.
Isolation and purification of platelet aggregation inhibitor proteins.
rude A. superbus snake venom (150 mg) was dissolved in 1.0 ml of
eionized water and applied to a Superdex 75 (16/60) column equil-
brated with 50 mM ammonium bicarbonate. Proteins were eluted
ith the same buffer at the flow rate of 1.5 ml/min and monitored at
80 nm. All the major peaks obtained from the elution profile were
ooled and lyophilized and assayed for antiplatelet activities. Frac-
ions that showed antiplatelet activity were then subfractioned on
NO S1 cation-exchange columns by loading 8 mg/ml deionized
ater, after equilibrating the column with 50 mM ammonium ace-

ate buffer, pH 5.0. Elution was done with a linear gradient of NaCl
p to 1 M in the same buffer for 40 min at 2 ml/min on a Pharmacia
PLC system. The elution was monitored at 280 nm. Platelet aggre-
ation inhibitor activities were again monitored for all major peaks.
he antiplatelet active fractions were finally chromatographed on a
emipreparative reverse phase HPLC column (C-18, Nucleosil 5)
quilibrated with 0.1% TFA. The bound protein was eluted with a
inear gradient of acetonitrile in 0.1% TFA. Different peaks of pro-
eins, as detected by absorbance at 280 nm, were pooled, lyophilized,
nd assayed for platelet aggregation inhibitor activities.
Electron spray ionization mass spectrometry (ESI-MS). Molecu-

ar masses of native proteins were determined by ESI-MS on a
erkin–Elmer Sciex API III triple-stage quadrupole instrument
quipped with an Ionspray interface (Perkin–Elmer Sciex API III
C/MS/MS systems, Thornton, Canada). This technique is useful in
etermining accurately (0.01% error) the molecular weights of the
rotein (23). The ionspray and orifice voltages were 4600 and 70 V,
espectively; and the interface temperature was 60°C. Nitrogen was
sed as the curtain gas with a flow rate of 0.6 liter/min while
ompressed gas was used as nebulizer gas. The samples were infused
nto the mass spectrometer at a flow rate of 10 ml/min.

Capillary zone electrophoresis (CZE). The purity of the protein
samples was determined by capillary zone electrophoresis. CZE was
performed on a Biofocus 3000 Capillary Electrophoresis System from
Bio-Rad. The samples were injected under pressure mode of 10 psi/s
into a coated capillary (25 mm 3 24 cm). The run was carried out
from positive to negative polarity mode in 0.1 M phosphate buffer
(pH 2.5) at 18°C at a constant potential of 12 kV. The proteins were
detected by UV absorbance of 200 nm.

Isoelectric point determination. The isoelectric point (pI) was de-
termined using the above capillary electrophoresis system. The sam-
ples were pressure injected at 100 psi for 60 s into a coated capillary
(25 mm 3 24 cm), which was thermally controlled at 27°C. The run

as carried out from positive to negative polarity mode with focusing
nd mobilizing voltages at 10 kV. The protein peaks were detected at
80 nm. To determine isoelectric points of pure PLA2 (in ampholyte),

BioMark synthetic pI markers (pI range: 10.4, 8.4, 7.4, 6.4, and 5.3)
were also run under identical conditions. Both samples and stan-
dards were run in triplicate to determine the pI of the proteins.

Reduction and pyridylethylation. Pyridylethylated proteins were
prepared by resuspending the samples in 100 ml of the denaturant
buffer (6.0 M guanidium hydrochloride, 0.25 M Tris, 1 mM EDTA,
pH 8.5) containing 0.07 M b-mercaptoethanol. The solutions were
heated at 37°C for 2 h. Subsequently, a 1.5-fold molar excess (over
sulfhydryl groups) of 4-vinylpyridine was added and incubated at

n, equilibrated with 0.05 M ammonium bicarbonate, was loaded with
ter. Elution was carried out at a flow rate of 1.5 ml/min at room
ation-exchange chromatography: UNO S1 column, equilibrated with
SI (AS3 and AS4) fraction. Elution was carried out at a flow rate of
40 min. Fractions ASId, ASIf, ASIg, and ASIh exhibited antiplatelet
ed with 0.1% TFA, was used to elute fractions ASId, ASIf, ASIg, and
um
wa
) C
l A
for
rat
SId1 (F), ASIf1 (D), ASIg2 (E), and ASIh2 (C) were found to exhibit
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292 SINGH ET AL.
room temperature. After 2 h, the samples were immediately desalted
by HPLC on a Sephasil C-8 reverse-phase column (SC 2.1/10; Phar-
macia LKB Biotechnology).

Amino terminal sequencing. The N-terminal amino acid se-
quences of the pyridylethylated phospholipases were determined by
automatic Edman degradation using an Applied Biosystems 477A
pulsed liquid phase sequencer. Phenylthiohydantoin amino acids
were identified using on-line reverse-phase HPLC on a PTH C-18
column.

Assay for phospholipase activity. PLA2 activity was determined
y following the protocol of Kawauchi et al. (24), with slight modifi-
ation. An aqueous emulsion of 20 mM phosphatidylcholine (PC), in
he presence of 10 mM Triton X-100 and 10 mM Ca21, was used as

FIG. 2. (A–D) Electropherograms of superbins: CZE was performed
were conducted in positive polarity mode at 12 kV at 18°C. Sampl
represent Superbins a, c, b, and d, respectively. (E–H) Mass spectrom
molecule. Insets show the deconvoluted mass spectrum and also confi
(G), and (H) represent Superbins a, b, c, and d, respectively.
substrate. Released fatty acids were titrated at pH 8.0 with 0.02 M
NaOH at room temperature with a 718 STAT Titrino (Metrohm
Herisau, Switzerland). The specific activity of the enzyme was ex-
pressed as micromoles of PC hydrolyzed per minute per milligram of
protein.

Assay for platelet aggregation inhibitor activity. Inhibition of
platelet aggregation was determined by electrical impedance mea-
surements in a whole-blood aggregometer (Chrono-Log Model 500)
according to the method of Cardinal and Flower (25). Human blood
was collected from volunteers who had not taken any medication for
at least a week and had been alcohol-free for at least 4 days. The
blood was citrated using 0.11 M trisodium citrate (1:9, v/v). During
the studies blood was stored at room temperature and used within
4 h. Aliquots of 500 ml citrated whole blood were transferred into
siliconized plastic cuvettes containing 500 ml PBS, pH 7.4 (pre-

ng 0.1 M phosphate buffer (pH 2.5) in a coated capillary. Separations
as injected under pressure mode of 10 psi/s. (A), (B), (C), and (D)
y: The spectra show a series of multiply charged ions, related to the
the purity of each of the superbins, as determined by CZE. (E), (F),
usi
e w
etr
warmed at 37°C), and placed into the reaction chamber, with con-
stant stirring at 1000 rpm. After 2 min, platelet aggregation was



a
T
c
3
m
(
T
d
O

1
T
J
m

w
t
i
L

Co

293PLATELET AGGREGATION INHIBITOR
induced by the addition of an agonist, collagen (2 ml, calf skin,
Sigma), and the aggregation was monitored for 6 min. Extent of
platelet aggregation was calculated as the percentage of rate of
aggregation in the presence of inhibitors as compared with that in
their absence.

Isolation of total RNA and RT-PCR. Preparation of total RNA
from the A. superbus venom gland was based on the method de-
scribed by Chomzynski and Sacchi (26). The integrity of the total
RNA was analyzed by denaturing formaldehyde agarose gel electro-
phoresis (27, 28). Five micrograms of total RNA isolated from the A.
superbus venom gland was reverse transcribed using 50 U of
MuMLV reverse transcriptase, 2 ml of antisense primer (1 OD260), 2
ml of reverse transcriptase buffer (100 mM Tris–HCl, pH 8.4, 250
mM KCl; 12.5 mM MgCl2, 0.5 mg/ml BSA) in a total volume of 10 ml
t 42°C for 1 h and the reaction was terminated at 95°C for 5 min.
he entire reaction mixture was used in a 50 ml PCR. PCR was
arried out on a Perkin–Elmer Cetus Thermal Cycler (Model 480) for
0 cycles, with each cycle consisting of a denaturing step (94°C for 1
in), an annealing step (50°C for 1 min), and an elongation step

72°C for 2 min) followed by a final extension step of 10 min at 72°C.
he PCR mixture contained the reverse-transcribed products,

FIG. 2—
NTPs (200 mmol of each), sense and antisense primers (5 ml each, 1
D260), reaction buffer (5 ml; 50 mM KCl, 10 mM Tris–HCl, pH 8.3,
.5 mM MgCl2, 0.1 mg/ml gelatin), and 1 U of Taq polymerase (29).
he fidelity of Taq polymerase has been tested as described by
eyaseelan et al. (30) to eliminate the possibility of PCR-induced
utations on RT-PCR products.
Cloning, sequencing, and analysis of cDNAs. The PCR products
ere cloned into pT7Blue vector using the procedure described by

he supplier Novagen. The ligated products were then transformed
nto the E. coli strain JM 109, and transformants were selected on a
B-Amp (50 mg/ml) plate supplemented with IPTG and X-Gal ac-

cording to Sambrook et al. (31).
DNA sequencing was carried out on denatured, double-stranded

circular DNA (32) of pT7 Blue-based templates using M13 forward
and reverse primers. The sequencing reaction was carried out using
the Taq Dyedeoxy Terminator cycle sequencing kit supplied by the
manufacturer in the Perkin–Elmer Cetus Thermal Cycler. The se-
quencing reaction was performed using an Automated DNA se-
quencer (Applied Biosystems; Model 373A). Both strands of the DNA
were sequenced. The DNA sequence was translated in all six frames
using GenPlot (DNAstar, UK). Deduced amino acid sequences were
compared with those of DNA translated in all six frames from non-

ntinued
redundant GenBank using the BLASTP network services at NCBI
(33). The sequence homologies were obtained using ALIGN and
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AALIGN programs from DNAstar and SeqEd program (Applied Bio-
systems).

RESULTS

Isolation and Purification of Superbins

Superbins a, b, c, and d were purified from crude A.
superbus venom by a three-step purification process.
The initial fractionation of the venom (150 mg) on
Superdex 75 gel filtration yielded nine major peaks
(Fig. 1A) of which fractions AS3 and AS4 were found to
have both platelet aggregation inhibitor and PLA2 ac-
ivities. These two fractions were pooled and used as
raction ASI for purification on UNO S1, a cation ex-
hanger (Fig. 1B). This second purification step yielded
ight major fractions, of which only ASId, ASIf, ASIg,
nd ASIh exhibited both antiplatelet and PLA2 activi-

ties. For final purification, each of the four lyophilized
peaks was subjected separately to reverse-phase HPLC
(C-18 column, Nucleosil). Fractions ASId and ASIf
yielded only one major peak each (Figs. 1F, 1D),
whereas fractions ASIg and ASIh yielded three major
peaks each (Figs. 1E, 1C). Peaks ASId1, ASIfI, ASIg2,
and ASIh2 were found to exhibit both platelet aggre-
gation inhibitor and PLA2 activities. These peaks were
renamed on the basis of their activities on platelet
aggregation. ASIh2 was renamed superbin a, ASIf1
superbin b, ASIg2 superbin c, and ASId1 superbin d.
The total yields of superbins a, b, c, and d were 1.5, 7,
2.5, and 6.6 mg, respectively. The additional peaks
observed in Figs. 1C and 1E showed no inhibitory
property on platelet aggregation and their PLA2 activ-
ities were also rather low (3.0–5.1 mmol of phosphoti-
dylcholine hydrolyzed/min/mg protein).

Homogeneity Determinations and MS Studies

Purity and homogeneity of the four superbins were
assessed by CZE and ESI-MS. All four superbins pro-
duced single peaks on the CZE runs (Figs. 2A–2D). The
migration times, though close, were distinct for the
four phospholipases. Superbins a, b, and c were much
closer in terms of migration time as compared with

TA

Summary of the Pr

PLA2

enzymes
CZE migration time

(min)
Molecular mass

(Da)

Superbin a 2.94 13,235.86 6 0.39
Superbin b 3.22 13,194.44 6 0.62
Superbin c 3.00 13,153.52 6 1.44

uperbin d 4.22 13,141.27 6 0.52
superbin d. The migration time of superbin a was
found to be 2.94 min. Superbins c and b had migration
times of 3.00 and 3.22 min, whereas that of superbin d
was 4.22 min (Figs. 2A–2D, Table I).

MS studies were in agreement with the CZE results,
reconfirming the homogeneity of the four superbins
isolated. Each of the samples yielded one peak only
(Figs. 2A–2D). The molecular masses of superbins a, b,
c, and d were found to be 13,235.86, 13,194.44,
13,153.52, and 13,141.27 Da, respectively (Figs. 2E–
2H, Table I).

pI Determinations

The synthetic markers were all eluted within the
range 6–14 min on the 25 mm 3 24 cm coated capillary.
The calibration plot of normalized migration time ver-
sus pH produced a linear regression line. Superbin a
was found to be most basic with a pI of 9.33. Superbins
, c, and d were also found to be basic with pI values of
.20, 9.30, and 7.95, respectively (Table I).

LA2 Activities

PLA2 activities were detected in all four superbins.
Superbins a and c had low specific activities of 6.372
and 17.192 U/mg. In contrast, Superbins b and d had
much higher specific activities of 186.045 and 266.442
U/mg, respectively (Table I).

Platelet Aggregation Inhibitor Assay

The effect of superbins on platelet aggregation was
measured by using healthy human whole blood with
collagen as platelet agonist. All four superbins were
found to inhibit collagen-induced platelet aggregation
to varying degrees and this effect appears to be dose
dependent. The IC50 (inhibitor concentration causing
50% inhibition) values were estimated from the dose–
response curves (Fig. 3).

Superbin a was found to be the most potent inhibitor
of platelet aggregation, having an IC50 of 9.0 nM. How-
ever, the IC50 values of Superbins b, c, and d were
relatively lower at 0.05, 0.5, and 3.0 mM, respectively

I

rties of Superbins

PLA2 specific activity
(mmol phosphatidylcholine

hydrolyzed/min/mg) pI
IC50

(mM)

6.372 6 0.080 9.33 6 0.10 0.009
266.442 6 6.190 9.20 6 0.09 0.050
17.192 6 0.100 9.30 6 0.10 0.500

186.045 6 5.27 7.95 6 0.11 3.000
BLE

ope
(Table I).
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The potencies of the phospholipases seemed to cor-
respond to the basicities of their isoelectric points; i.e.,
the most potent of the three phospholipases seemed to
be highly basic as compared with the least potent.
Similar observations were made with Acathophis
praelongus venom (14). Also, platelet activity does not
seem to correspond to PLA2 activity (Table I).

FIG. 3. Platelet aggregation curves: Different concentrations of
Superbins a, b, c, and d were added to citrated blood and the effects
of electrical impedance were measured in a whole-blood aggregome-
ter using collagen as platelet agonist.
FIG. 4. Amino-terminal sequences of superbins: Two main continuous
are shown in bold. Two closely placed prolines (Superbin a) enclosing a
Amino-Terminal Sequences of Superbins

To confirm the identity of superbins and to partially
characterize them, amino acid sequencing of pyridyl-
ethylated proteins was carried out. The amino termi-
nals of all four superbins were identified unequivocally
by automated Edman degradation. Superbins a and b
were sequenced up to 62 and 57 residues, respectively,
whereas Superbins c and d were sequenced up to 46
and 48 residues (Fig. 4).

All four sequences have the same first two residues
(asparagine and leucine). There appear to be two main
continuous conserved regions, residues 25 to 30 (YG-
CYCG) and residues 35 to 45 (GTPVDELDRCC). The
differences in position of histidine and proline were
apparent. Histidine was observed at position 21 of all
but superbin b. Also, proline was present at position 31
of superbin a (the most potent PLA2) in addition to
position 37, thus enclosing a short region between two
prolines. A survey of the database of protein–protein
interaction sites indicates that proline residues are
found predominantly in the flanking segments of the
interaction site (34), so this could be a potential pro-
tein–protein interaction site.

cDNA Cloning

Total RNA extracted from A. superbus snake venom
gland was reverse transcribed into single-strand cDNA
conserved regions have been underlined. All the histidine residues
short segment have been italicized.
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using MuMLV reverse transcriptase. Second-strand
cDNA synthesis and subsequent PCR amplification
were performed with Taq DNA polymerase, using

FIG. 5. Nucleotide sequences of cDNAs: Seventeen isoforms of PLA
ases are indicated with asterisks. The signal peptide regions are i
epresent the conservation of nucleotide sequence (codon). The codon
omplete sequence of one of the clones (S2-22) has been considered
PLA2 gene-specific primers. The degenerate primers o
were (sense) 59 TTC A(C/A)(C/T) (A/T)C(G/T) GAC AAA
ATG 39 and (antisense) 59 (G/C)(A/T)(A/T) GC(T/C)
TCT CAA ATA TCA 39. The expected 500-bp cDNA was

zyme in Austrelaps superbus were compared. The similar nucleotide
cated in italics. Small gaps indicate alignment gaps. Blank spaces
arboring mutations have been shown for 16 of the 17 sequences. The

typical sequence.
2 en
ndi
bserved from the RT-PCR. These cDNAs were sub-
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cloned into pT7Blue vector and the recombinant clones
(maintained in E. coli JM 109) were confirmed by re-
striction with EcoRI and SalI, followed by agarose gel
electrophoresis to check for the presence of inserts.
Thirty-two recombinant plasmids harboring the

FIG. 5—
5001-bp DNA were obtained.
Nucleotide Sequencing and Analysis

All positive clones have been sequenced using uni-
versal M13/pUC reverse and forward primers. Each of
these sequences (nucleotide and the deduced amino

ntinued
acid sequence), when compared using BLAST analysis
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on GenBank and SwissProt databases, confirmed the
presence of PLA2 sequences.

On comparing the 32 cDNA sequences among them-
elves, 17 unique clones were identified on the basis of
equences of the PLA2 proteins. Figures 5 and 6 are

comparisons of the nucleotide and the deduced amino
acid sequences, respectively. This is also the first report
of so many isoforms being present in a single species.

Some of the clones were found to be identical. Clone
S14-72F was found to be the most abundant form (six
clones). Clones S2-22 and S1-11 were found to have five
clones each. Clones S13-69 J and S11-61 were the third
most abundant types (two clones each); all others had
one clone each.

The proteins were grouped into three groups based
on the conserved regions (residues 24–37) of the pro-
tein sequences (Fig. 6). About 58.8% of the clones be-
longed to Group 1 and 29.4% to Group 2; Group 3 had
only 11.8% clones. Based on the amino acid sequences
(Fig. 6), eight different signal peptides were identified.
Clone S5-32M showed the most common signal peptide
(37.5%), and Clone S15-109J contained the second

FIG. 5—
most common form (31.3%). The frequency of all the w
others was less than 10%. Despite the slight difference
in these forms, the hydrophobicity of the signal peptide
is maintained.

The residues that are necessary for the enzymatic
activity of PLA2, such as the catalytic network, His48,
Asp49, Tyr52, Tyr73 and Asp99; the hydrophobic region
around the enzymatic site, Leu2, Phe5, Tyr22, Cys29,
Cys45, Ala102, Ala103, and Phe106; and the Ca21 binding
site residues, Tyr28, Gly30 and Gly32 and Asp49 (35), are
all conserved in the sequences (Fig. 6).

Clones S16-19 and S17-58 were found to have the
amino acid residues (Ala62 to Glu66) observed in pan-
creatic PLA2 enzymes (36). The pancreatic loop is be-
tween two proline residues (Pro59 and Pro68) and con-
ains several hydrophilic amino acids.

haracterization of cDNA Clones

Based on the nucleotide and protein sequences, the
olecular masses, pI values, and number of amino

cids for each of the 17 clones (Table II) were calcu-
ated. The molecular masses were all found to be

ntinued
ithin the range 13,000 to 14,000. The smallest molec-
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ular mass was 13,029.80 Da, and as expected, the
largest molecular masses were those of Clones S17-58
and S16-19, which had maximum number of amino
acids because of the presence of the pancreatic loop.

On observing the pI values of all the clones, it was
ound that 13 of 17 clones were acidic. The most acidic
lones were those containing the pancreatic loop,
17-58 and S16-19, with pI values of 4.02 and 4.11,
espectively. Of the four basic clones, the most basic

FIG. 6. Amino acid sequences of isoforms of PLA2: The amino acid s
signal peptide regions are given in italics. Asterisks show the ex
consensus. The phospholipases are grouped on the basis of homolog
as Clone S11-61, with a pI of 8.56 (Table II).
The number of amino acids varied for the clones,
with a range of 117–125 (Table II). Mostly all the
clones had 117–120 amino acids, except two (S17-58
and S16-19). There were two forms with 117 amino
acids, 3 with 118, and 5 each with 118 and 119 amino
acids.

Comparison of Clones with Superbins
All the cDNA isoforms were compared with each of

ences were aligned using the MegaAlign program (DNASTAR). The
consensus region. The bold residues indicate deviation from the
residues 24 to 37 of the protein.
equ
the superbins, in terms of amino-terminal sequences.
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None of the cDNA clones could give a 100% match. It
was observed that Clones S11-61 and S15-109 had the
closest match of 87.10% each (both were identical for
the first 62 residues) to Superbin a (most antiplatelet
activity): 84.21% each to Superbin b; and 80.43% to
Superbin c (Clones S7-48J and S9-53F also had the
same homology). All other clones, except S16-19 and
S17-58, were found to have a consensus of more than
74% with Superbin a and more than 73% with Su-
perbins b and c. The clones most homologous to Su-
perbin d (least antiplatelet activity) were S4-30, S7-
48J, S12-65J, S13-69J, and S14-72F. All other clones,
except S16-19 and S17-58, were found to have a con-
sensus of more than 83%.

Clones S16-19 and S17-58 possessing the pancreatic
loop were found to have the minimum consensus with
each of the superbins (54–63%).

DISCUSSION

Snake venom PLA2 enzymes, in addition to their
possible role in digestion of prey, exhibit a wide variety
of pharmacological effects, including effects on platelet
aggregation [either initiating or inhibiting or both (10,
11, 37, 38)]. Several platelet aggregation inhibitors
have been purified and characterized from various
snake venoms, but the information on Australian
snake venoms, with respect to platelet aggregation
inhibitors is still scant. Thus, several Australian snake
venoms were screened to detect antiplatelet activity.
Among these the crude venom from A. superbus was
found to have potent antiplatelet activity, and so stud-
ies were initiated to identify and characterize the com-
ponent(s) responsible. Four new antiplatelet proteins

TABLE II

Characterization of cDNA Clones

Clone No. Molecular mass (Da) pI No. of amino acids

S1-11 13,336.80 6.80 118
S2-22 13,321.00 7.36 118
S3-24 13,381.90 4.84 120
S4-30 13,499.30 6.52 119
S5-32M 13,610.60 6.99 119
S6-45 13,294.00 7.36 118
S7-48J 13,572.10 4.75 120
S8-51 13,444.20 5.16 119
S9-53F 13,577.00 4.75 120
S10-58F 13,128.30 7.97 118
S11-61 13,168.30 8.56 118
S12-65J 13,290.20 6.07 117
S13-69J 13,570.30 6.52 119
S14-72F 13,511.40 6.52 119
S15-109 13,029.80 6.99 117
S16-19 13,904.00 4.11 125
S17-58 13,854.90 4.02 125
(PLA2 isoforms)—Superbins a, b, c, and d—have been
isolated and purified from A. superbus venom by a
three-step sequential purification process.

The superbins were characterized in terms of PLA2

activities, pI values, molecular masses, and IC50 val-
ues. Each of these proteins exhibited varying degrees
of PLA2 activity when assessed for phospholipase ac-
tivity by a titrimetric method using phosphatidylcho-
line as substrate. Superbins a and c showed low specific
activities of 6.37 and 17.19 U/mg, and Superbins b and
d exhibited much higher activities of 186.05 and 266.44
U/mg, respectively.

Superbins a, b, c, and d have been found to be basic,
with pI values of 9.33, 9.2, 9.3, and 7.95, respectively.
The majority of Australian elapid PLA2 enzymes have
been found to be basic proteins with 118 amino acids
and seven disulfide bridges and molecular masses
around 13 kDa (39). The basicity can also be observed
in superbins.

The molecular masses as determined by MS are also
similar to monomeric molecular masses of venom PLA2

enzymes (39). Superbins a, b, c, and d had molecular
masses of 13,235.86, 13,194.44, 13,153.52, and
13,141.27 Da, respectively. Superbin a has a molecular
mass similar to that observed by Subburaju and Kini
(17) for Superbin II, which was nonhomogeneous.

All four superbins inhibited platelet aggregation in
human whole blood. Dose–response studies show that
Superbin a is the most potent antiplatelet PLA2, with
n IC50 of 9 nM. Superbins b and c form the interme-

diate group, with IC50 values of 50 and 500 nM, respec-
ively; and Superbin d exhibits the least antiplatelet
ctivity, with an IC50 of 3000 nM.
PLA2 enzymes that affect platelet aggregation have

been classified into three major classes (40): Class A
contains PLA2 enzymes that induce platelet aggrega-
tion; Class B contains PLA2 enzymes that inhibit plate-
let aggregation; and Class C contains PLA2 enzymes
that act as both inducer and inhibitor. Since all four
isoforms of superbins inhibit platelet aggregation, they
belong to Class B. Class B can be further subdivided
into two subgroups: Class B1, inhibitors that are de-
pendent on the catalytic activity of the enzymes such
as PLA2 from A. superbus (16, 41) and Lachesis muta
(42); and Class B2, inhibitors that are independent of
its enzyme activity, such as PLA2 from A. halys venom
(43). These nonenzymatic mechanisms have not yet
been deciphered.

Proline residues are known to break the continuity of
any secondary structure of the flanking regions (44)
and protect the conformation and integrity of the in-
teraction sites. They set the interaction sites apart by
inducing kinks and bends. Thus, proline brackets fa-
cilitate protein–protein interaction (45). Superbin a,
the most potent platelet aggregation inhibitor PLA ,
2

was found to have two closely placed prolines, enclos-
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ing five residues. This site could possibly be one of the
protein–protein interaction sites.

cDNA cloning has shown the existence of 17 isoforms
of PLA2 mRNAs in the venom gland of A. superbus. It
is possible that these messages are translated into
PLA2 isoforms to be present in the venom. The pres-
ence of such multiple isoforms has also been reported
for Vipera russelli formosensis, Naja naja atra, Crota-
lus durissus, Naja naja sputatrix, Bungarus multicinc-
tus, and Trimeresurus flavoviridis (19, 21, 46–50).

Comparison of the nucleotide sequences of the
cDNAs of the A. superbus PLA2 isoforms reveals that
substitution for the nucleotide occurred mostly in the
first and second positions of the triplet codons. This
unusually high rate of substitution in the first and
second positions has also been observed by Armugam
et al. (21). The open reading frame of the cDNA covers
the entire phospholipase gene sequence, containing an
81-bp signal sequence, approximately 357-bp (not the
same for all isoforms) coding sequence for mature pro-
tein, and approximately 36-bp 59 and 39 untranslated
regions. It was also observed that there was much more
base substitution in the structural gene as compared
with that in the signal peptide. A similar observation
was noted where the nucleotide sequence of the signal
peptide coding domain of the exon from a genomic
sequence from Trimeresurus flavoviridis PLA2 was
demonstrated to be much more conserved than the
PLA2 protein coding region (51). They suggest that the

LA2 protein coding regions of the gene evolved with a
greater substitution rate. The signal peptide coding
domain was reported to be in a separate exon, the first
exon. This exon is known to show a low rate of varia-
tion as compared with the other exons coding for ma-
ture protein. Krizaj et al. (52) proposed that a higher

utational rate of the protein coding region, together
ith gene duplications, finally would result in a broad

pectrum of snake PLA2 species and their homologs
with different biological activities that can be found in
a single snake species.

The building block of a typical signal peptide com-
prises a basic N-terminal region, a central core hydro-
phobic region, and a more polar C terminal. A helix-
breaking residue (Pro/Gly) normally occurs before the
cleavage site and ends with an uncharged amino acid
residue (53). The deduced amino acid sequences for the
signal peptides were compared to identify these sites.
Each of the PLA2 had a 27-amino-acid residue signal
peptide, beginning with a methionine residue, followed
by neutral and polar tyrosines and then neutral and
hydrophobic prolines. The next neutral and hydropho-
bic residue was alanine for all but one clone (S11-61)
where the replacement was with another neutral and
hydrophobic residue, valine. A basic histidine residue
and a number of highly hydrophobic residues followed

this. A cysteine residue occurs at the midregion of the
hydrophobic core. Four to five helix breakers (Pro/Gly)
are also found along the hydrophobic region.

The C-terminal pentapeptide of the signal peptides
contains two or three proline residues, which is similar
to those of Group I snakes, suggesting that A. superbus
PLA2 isoenzymes indeed belong to Group I. Similar
observations have been reported for venom PLA2 en-
zymes from Elapidae and Hydrophidae (21, 49, 54, 55).

Austrelaps superbus PLA2 enzymes consist of 117–
120 amino acid residues. Only two PLA2 enzymes had
125 amino acids each because of the presence of the
pancreatic loop. On the basis of sequences, the molec-
ular masses and pI values were also estimated. All of
the PLA2 isoforms determined by cDNA cloning had
molecular masses ranging from 13 to 14 kDa, which
are similar to monomeric molecular masses of venom
PLA2 enzymes (39). However, approximately, 76% of
the clones have been found to be acidic, thus making
these isoforms distinct from most of the Australian
snake venom PLA2 enzymes, which are known to be
basic (39, 54, 56).

The primary structure of all these isoforms exhibited
characteristic features of Group 1 PLA2 enzymes.
There are seven pairs of cysteine residues in all but one
clone. The degree of homology with other venom PLA2

enzymes was found to be more than 85%.
The primary structure also revealed that all the res-

idues necessary for enzymatic action, catalytic net-
work, and formation of a hydrophobic wall around the
enzymatic site and responsible for Ca21 binding (35)
are conserved fully in 88% of the isoforms. Only the two
distinct clones possessing the pancreatic loop did not
adhere fully to this proposed network. These clones,
with extra amino acid residues (62–66), were found to
belong to Group IB PLA2 enzymes (36, 57). These iso-
forms are commonly found in pancreatic PLA2 enzymes
and are almost absent among snake venom PLA2 en-
zymes. Among snake venom PLA2 enzymes, only a few
enzymes from Australian “elapids” have been reported
to contain such pancreatic loops. They are the three
nontoxic PLA2 enzymes: the g subunit of taipoxin, the
D subunit of textilotoxin and OS1, and a toxic PLA2,
HTe (58–62). These sequences are known to have an
octapeptide of the signal peptide attached to the ma-
ture protein, which may even be true for these clones.

Variations in snake venom composition have been
associated with factors such as age, sex, geographic
origin, season of the year, and diet (63). Sasa (64) has
hypothesized three reasons for these variations: venom
variation could be a function of geographic distance or
it may result from the phylogenetic relationships
among populations or it could even be associated with
diet variation among populations.

Studies on Naja haje venoms have revealed a great
heterogeneity even in litters born in the same snake

farm (65). Also, individual specimens of Bothrops jara-
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raca (66) have been shown to exhibit different PLA2

activities among individual snakes, maintained under
seasonally invariant conditions. Individual and age-
dependent variations have been shown in Bothrops
atrox venoms (67) whereas geographic and ontogenic
ariations have been shown in Crotalus atrox snake

venom (68).
Another reason for differences in cDNA isoforms and

superbins can be seen at the genetic level. Vandenplas
et al. (69) reported that there was an increase in the
transcription level of mRNA in the snake venom gland
following milking of the venom. The increase was dem-
onstrated to be at the maximum level between 3 and 5
days after milking the venom (70), presumably because
once the protein is depleted the toxin genes become
activated with the production of corresponding mRNAs.
However, in the present study, the A. superbus venom
gland was isolated immediately after milking since the
sample was procured commercially. Considering all
these factors, the probability of finding 100% homology
seems quite low. Only one of the clones, S11-61,
showed more than 85% similarity, besides being basic,
with Superbin a. The mRNAs cloned may possibly rep-
resent the low-abundance isoforms of superbins in the
venoms of A. superbus. The present study, however,
has revealed the presence of at least 21 isoforms of
PLA2 enzymes in A. superbus venom. More cloning and

rotein purification studies have to be carried out to
onfirm these findings. The characterization of these
soforms by expressing their cDNAs in hosts such as E.
oli may also help to identify the functional and phar-
acological properties of these proteins.
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