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In the present study, anticoagulant and platelet modulating activities of an acidic phospholipase A;
(NnPLA>-I) purified from Indian cobra Naja naja venom was investigated. The NnPLA,-I displayed a mass
of 15.2 kDa and 14,186.0 Da when analyzed by SDS-PAGE and MALDI-TOF-MS, respectively. Peptide mass
fingerprinting analysis of the NnPLA,-I showed its significant similarity with phospholipase A, enzymes
purified from cobra venom. BLAST analysis of one tryptic peptide sequence of NnPLA,-I demonstrated

ﬁexworqs" putative conserved domains of the PLA,-like superfamily. The Km and Vmax values of NnPLA,-I toward
Pgﬁggﬁipase A hydrolysis of its most preferred substrate—phosphotidylcholine (PC)—were determined to be 0.72 mM
2

and 29.3 pmol min~! mg ', respectively. The anticoagulant activity of NnPLA,-I was found to be higher
than the anticoagulant activity of heparin/AT-IIl or warfarin. The histidine modifying reagent, mono-
valent and polyvalent antivenom differentially inhibited the catalytic and anticoagulant activities of
NnPLA;-I. Low molecular weight heparin did not inhibit the catalytic and platelet deaggregation activity
of NnPLA,-I, albeit its anticoagulant activity was significantly reduced. The NnPLA;-I showed a non-
enzymatic, mixed inhibition of thrombin with a Ki value of 9.3 nM. Heparin significantly decreased,
with an ICsg value of 15.23 mlU, the thrombin inhibitory activity of NnPLA,-1. The NnPLA,-I uniquely
increased the amidolytic activity of FXa without influencing its prothrombin activating property.
NnPLA;-I showed dose-dependent deaggregation of platelet rich plasma (PRP) and inhibited the collagen
and thrombin-induced aggregation of PRP. However, deaggregation of washed platelets by NnPLA,-I
demonstrated in presence of PC or platelet poor plasma. Alkylation of histidine residue of NnPLA;-I
resulted in 95% and 21% reduction of its platelet deaggregation and platelet binding properties,
respectively. NnPLA,-I did not show cytotoxicity against human glioblastoma U87MG cells, bactericidal
or hemolytic activity. The future therapeutic application of NnPLA>-I for treatment and prevention of

cardiovascular disorders is therefore suggested.
© 2015 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

Anticoagulant activity
Thrombin inhibition

Heparin neutralization
Platelet deaggregation

1. Introduction

The Indian cobra (Naja naja), also known as the Spectacled cobra,
is a member of the “big four” venomous snakes in India. This snake
is found throughout the Indian subcontinent including Pakistan,
Bangladesh, Sri Lanka, and Nepal, and is responsible for a large

* Corresponding author. Tel.: +91 3712275405; fax: +91 3712 267005, +91 3712
267006.
E-mail address: akm@tezu.ernet.in (A.K. Mukherjee).
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number of snakebite fatalities and morbidity in this subcontinent.
The primary function of snake venom is immobilization of bigger
prey before being swallowed; secondarily, it is used by the snake as
its lethal self-defense weapon. The interzonal and intrazonal vari-
ations in venom composition of the Indian cobra result in differ-
ences in pathobiological manifestations in victims [1,2]. Therefore,
exploration of geographical variation in venom components has
tremendous implications for improving production of effective
antivenom to treat cobra bite patients [1,2]. Indian cobra venom is
enriched in many toxins and enzymes such as neurotoxins, car-
diotoxins, myotoxins, cytotoxins, and phospholipase A, enzymes
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[1,3,4]. The latter enzyme is one of the major constituents of most
snake venoms including N. naja venom, which is reported to
contain up to 14 isoenzymes of PLA; [5].

Phospholipase A; (EC: 3.1.1.4), due to its crucial role in inducing
various pharmacological effects in victims and its puzzling struc-
ture—function relationships, is one of the most extensively studied
snake venom enzymes [5—12]. Single venom may contain several
isoenzymes of PLA; and depending on their overall charge, they
may be classified as acidic, basic, or neutral PLA; enzymes. It has
been well established that different PLA;, isoenzymes of the same
venom exhibit various pharmacological effects, viz. neurotoxicity,
cardiotoxicity, myotoxicity, necrosis, anticoagulant, hypotensive,
hemolysis, hemorrhage and edema by different mechanisms in
experimental animals and victims [8]. Among the pharmacological
effects, interfering with the blood coagulation system by injecting
venom components is one of the important mechanisms to impede
the hemostatic system of victim or prey [6,9—13]. Although most of
the PLA, enzymes purified from snake venom have been demon-
strated to possess anticoagulant activity [8,10—12], most of the PLA;
enzymes purified from the Indian N. naja venom are devoid of
anticoagulant activity [1,5,14,15], and only a few have been reported
to show weak anticoagulant action [16]. In the present study,
therefore, an effort has been made to purify a strong anticoagulant
PLA; from the venom of the N. naja and characterize its anticoag-
ulant mechanism as well as platelet modulating activity. To the best
of our knowledge, this is the first report of a thrombin inhibitor
PLA; isolated from N. naja venom.

2. Materials and methods

Crude N. naja venom was obtained from Calcutta Snake Park,
Kolkata. Sephadex G-50 (fine grade) was obtained from Pharmacia
Fine Chemicals, Sweden. Low molecular weight heparin (approxi-
mately 6 kDa) from porcine intestinal mucosa, chromogenic sub-
strates, and other fine chemicals were purchased from Sigma
Chemical Co., USA. Coagulation proteins were purchased from
Calbiochem, Germany. Polyvalent antivenom (PAV), (effective
against Daboia russelii, N. naja, Echis carinatus and Bungarus caer-
uleus venoms) was purchased from the Serum Institute of India
Limited, Pune, India whereas N. naja monovalent antivenom (MAV)
was obtained from VINS Bioproduct Limited, India. All kits used for
serum analysis were purchased from Crest Biosystem, Goa. All
other reagents were of analytical grade.

2.1. Purification of a phospholipase A, enzyme

Crude N. naja venom (dry weight 10 mg) was dissolved in 0.5 ml
of 20 mM Tris—HCl buffer, pH 7.4 (buffer A), and centrifuged at
10,000 rpm. After filtration through 0.2 micron membrane, the
clear supernatant was fractionated through a Hiprep CM FF 16/10
cation exchange column (pre-equilibrated with the buffer A)
coupled with an FPLC system (AKTA purifier, Wipro GE Health Care,
Sweden). After washing the column with two volumes of equili-
bration buffer, proteins bound to column were eluted with a linear
gradient of 1.0 M Na(l dissolved in buffer A at a flow rate of 1.0 ml/
min. The elution of protein was observed at 280 nm, and a 1.5 ml
fraction was collected in each tube. Protein content and PLA, ac-
tivity of each peak was screened (see below). The fractions showing
the highest PLA; activity were pooled, desalted, concentrated, and
then fractioned through a Sephadex G-50 gel-filtration column
(1 x 64 cm?) with a 20 mM Tris—HCI buffer, pH 7.4. The fraction
volume was 1.0 ml, and each peak was screened for PLA; activity
(see below), anticoagulant activity, and protein content [17].

The purity of the enzyme was determined by 12.5% SDS-PAGE
with or without reduction of protein with B-mercaptoethanol

[18]. The protein bands were fixed by incubating the gel in fixing
solution (distilled water/methanol/glacial acetic acid, 50:40:10) for
30 min at room temperature. After extensive washing the gel with
MilliQ water, the bands were visualized by silver staining the gel
[19]. The molecular mass of the purified PLA, was also determined
using a mass spectrometer (4800 plus, Applied Biosystems, USA).
About 1.0 pg of purified protein in 0.1% TFA was spotted on 1 pl of an
g-cyanosinapinic acid matrix (10 mg/ml) dissolved in 50% (v/v)
acetonitrile containing 0.1% (v/v) TFA, and the mass of the protein
was then determined.

2.2. Peptide mass fingerprinting analysis

The peptide band of interest was eluted from the gel, and after
alkylation and reduction; it was subjected to trypsin digestion
overnight at 37 °C [20]. The PMF analysis of the tryptic-digested
peptides was done by MALDI-TOF-MS/MS analysis [12,21].
Spectra were collected over an m/z range of 600—2000 Da. The MS/
MS spectra were searched against the NCBI data base of non-
redundant protein sequences (NCBI nr) using the Mascot data-
base search engine to find the significant hit. The tryptic sequences
obtained by PMF analysis were subjected to a BLASTp search in
NCBI database.

2.3. Phospholipase A, activity assay and enzyme kinetics

Phospholipase A, activity was assayed by the turbidometric
method of Joubert and Tallijard [22] slightly modified as described
previously [6,10]. Briefly, one egg yolk was suspended in 250 ml of
0.9% (w/v) NaCl containing 0.02% (w/v) sodium azide. Before PLA;
assay, 1.0 ml of the suspension was mixed with 10.0 ml of 0.1 M
Tris—HCI buffer, pH 8.0, and the absorbance of the resulting mixture
was adjusted to 1.0 at 740 nm with the same buffer. For assaying the
PLA; activity, different doses of enzyme were mixed with 2.0 ml of
the above reaction mixture, and the decrease in turbidity after
10 min was monitored at 740 nm against a reagent blank. One unit
of PLA, activity has been arbitrarily defined as a decrease in 0.01
absorbance at 740 nm after 10 min on incubation [6].

For determination of phospholipids substrate specificity, 25 nM
of purified PLA, was incubated with different phospholipids such as
PC, PS and PE (final concentration 1 mM) at 37 °C for the desired
time periods. The PLA, activity was assayed by microtitration of
liberated fatty acids (FA) with 0.01 N NaOH, and the amount of FA
liberated was determined from a standard curve of palmitic acid
[10]. The Lineweaver—Burk plot was used to determine kinetic
parameters (Ky, and Vpax) of purified PLA; using different con-
centrations (1.0—300 mM) of substrate (PC), and then the values of
1/V were plotted as a function of 1/S.

2.4. Anticoagulation assay

To study the plasma clotting activity, goat blood obtained from a
slaughter house was collected in 3.8% tri-sodium citrate. The
platelet poor plasma (PPP) was prepared by centrifuging the blood
twice at 5000 rpm for 20 min at 4 °C. Different concentrations of
PLA; (in a total volume of 20 ul) were pre-incubated with 300 pl of
PPP for 3 min at 37 °C, and clotting was initiated by adding 40 pl of
250 mM CacCl, [23]. For control, instead of PLA,, the same volume of
PBS was used. One unit of anticoagulant activity has been defined
as crude venom/purified PLA,-induced 1 s increase in clotting time
of the control PPP [23].

To determine the correlation between the kinetics of plasma
phospholipids hydrolysis and that of the anticoagulant activity, a
fixed amount (100 nM) of purified PLA, was incubated with 300 pl
of plasma from 3 to 20 min at 37 °C. Then, 40 pl of 250 mM CaCl,
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was added and the clotting time was recorded [10]. In another set
of experiments, the PLA, was incubated with plasma under
identical experimental conditions and the liberated fatty acids
were titrated with 0.01 N NaOH. The amount of FA liberated was
determined from a standard curve of palmitic acid [10]. The
anticoagulant potency of N. naja acidic PLA; was compared with
the commercial drugs heparin and warfarin. Briefly, different
doses (40—200 nM) of PLA,/warfarin/heparin were pre-incubated
with PPP for 3 min, and then the Ca-clotting time was determined,
as stated above.

Effect of N. naja PLA, (15—600 nM) on prothrombin time (PT)
and partial thromboplastin time (APTT) of PPP was determined by
using commercial diagnostic kits and following the instructions of
the manufacturer (Tulip Diagnostics Pvt. Ltd., Mumbai, India).

2.5. Biochemical characterization

To study the effect of pH on enzyme activity, 25 nmol of PLA;
was incubated with 2.0 ml of egg-yolk suspension (as stated above)
prepared with different buffers having pH 5.0—10.0. The different
buffers used were 0.1 M sodium acetate buffer (pH 5.0—6.5), 0.1 M
potassium phosphate buffer (pH 7.0-7.5), and 0.1 M Tris—HCl
buffer (pH 8.0—10.0). The PLA; activity was determined for each pH
against a reagent blank. For determining the heat-denaturation of
enzyme activity, 0.1 M PLA; solution (in 0.1 M Tris—HCl, pH 8.0)
were incubated at 75 °C, and an appropriate volume of enzyme was
withdrawn at different intervals (10—60 min) to assay the residual
catalytic and anticoagulant activities. The activity of the control
(unheated enzyme) was considered as 100% activity, with other
values compared to that.

2.6. Effect of inhibitors, heparin, and antivenom

For determining the effect of different inhibitors on catalytic and
anticoagulant activities of purified PLA; enzyme, 200 nM of PLA,
enzyme was pre-incubated with different inhibitors, viz. tosyl phe-
nylalanyl chloromethyl ketone (100 pM), N-o-p-tosyl-i-lysine
chloromethyl ketone (100 puM), phenylmethanesulfonylfluoride
(5 mM), p-bromophenacyl bromide (2 mM), ethylenediaminetetra-
acetic acid (5 and 10 mM), dithiothretol (5 mM), and iodoacetamide
(2 mM) for 30 min at room temperature [7]. The purified PLA,was
also pre-incubated with 20 mIU of heparin for 30 min at 37 °C.
The catalytic and anticoagulant activities of the modified enzyme
were determined against appropriate controls in the corresponding
assay systems. The activity of the unmodified enzyme (the control)
was considered as 100% activity, with the other values compared
to that.

The PLA, enzyme was pre-incubated for 30 min at 37 °C with
antivenom (polyvalent or monovalent) at different protein to an-
tivenom ratios ranging from 1:10 to 1:500 (protein: protein ratio).
The mixtures were than assayed for their catalytic as well as plasma
clotting activity against appropriate controls by following standard
protocols. The percent inhibition of enzyme/anticoagulant activity
was calculated by comparing the activity to that of untreated
enzyme (100% activity).

2.7. Inhibition of thrombin and other coagulation factors

The inhibitory effect of PLA; on the amidolytic activity of
thrombin was assayed using the chromogenic substrate of
thrombin T1637 [N-(p-Tosyl)-Gly-Pro-Arg-p-nitroanilide acetate].
Graded concentrations of PLA, were incubated with a fixed amount
of thrombin (5 nM) at 37 °C for 30 min. Then, the reaction was
initiated by adding T1637 (0.2 mM final concentration). After in-
cubation for 15 min at 37 °C, the amount of released p-nitroaniline

was determined by measuring the change in absorbance at 405 nm
[24]. The activity of thrombin in the absence of PLA; was considered
to be 100%, and the other values were compared with that.

In another set of experiments, different concentrations of PLA,
were pre-incubated with thrombin (3 pl, 10 NIH U/ml) for 30 min at
37 °C. A control was also set up in which thrombin was incubated
with PBS under identical conditions. The reaction was started by
adding 40.0 ul of fibrinogen (2.5 mg/ml), and the time of clot for-
mation was recorded with a coagulometer. To measure fast or slow
inhibition, 0.5 uM of the PLA; was pre-incubated with thrombin
(3 ul, 10 NIH U/ml) from 5 to 30 min at 37 °C prior to the addition of
human fibrinogen, and the clotting time was recorded as stated
above.

To measure the inhibitory effect of PLA; on amidolytic activity of
factor Xa, the procedures described by Saikia et al.[10] were fol-
lowed. Briefly, 500 nmol of purified enzyme was pre-incubated
with 0.1 pg of FXa isolated from human plasma (Calbiochem) for
60 min at 37 °C. Then, 1.0 pg of human prothrombin (Calbiochem)
and chromogenic substrate (0.2 mM final concentration) for
thrombin (T1637) were added to the reaction mixture. The release
of p-nitroaniline was monitored for 30 min at intervals of 1 min at
405 nm in a plate reader (Multiskan GO, Thermo Scientific, USA). A
control was run in parallel where FXa was pre-incubated with PBS
instead of with PLA,.

In another set of experiments, 3 pmol of PLA, was pre-incubated
with 0.1 pg of Factor Xa for 60 min at 37 °C. Then, 15 pug of human
prothrombin (PTH) was added, and the mixture was incubated at
37 °C for 60 min. Thereafter, PTH activation by FXa in presence or
absence (control) of PLA, was determined by 12.5% SDS-PAGE
analysis of the reaction products (PTH activated products) under
reducing conditions. The proteins were stained with Coomassie
Brilliant Blue R-250 and distained with methanol, acetic acid, and
water. The peptides in gel were densitometrically scanned with the
help of Image ] Software. The formation of thrombin from pro-
thrombin was reconfirmed by peptide mass fingerprinting analysis
of the 36 kDa protein [21].

2.8. Kinetics of thrombin inhibition by PLA; in presence and
absence of inhibitors

The effect of heparin, antithrombin-III, heparin/AT-IIl complex,
and modification of histidine residue of PLA, with pBPB on the
thrombin inhibition property of purified PLA, was also determined.
A fixed dose of PLA; (500 nM) was pre-incubated with different
doses of heparin (0.5 IU and 1.0 IU), AT-III (2.5 uM and 5.0 pM), and
heparin/AT-III (0.5 IU heparin and 2.5 uM AT-III; and 1.0 IU heparin
and 5.0 uM AT-III) for 30 min at 37 °C in a 96-well microplate. This
was followed by the addition of thrombin (3 ul, 10 NIH IU/ml) and
T1637 (0.2 mM). The kinetics of substrate hydrolysis was deter-
mined by measuring the release of p-nitroaniline at 405 nm for
10 min in a microplate reader (Thermo Scientific Multiskan GO,
USA). A control was run in parallel where thrombin was pre-
incubated with 1X PBS under identical conditions before assaying
its amidolytic activity. The effect of histidine modification (done by
treating purified PLA, with 2 mM pBPB, for 30 min at room tem-
perature) on thrombin inhibitory activity of purified PLA; was also
determined as above.

To study the effect of PLAy-heparin on inhibition of the fibrin-
ogen clotting activity of thrombin, 1 pmol of PLA, was pre-
incubated with 20 mIU of heparin and 1X PBS (the control) for
30 min at 37 °C. Then, thrombin (3 pl of 10 NIH Unit/ml, ~167.0 nM)
was added to this reaction mixture and re-incubated for an addi-
tional 30 min at 37 °C. In another set of experiments, only heparin
(20 mIU) was incubated with thrombin under identical conditions.
To these mixtures, 40 pl of fibrinogen (2.5 mg/ml) was added, and
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the clotting time was recorded with a coagulometer. To determine
the ICsp value of heparin on the thrombin inhibition activity of
purified PLA,, different doses of heparin (5—40 mlIU) were pre-
incubated with 1 pmol of PLA; for 30 min at 37 °C. The mixture
was then re-incubated with thrombin (~167.0 nM) for 30 min at
37 °C, and then the fibrinogen clotting activity of thrombin was
determined, as stated above. For each experiment, a control was
run in parallel. The ICsg value of heparin on PLA; was also deter-
mined from the thrombin inhibition curve.

To determine the Ki value for the inhibition of amidolytic ac-
tivity of thrombin from NnPLA;-I, a fixed concentration of thrombin
(3 pl of 10 NIH U/ml, ~167.0 nM) was pre-incubated with two
different concentrations of PLA; (150.0 nM and 300.0 nM) at 37 °C
for 30 min. A control was run in parallel where thrombin was
incubated with a buffer instead of PLA; under identical experi-
mental conditions. The reaction was initiated by adding graded
concentrations (0.1-0.8 mM) of chromogenic substrate for
thrombin (T1637). After incubation for 10 min, the release of pNA
was determined, as stated above. For kinetic analysis, the reaction
rate (V) was plotted against substrate concentration (S) at each
concentration of inhibitor, and the data was fitted to a hyperbolic
Michaelis—Menten model using GraphPad Prism 6.0 software. The
inhibitory constant (Ki) was determined using the mixed model
(shown below) for enzyme inhibition and using the same software.

Vinax(App) = Vmax/[1 + 1/aKi] 1)
Kmapp) = Km[1 -+ 1/Ki]/[1 + 1/aKi] (2)
¥ = Vinas(app X/ [Kincapp) +X] (3)

In the above equations (1) and (2), [ indicate the inhibitor con-
centration, and Vmax(App) and Vmax represent maximum velocity
in the presence and absence of the inhibitor (Nn-PLA;), respec-
tively. The Km(App) and Km in equation (2) denote the Michaelis
constant in the presence and absence of inhibitor, respectively. The
o is a constant.

2.9. Spectrofluorometric assay of interaction of PLAy with PC/
thrombin/FXa

To determine the PLA,-PC/thrombin/FXa interaction, in either
the absence or presence of 2.0 mM Ca?*, our previously described
procedure was followed [10,25]. The excitation wavelength used
was 280 nm with a slit width of 10 nm, while the emission spec-
trum was observed from 300 nm to 400 nm range [10,25]. All the
spectrofluorometric binding assays were done in triplicate to
ensure reproducibility.

2.10. Platelet modulating activity PLA;

Platelet rich plasma (PRP) and subsequently washed platelets
were prepared from citrated mammalian (human or goat) blood by
following the procedures described by Bednar et al. [26]. The
washed platelets were re-suspended in Tyrode's buffer (5 mM
HEPES, 137 mM NadCl, 2.7 mM KCl, 12 mM NaHCOs3, 0.42 mM
Na;HPO4, 1 mM MgCly, 0.1% glucose and 0.25% bovine serum al-
bumin) and platelet count was adjusted with the same buffer to
1 x 10%/ml.

Different concentrations (3—240 nM) of purified PLA; were
added to 100 pl of pre-warmed (at 37 °C for 5 min) PRP or washed
platelets suspension either in presence or absence of 2 mM Ca®* in
a 96-well microtiter plate and the contents were mixed for 5 s in a
microplate reader (Multiskan GO, Thermo Scientific,c Waltham,

USA) [26]. The absorbance was then recorded continuously at
540 nm for 300 s at an interval of 15 s. As a control, the absorbance
of PPP as well as PRP was also recorded under identical conditions.
The absorbance value of PPP was subtracted from the experimental
readings to determine the absorbance only due to platelets in PRP.
Percent platelet aggregation after 300 s of incubation of platelets
with different concentrations of PLA; was calculated by the
following formula [27]:

Percent aggregation = (As4o of the platelet suspension/PRP
before the addition of agonist — As4g of the platelet suspension/PRP
after the addition of agonist) + (As4g of the platelet suspension/PRP
before the addition of agonist — As4qy of the PPP/Tyrode's
buffer) x 100. The As49 denotes absorbance value at 540 nm.

In other sets of experiments, washed platelets were pre-
incubated with 0.1 pg/ml of phosphatidylcholine (PC) or phos-
phatidylserine (PS) or 10 ul of PPP for 5 min before addition of
60 nM of NnPLA,-I and platelet modulating activity was deter-
mined as above.

2.11. Effect of heparin, pBPB, and antivenom on platelet modulating
property of PLA,

PLA; (60 nM) was pre-incubated with 20 mIU of low molecular
weight (<8 kDa) heparin or 2 mM pBPB for 30 min at room tem-
perature (~23 °C) and then excess of reagents were removed by
dialysis. As a control, the PLA; was incubated with Tyrode's buffer
under identical conditions. The platelet modulating activity of PLA;
(native or modified) was assayed as above. The activity of un-
modified (native) PLA; was considered as base value (100% activity)
and other values were compared to that. The neutralization of
platelet modulating activity of PLA, by polyvalent and monovalent
antivenom was studied by pre-incubating a fixed concentration of
PLA; (0.5 pM) with different concentrations of PVA or MVA for
30 min at room temperature (~23 °C) and then assayed for platelet
modulating activity against appropriate controls.

2.12. Effect of NnPLA-I on collagen and thrombin-induced platelet
aggregation

In another sets of experiments, PRP (100 pl, 1 x 10° cells/ml) was
pre-incubated with different concentrations of PLA; (2—10 nM) for
5 min prior to addition of collagen type IV (1.0 pug/ml). The aggre-
gation induced by the same dose of collagen was considered as
100% activity and other values were compared with that. The ICsg
value of PLA; was calculated from the regression analysis of inhi-
bition curve.

The thrombin-inhibitory activity was assayed on PRP prepared
from human blood. The in vitro platelet aggregation inhibition
property was investigated by pre-incubating different concentra-
tions (0.5—5.0 uM) of purified PLA, with human thrombin (0.20 pg/
ml) for 10 min. A control reaction was also set up where 1X PBS,
instead of purified PLA;, was used. The platelet aggregation was
monitored in a Chrono-log dual channel aggregometer for 10 min.

2.13. Platelet binding assay

The ability of native or heparin/pBPB-modified N. naja PLA; to
bind with washed platelet was studied by ELISA method. The 96-
well microtitre plate coated with 1 x 10® platelets were washed
for three times, each for 5 min duration, with 1X PBS containing
0.05% tween-20 (washing buffer) to remove the unbound platelets
[28]. The wells were then blocked with 5% fat-free milk, washed for
three times with washing buffer, and then incubated with 5 ug of
purified PLA, (native or unmodified) for 30 min at room temper-
ature. The unbound PLA; was removed by washing three times
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with wash buffer followed by incubation with 1:500 dilutions of
monovalent equine antivenom (1 mg/ml) against N. naja for 2 h at
room temperature, and again washed with the wash buffer. Rabbit
anti-horse IgG conjugated with horseradish peroxidase (HRP) (1:
2000) was used as the secondary antibody to detect the bound
primary antibodies. After 2 h of incubation, the substrate (1X TMB/
H,0;) was added and the plate was incubated at room temperature
in dark. The color developed was measured at 492 nm against
appropriate blanks in a microplate reader. The binding of native
(unmodified) PLA, with platelets was considered as 100% binding
and other values were compared to that.

2.14. Hemolytic activity, cell viability, and antibacterial activity
assay

Hemolytic activity of PLA, against washed erythrocytes (5%)
obtained from goat blood was measured, as stated previously [6,9].
Antibacterial activity of enzyme (50—500 nM) against gram posi-
tive Bacillus subtilis and gram negative Escherichia coli was assayed
by our previously described procedure [9,25]. Human glioblastoma
US7MG cells (1 x 10%) obtained from NCCS, Pune, were cultured in
96-well culture plates in a DMEM medium containing 10% heat-
inactivated fetal bovine serum. After allowing the cells to grow
and adhere to the culture plates at 37 °C in a 5% CO; humidified
incubator for 24 h, the medium was replaced with a fresh medium
containing 50—500 nmol of purified PLA; enzyme or crude N. naja
venom. After 48 h of incubation, the cytotoxicity of the PLA,
enzyme, if any, was determined by an MTT-based assay [20,25].
Cytotoxicity (percent cell death) was determined by comparison
with values obtained from a standard curve of control cells [20].

3. Results
3.1. Isolation and purification of a PLA,

Fractionation of crude N. naja venom proteins through a cation
exchange CM FF 16/10 column resulted in their separation into six
peaks (Fig. 1a). Peakl (NnCM1) eluted with the equilibration buffer
containing either neutral or acidic proteins showed significant PLA;
and anticoagulant activities. Gel-filtration of the NnCM1 peak
separated the PLA; isoenzymes into several fractions (NnCM1GF5
to GF8) (data not shown). The peak NnCM1GF6 demonstrated
significant PLA; as well as anticoagulant activities. A summary of
purification of this PLA;, labeled NnPLA>-1, is shown in Table 1. The
NnPLA>-I represents 3.4% of total venom protein.

By SDS-PAGE analysis, 40 pg of reduced protein (NnPLA,-I)
showed a single band of ~15.2 kDa, whereas under non-reduction it
displayed a diffused band of ~21 kDa (Fig. 1b). By MALDI-TOF-MS
analysis, the NnPLA,-1 demonstrated a doubly charged [MH>"],
low intensity peak at m/z 7092.5, and an [MH "] peak at m/z 14,186.0
(data not shown).

3.2. PMF identification of PLA;

The MS/MS search of tryptic digested peptides of NnPLAy-I
showed significant similarity (rank 1, protein score 104, 18%
sequence coverage) with phospholipase A; (Mg, 13468) from N. naja
venom (gi|64104) as well as with chain A, crystal structure of cobra-
venom phospholipase Ay (M, 13135) from Naja atra venom
(gi|443187). BLAST analysis of one tryptic peptide sequence (score
67) of NnPLA,-1 showed putative conserved domains of PLA;_ like
superfamily. Another tryptic peptide sequence (score 37) of
NnPLA,-I also displayed significant similarity with PLA,s from
snake venom, more particularly with the acidic PLA,s from cobra
venom (Table 2).
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Fig. 1. a. Fractionation of crude Naja naja venom on cation exchange Hiprep CM FF 16/
10 column (16 x 100 mm). The first peak corresponds to the elution of proteins
showing phospholipid hydrolysis and anticoagulant activity. b. Determination of purity
and molecular mass of NnPLA,-1 by 12.5% SDS-PAGE; Lane 1, protein molecular
markers; lane 2, reduced crude Naja naja venom (30 pg); lane 3, reduced cation ex-
change fraction (30 pg); lanes 4 and 5, reduced and non-reduced NnPLA-I (40 pg),
respectively.

3.3. Catalytic and anticoagulant activity

The NnPLA;-I showed dose-dependent catalytic activity against
egg-yolk phospholipids (Fig. 2a). Amongst the tested phospholipids
substrate, it showed its highest activity in catalyzing the PC
(7.4 x 10* Units mg~!). The Km and Vmax values of NnPLA-I to-
wards the PC were determined to be 0.72 mM and
29.3 pmol min~! mg~!, respectively. The NnPLA,-I showed opti-
mum activity at the alkaline range with its highest activity at pH 8.0
(data not shown). Heating this PLA; for a different time period at
75 °C did not result in any significant decrease in the catalytic ac-
tivity of the heated enzyme as compared to that of the control
(unheated) enzyme (data not shown). As shown in Fig. 2b, NnPLA;-I
dose-dependently enhanced the Ca-clotting time of PPP, suggesting
that it is anticoagulant in nature. A comparison of the dose-
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Table 1

A summary of purification of NnPLA,-I from N. naja venom. Data represent a typical experiment.

Fraction Total protein (mg) % Yield of protein PLA, activity Anticoagulant activity Purification fold
Unit (U) Specific activity (U/mg) Unit (U) Specific activity (U/mg) PLA; activity Anticoagulant
activity
Crude venom 5.6 100 91.7 1.83 x 10° 115.8 23 x 10% 1.0 1.0
Cation exchange 3.0 53.6 91 3.03 x 10* 1346 45 x 10* 16.6 1.9
fraction
Gel-filtration fraction 0.2 34 86.8 8.29 x 10* 62.4 6.2 x 10* 45.3 2.7

dependent anticoagulant activity of NnPLA,-I with that of warfarin
and heparin/AT-II is shown in Fig. 2c. It was observed that antico-
agulant activity of NnPLA,-I was significantly higher (p < 0.05)
compared with that of heparin/AT-III or warfarin (Fig. 2c). Notably,
heparin itself lacks anticoagulant activity; however, it binds with
the antithrombin-III (AT-III) present in PPP to exert its anticoagu-
lant effect. NnPLA,-I increased the APTT of PPP in a dose-dependent
manner (Fig. 2d); however, it did not affect the PT of PPP (Fig. 2d).

3.4. Effect of chemical modifications, heparin/antithrombin-III, and
antivenom on catalytic and anticoagulant activities

The treatment of NnPLA,-I with various chemical group modi-
fying reagents resulted in a significant inhibition of catalytic and
anticoagulant activities, although to a different extent (Table 3).
Interestingly, heparin differentially modulated the catalytic and
anticoagulant activities of NnPLA,-I. Heparin failed to inhibit the
catalytic activity of NnPLA,-I; however, the anticoagulant activity of
NnPLA,-I was inhibited by heparin to 80% of its original activity
(Table 3). A comparison of the neutralization potency of polyvalent
(PVA) versus monovalent antivenom (MVA) shows that MVA was
more efficient than PVA in neutralizing the catalytic as well as
anticoagulant activities of NnPLA,-I (Table 4). Both the antivenom
up to a ratio of 1:100 differentially inhibited the catalytic as well as
anticoagulant activities of NnPLA,-I. With a further increase in the
dose of antivenom, almost an equal inhibition of catalytic and
anticoagulant activities of NnPLA,-1 was observed (Table 4).

3.5. Assessment of inhibition of thrombin, prothrombin and serine
proteases

The NnPLA,-I inhibited the amidolytic activity of thrombin
(Fig. 3a). It was observed that heparin or AT-III did not have any
effect on the amidolytic activity of thrombin; however, together

Table 2
BLAST analysis of tryptic digested de novo peptide sequences of NnPLA,-I.

heparin and AT-III can completely eliminate the amidolytic activity
of thrombin (Fig. 3a). A comparison of thrombin inhibitory activity
between NnPLAy-I and heparin/AT-III showed that the latter was
superior in showing the inhibition of amidolytic activity of
thrombin (Fig. 3a). Pre-incubation of NnPLA,-1 with heparin
resulted in a significant decrease in the thrombin inhibition prop-
erty of the NnPLA,-I (Fig. 3b), suggesting that heparin has some
adverse effect on anticoagulant activity of NnPLA,-1. Conversely,
the NnPLA,-I/AT-IIl complex has a greater thrombin inhibition ac-
tivity than the amount of thrombin inhibition shown by NnPLA;-I
(Fig. 3b). Notably, the inhibition produced by heparin/AT-III/
NnPLA;-I complex on thrombin was superior to the same property
exhibited by NnPLA,-I/AT-IIl complex (Fig. 3b). Nevertheless, the
thrombin inhibitory effect of heparin/AT-IIl was found to be the
best (Fig. 3a).

The Michaelis—Menten plot to determine the amidolytic activity
of thrombin in the absence or presence of NnPLA,-I (inhibitor) is
shown in Fig. 3c. The kinetic (Km, Vmax and Kcat) values of chro-
mogenic substrate hydrolysis by thrombin in the absence or pres-
ence of the inhibitor (NnPLA,-I) are shown in Table 5. It was
observed that NnPLA,-I produced a mixed inhibition of amidolytic
activity of thrombin. The Ki value and « value for thrombin inhi-
bition by NnPLA,-I were determined at 9.3 + 0.01 (mean + SD) nM
and 7.4 + 0.7 (mean + SD), respectively (Table 5).

The NnPLA,-I dose-dependently inhibited the fibrinogen clot-
ting activity of thrombin (Fig. 3d). Increasing the pre-incubation of
thrombin with NnPLA,-I from 5 to 30 min resulted in a decrease in
fibrinogen clotting activity of thrombin; the optimum inhibition
being observed at 30 min of pre-incubation of thrombin with
NnPLA,-I (Fig. 3e). Treatment of NnPLA,-1 with pBPB resulted in
loss of its 58 + 2% (mean + SD) of thrombin inhibition property.

Table 6 shows that heparin does not have any effect on fibrin-
ogen clotting activity of thrombin. In contrast, pre-incubation of
NnPLA,-1 with heparin prior to the addition of thrombin

Peptide Mr (expt) Mr (calc) Score Sequences producing significant alignments Accession no.
R.GGSGTPVDDXDR.C 1187.56 1187.54 67 Chain A, crystal structure of cobra-venom phospholipase A, 1POB_A
in a complex with a transition-state analog from N. atra
Chain B, X-ray crystal structure of a complex formed 1S6B_B
between two homologous isoforms of phospholipase A,
From N. naja
Acidic phospholipase A, from N. oxiana P25498
Acidic phospholipase A; from N. melanoleuca P00600
Phospholipase A, from N. kaouthia PSNJ3K
Acidic phospholipase A, from N. naja P15445
K.NMIXBCTVPSR.S + Carbamidomethyl (C) 1204.51 1204.61 37 Acidic phospholipase A, from N. oxiana P25498
Basic phospholipase A, from Hemachatus haemachatus P00595
Acidic phospholipase A, from N. naja P15445
Phospholipase A, from N. naja sagittifera 1LNS_A
Acidic phospholipase A, natratoxin from N. atra A4FS04
Acidic phospholipase A, from N. sagittifera P60045

Where, X = I/L, B = K/Q.
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Fig. 2. a. Dose-dependent egg-yolk phospholipids hydrolytic activity of NnPLA,-I. b. Dose dependent anticoagulant activity of NnPLA,-I against PPP. c. Comparison of the dose-
dependent anticoagulant activity (determined against PPP) of NnPLA,-I (@), heparin (¢) and warfarin (¥ ). d. Effect of different concentrations of NnPLA,-1 on APTT and PT of

PPP. Values are mean + S.D. of triplicate determinations.

significantly decreased the thrombin inhibitory activity of NnPLA,-I
(Table 6). The ICsg value of heparin to inhibit the NnPLA;-I was
determined to be 15.23 mIU (data not shown). However, neither
pre-incubation of thrombin with heparin prior to the addition of
NnPLA>-I nor pre-incubation of thrombin with NnPLA,-I prior to
the addition of heparin resulted in any significant change (p > 0.05)
in the thrombin inhibition potency of NnPLA,-I (Table 6).

Pre-incubation of FXa with NnPLA>-I for 5—15 min prior to the
addition to its chromogenic substrate resulted in a significant (~8
fold) increase in amidolytic activity of FXa (Fig. 4a). However, SDS-
PAGE analysis shows that NnPLA>-I did not affect the prothrombin
activation property of FXa (Fig. 4b). The NnPLA,-I was also unable to
inhibit some other tested serine proteases, viz. trypsin, chymo-
trypsin and plasmin (data not shown).

Table 3

Effect of chemical inhibitors and chelating agent on catalytic and anticoagulant
activities of NnPLA,-I. Values are mean + SD of triplicate determinations. Signifi-
cance of difference (Student's t test) with respect to catalytic activity *p < 0.01.

Inhibitors (final concentration) %Inhibition of activity

PLA; activity Anticoagulant activity

p-BPB (2 mM) 965 + 0.1 79.8 + 2.1*
IAA (2 mM) 410+ 09 553 + 1.4*
EDTA (10 mM) 794 £ 6.2 98.1 + 0.3*
DTT (5 mM) 973+ 05 85.7 + 1.2
Heparin (20 mIU) 0 80.8 + 4.1

3.6. Spectrofluorometric assay of interaction of NnPLA,-I with PC/
thrombin/FXa

The emission maximum of NnPLA,-I observed at ~348 nm was
significantly enhanced in the presence of PC (Fig. 5a). The fluores-
cence intensity of NnPLA,-I/PC complex was further increased
when 2.0 mM Ca®* were added (data not shown). It was observed
that there was no difference in emission maximum between native
NnPLA,-I/PC complex and pBPB-treated NnPLA,-I/PC complex
(Fig. 5a) implying both the native as well as histidine modified PLA;
binds with PC to an equal extent.

Table 4

A comparison of neutralization potency of catalytic and anticoagulant activities of
NnPLA,-1 by commercial polyvalent and monovalent antivenoms. Values are
mean + SD of triplicate determinations. Significance of difference (Student's t test)
with respect to inhibition by monovalent antivenom *p < 0.01. Significance of dif-
ference (Student's t test) with respect to inhibition of PLA, activity 'p < 0.001;
*p < 0.05.

Ratio %Inhibition of activity %Inhibition of activity
(PLA2:AV)  (Monovalent antivenom) (polyvalent antivenom)
PLA; activity ~ Anticoagulant  PLA; activity ~ Anticoagulant

activity activity

1:50 798 +13 503 + 3.1 59+ 1.2 41.7 £ 3.7

1:100 77.02 + 3.2 88.8 + 0.0* 234+ 31 53.1 + 3.3

1:200 95.1 +3.1 91.7+79 729 + 4.6 769 + 4.6

1:500 100 100 984 + 0.2 974 +22
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Fig. 3. a. A comparison of the amidolytic activity of thrombin (@) against its chromogenic substrate T1637 (0.2 mM in final volume); thrombin pre-incubated with 0.5 mIU of
heparin (©), thrombin pre-incubated with 2.5 uM AT III ( ¥ ), thrombin pre-incubated with 500 nmol of NnPLA,-I (A), thrombin pre-incubated with heparin/AT III (0.5 mIU/2.5 pM)
complex (H); b. A comparison of the inhibition of amidolytic activity of thrombin against its substrate T1637 when 5 nm thrombin was pre-incubated with: heparin/NnPLA,-I
(0.5 mIU/500 nM) (@), AT [II/NnPLA>-I (2.5 tM/500 nM) (=) and heparin/AT III/NnPLA,-I (0.5 mIU/2.5 uM/500 nM) ( ¥ ) complex; c. Michaelis—Menten plot for studying the kinetics
of thrombin inhibition (by amidolytic activity assay) in two different inhibitor concentrations (150 nm and 300 nm) of NnPLA,-I; d. Dose dependent thrombin inhibition by NnPLA,-
I (in terms of fibrinogen clotting assay). The control (fibrinogen and thrombin) showed a clotting time of 70 + 3.6 s; e. Time dependent thrombin inhibition (determined by

fibrinogen clotting activity assay) by a fixed dose of NnPLA,-I (0.5 uM).

Interaction with PS and PE also enhanced the fluorescence in-
tensity of NnPLA,-I (data not shown). The interaction of NnPLA,-I
(50 nM) with FXa (0.1 pg) resulted in a significant increase in
emission maximum at ~350 nm of NnPLA,-I/FXa complex (Fig. 5b);
the FXa did not show any emission at the concentration used. On the
contrary, interaction of NnPLA,-I (100 nM) with thrombin (1.0 pg)

resulted in significant change (increase) in the fluorescence intensity
of the NnPLA,-I/thrombin complex (Fig. 5c). However, the fluores-
cence intensity of histidine alkylated NnPLA,-I/thrombin complex
was found to be much less as compared to the emission maxima of
NnPLA,-I (unmodified)/thrombin complex (Fig. 5¢) suggesting his-
tidine residue is essential for NnPLA,-I binding to thrombin.
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Table 5

Kinetics of thrombin inhibition by NnPLA,-I. The kinetic parameters (Km and Vmax)
were determined from Michaelis—Menten plot as described in the text. The values
are mean =+ SD of triplicate determinations.

Kinetic parameters Concentration of NnPLA,-I (nM)

0 150 300
Vmax (nmol pNA min~') 1.31 + 0.08 0.44 + 0.05 0.31 +0.38
Km (nM) 0.05 + 0.02 0.20 + 0.07 1.03+19
Kcat (min~") 7.9+ 0.6 2.7 +02 19 +0.1

3.7. Platelet modulating activity of NnPLA,-I

NnPLA>-I showed dose-dependent antiplatelet effect when
tested against PRP (Fig. 6a); however, it did not demonstrate any
effect against washed platelets (Fig. 6b). Addition of PPP or purified
phospholipid PC or PS to washed platelets resulted in significant
increase in platelet deaggregation property of NnPLA;-I (Fig. 6b).

Incubation of PRP with pBPB modified NnPLA,-I resulted in a
significant (p < 0.01) reduction (~95%) of platelet deaggregation
property of histidine-modified NnPLA;-I compared to that shown
by the native (unmodified) enzyme (Fig. 6¢). In a sharp contrast,
heparin did not interfere with the antiplatelet activity of NnPLA,-I
(Fig. 6¢). Incubation of NnPLA,-I with monovalent antivenom at
1:50 (protein:protein) did not inhibit its platelet deaggregation
property; conversely, polyvalent antivenom under the identical
experimental conditions enhanced the deaggregation property of
NnPLA,-I (data not shown).

NnPLA>-I showed inhibition of collagen-induced aggregation of
PRP in a dose-dependent manner; the ICsq value was calculated to
be 4.9 nM (Fig. 6d). NnPLA,-I dose-dependently inhibited the
thrombin-induced aggregation of human platelets (Fig. 6e). It was
observed that the extent of binding of both the native (unmodified)
and heparin modified NnPLA,-I to the washed platelets was equal;
however, pBPB modification resulted in ~21% inhibition of platelet
binding property of NnPLA,-I (Fig. 7).

3.8. Hemolytic activity, cell cytotoxicity, and antibacterial activity

The NnPLA>-I, at a dose of 500 nM, caused 0.9% hemolysis of
mammalian erythrocytes. At the same dose, it did not show anti-
bacterial activity against gram positive B. subtilis or gram negative
E. coli cells. The cell viability study showed that NnPLA,-I at a dose
of 500 nM inhibited 5% growth of human glioblastoma U87MG cells
(data not shown).

4. Discussion

During the past decades, significant progress has been made to
explain the structure—function properties of both catalytically
active and inactive snake venom PLA; enzymes [29—31]. It has been

Table 6
Fibrinogen clotting assay in the presence and absence of heparin. ND, not detected.
The values are mean + SD of triplicate determinations.

Conditions Average clotting time (s)
Control (Thrombin) 60.0 + 5.1
(Thrombin/Heparin) 61.0 + 6.0
(Thrombin/NnPLA,-I) 275.0 +12.3
(NnPLA,/Heparin) + Thrombin 119.0 + 11.9
(Thrombin/Heparin) + NnPLA, 268.0 + 13.8
(Thrombin/NnPLA,-I) + Heparin 266.0 + 14.0

Heparin ND

NnPLA,-I ND
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Fig. 4. a. Time-dependent activation of the amidolytic activity of Factor Xa (0.1 pg) by
NnPLA,-I (500 nM) against its chromogenic substrate F3301 (0.2 mM); b. The effect of
NnPLA,-I on the prothrombin activation as analyzed by 12.5% SDS-PAGE: lane 1, pro-
thrombin (15 pg) incubated with factor Xa (0.1 ug), lane 2, prothrombin (15 pg) treated
with factor Xa (0.1 pg) pre-incubated with NnPLA,-I (3.0 uM).

reported that this important class of venom molecules exerts
pharmacological effects by distinctly different mechanisms, and
apparently many controversial conclusions have been drawn [8].
The N. naja venom PLA; enzymes either did not show anticoagulant
activity, or they were reported to possess weak anticoagulant ac-
tion on PPP. In the present study, we report the purification and
characterization of an acidic PLA; enzyme (NnPLA,-I) possessing
strong anticoagulant activity from venom of Indian cobra N. naja.
Further, effort has also been given to explore the mechanism of
anticoagulant action of NnPLA,-I.

During the process of gel-filtration, the remaining anticoagulant
proteins of N. naja venom were separated in peaks other than in an
NnCM1GF6 fraction. Therefore, the NnCM1GF6 fraction showed a
lower fold of purification of anticoagulant activity compared to that
of the PLA; activity. The molecular weight of snake venom PLA;
enzyme is generally reported in the range of 10—15 kDa [7—9,12];
therefore, the molecular mass of NnPLA,-I is typical of the size of
PLA; enzymes isolated from snake venom. The identity of NnPLA,-I
with classical PLA, enzymes from cobra venom was confirmed by
PMF analysis, which may unambiguously be considered as a unique
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approach to identify unknown protein/peptide. The presence of
putative conserved domains of the PLA,—like superfamily re-
inforces the conclusion that NnPLAy-I is a PLA; enzyme purified
from N. naja venom. Moreover, like classical PLA, enzymes from
snake venom, the catalytic activity of NnPLA;-I was also inhibited
by histidine inhibitor p-BPB suggesting the presence of histidine in
the active site of NnPLA,-I [6,7,9,10,12].

The PLA; enzymes, on the basis of their strengths to prolong the
re-calcification time of PPP, are classified into groups of weak or
strong anticoagulant enzymes [8,32]. The NnPLA,-I can show an
anticoagulant effect at a dose of 20 nM, thus suggesting that it is a
strong anticoagulant enzyme [10,12]. This is in a close agreement to
the previous reports showing that it is not the overall positive or
negative charge on the venom PLA; molecule but rather the nature
of charge in the anticoagulant site of this group of enzyme that is
the sole determinant of its anticoagulant potency [8,10,11]. The
anticoagulant region is positively charged in strong anticoagulant
PLA; enzymes, but negatively charged in weak and non-
anticoagulant enzymes [8].

The anticoagulant action of snake venom PLA; enzymes is either
fully or partially dependent on their catalytic (phospholipids hy-
drolysis) activity such that no uniform mechanism could be pro-
posed [6—12]. Our study suggests that, similar to our previous
reports on PLA; enzymes purified from Russell's viper venom
[10—12], the anticoagulant mechanism of NnPLA,-I is partially
dependent on its catalytic activity (~20% of the total anticoagulant
activity shown by NnPLA,-I), and to a major extent is executed
through a non-catalytic mechanism via thrombin inhibition. It is
well known that plasma phospholipids play a crucial role in the

formation of several coagulation complexes. Very low but specific
hydrolysis of plasma phospholipids through the catalytic mecha-
nism of NnPLA,-I might lead to the destruction of the specific
phospholipid surface that accounts for the anticoagulant effect of
this enzyme [8,11,12]. It is noteworthy that hydrolysis of very low
but specific plasma phospholipids is the characteristic feature of
strong anticoagulant PLA,s, whereas non-specific, non-anticoagu-
lant PLA; enzymes hydrolyze the plasma phospholipids at random
[8,12,25].

One of the most important factors influencing the anticoagulant
potency is the penetrating property of PLA; enzymes [8,10,11,33].
Intrinsic fluorescence distinguishes the phospholipases according
to their affinity for phospholipids, and a significant increase in
fluorescence signal post binding of NnPLA,-1 with PC vesicles, even
in absence of Ca®", suggests its high penetrating ability that in turn
reflects its strong anticoagulant activity [10,12,25]. This enhanced
fluorescence signal may be correlated with Trp quenching in
NnPLA,-I, and Ca®* might promote a better interaction of this PLA;
with PC resulting in an increase in the fluorescence signal in the
presence of this ion [10,25].

The non-catalytic mechanism for the anticoagulant action of
snake venom PLA; is executed by competing with blood clotting
factors such as Xa, Va, or prothrombinase complex in the lipid
surface [8,10]. NnPLA,-I shows a unique example of activation of
amidolytic activity of FXa without influencing its prothrombin
activating property. This is further evidenced by the fact that
NnPLA;-I does not increase the PT of PPP suggesting it does not
impede the extrinsic pathways possible due to non-binding of
NnPLA,-I to coagulation factors such as V, VII, and X. Conversely, an
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increase in APTT of PPP by NnPLA,-I indicates that this enzyme
inhibits intrinsic and common pathways of coagulation cascade to
exert its anticoagulant activity. The interaction of NnPLA,-I with
FXa probably allosterically activates the catalytic activity of the
latter towards its small chromogenic substrate; however, this
activation might not be sufficient to enhance the catalytic activity of
FXa towards its large physiological substrate prothrombin.

To date only two thrombin inhibitor PLA; enzymes have been
purified and characterized from snake venoms [12,13]. Since
thrombin catalyzes the key step of blood coagulation cascade;
therefore, thrombin is a key pharmaceutical target for the man-
agement and/or prevention of thrombotic associated disorders
[34]. Sadly, classical anticoagulant drugs such as heparin and
warfarin demonstrate several side effects including bleeding
complications that suggest the search for new anticoagulants [35].
Notably, potent anticoagulants derived from snake venom have
shown the potential to be developed as better antithrombotic
agents [24,27,36]. The non-cytotoxic PLA; molecules showing
thrombin inhibitory activity may therefore hold great promise for
pharmaceutical application in the treatment or prevention of
various cardiovascular disorders such as thrombosis [34]. The
present study suggests that, like anticoagulant PLA;s from Naja haje
and D. russelii venoms [12,13], NnPLA,-I partially exerts its antico-
agulant activity by non-covalent binding to thrombin at a site other
than its heparin binding exosite-II [34]. Besides, NnPLA,-I, similar
to heparin, also induces a conformational change in the AT-III to
activate it, which in turn inhibits the binding of thrombin with
fibrinogen. This effect leads to a greater anticoagulant effect of the
NnPLA,-I/AT-1II complex [34]. Furthermore, similar to PLA; from
N. haje venom, NnPLA,-I is also found to be a mixed inhibitor of
thrombin, although the strength of thrombin inhibition by NnPLA;-
I is superior to PLA; purified from N. haje venom [13], or RVAPLA,
from D. ruselii venom [12].

Previous studies have shown that heparin, which is a sulfated
glycosaminoglycan, binds to snake venom PLA, enzymes to
neutralize their various pharmacological properties such as cyto-
toxicity, myonecrosis, anticoagulant activity, and edema-induction
[37—40]. These studies suggest the advantage of applying a low
concentration of heparin as a complementary treatment against
various snake envenomation [37,39]. Notably, heparin does not
neutralize the phospholipids hydrolysis activity of NnPLA,-I.
Therefore, this indicates that heparin does not bind to the catalytic
site of this enzyme or interfere with the phospholipids or

membrane binding property of NnPLA,-1. In 1994, Lomonte et al.
[37] also reported that the interaction of myotoxin III with heparin
significantly eliminated its myotoxicity without inhibiting its
enzymatic activity. Therefore, partial neutralization of anti-
thrombin activity of NnPLA;-I without affecting its enzymatic ac-
tivity in the presence of low molecular weight heparin supports the
dissociation of catalytic and anticoagulant (pharmacological) re-
gions in most of the snake venom PLA; molecules [6,8,9,11,12]. It
has been shown that residues 105—118 possessing strongly cationic
sites in the C-terminal loop of Lys49 myotoxin II purified from the
venom of Bothrops asper are responsible for binding with negatively
charged heparin and subsequent blocking of its myotoxicity [37].
Nevertheless, unlike the C-terminal region of myotoxic PLA;s, the
site containing residues 54—77 in snake venom PLA; molecule is
responsible for showing anticoagulant activity [8]. In strongly
anticoagulant PLA; molecules, such as NnPLA,-I, this region is
positively charged, located on the surface of the enzyme, and is
accessible for interaction with the pharmacological target [8].
Therefore, it may be concluded that the positive residues in the
anticoagulant region of NnPLAy-I bind with the negatively charged
heparin through electrostatic interaction resulting in neutralization
of the thrombin inhibiting property of NnPLA,-I [40].

Platelet aggregation is an important hemostatic mechanism;
therefore, modulation of platelet functioning by a snake venom
toxin may have an adverse effect on envenomed prey/victims. Large
numbers of snake venom PLA; enzymes are known to influence the
platelet aggregation property [5,41,42]. Based on their platelet
modulating activity, venom PLA; enzymes can be categorized in
three groups: group I PLA,s show aggregation of platelets, group Il
PLA;s inhibit the platelet aggregation induced by several physio-
logical agents, whereas group Il PLAys show dose-dependent
platelet aggregation and deaggregation properties [42]. Therefore,
NnPLA,-I may be classified as a member of the group II snake
venom PLA; enzymes.

The role of catalytic activity in platelet modulating property of
NnPLA;-1 is evidenced by the fact that washed platelet is unaffected
by this PLA; enzyme; nevertheless, supplementation of PPP (a
source of phospholipids) or purified PC/PS to the platelets sus-
pension resulted in formation of lysophospholipids from the hy-
drolysis of phospholipids by added NnPLA,-I which in turn shows
platelet deaggregation and inhibition of collagen-induced platelet
aggregation [43]. Moreover, complete loss of platelet deaggregating
property of NnPLA,-I following alkylation of histidine residue in-
dicates that the catalytic activity of NnPLA>-I is involved in its
platelet deaggregation [5]. Heparin, on the other hand, did not in-
fluence the antiplatelet activity of NnPLA,-I owing to the fact that it
does not influence the catalytic activity of this PLA,. Moreover, the
concentration of low molecular mass heparin used in this study
does not show any adverse effect on platelet function may be due to
formation of an antithrombin-heparin complex [44]; therefore,
therapeutic application of low dose heparin besides antivenom
therapy for hospital management of snakebite may be suggested.
Notably, in terms of platelet binding property, NnPLA>-I shows
similarity to a PLA; purified from N. nigricollis venom which also
demonstrates lower affinity for membrane phospholipids after
histidine modification [45]. Conversely, histidine modification does
not interfere with the membrane binding property of Naja kaouthia
PLAs [7]

Many PLA,s from snake venom have been shown to possess
cytotoxicity [28,46] albeit the absence of in vitro hemolytic activity,
cell cytotoxicity, and antibacterial activity of NnPLA,-I may corre-
late with our previous observations regarding PLA, enzymes pu-
rified from Indian cobra and Russell's viper venom [9,12,25]. It has
been suggested that the biochemical properties of PLA, enzymes,
the availability of PC in a PLA;-sensitive membrane and/or various
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physicochemical properties of a cell membrane are the major fac-
tors that show the venom PLAj-induced membrane damage
[7,9,25,47].

5. Conclusion

The anticoagulant activity of a 15 kDa PLA; enzyme (NnPLA,-I)
purified from N. naja venom is partially dependent on its catalytic
activity and is also influenced by the non-catalytic inhibition of
thrombin. Conversely, antiplatelet activity of NnPLA,-I is depen-
dent on catalytic hydrolysis of plasma phospholipids. Heparin in-
hibits the anticoagulant activity of NnPLA,-I, but does not interfere
with the catalytic or antiplatelet activity of this enzyme suggesting
that therapeutic application of a low dose of low molecular weight
heparin in treating cobra bite patients. Further studies on
thrombin-NnPLA,-I interaction may advance our understanding of
protein—protein interaction. Acquiring this progressive knowledge
of the molecular basis of PLA;-thrombin interaction offers promise
for identifying new drug molecules to treat or prevent various
cardiovascular diseases such as thrombosis.
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The complex venom proteome of the eastern India (EI) spectacled cobra (Naja naja) was analyzed using tandem
mass spectrometry of cation-exchange venom fractions. About 75% of EI N. naja venom proteins were <18 kDa
and cationic at physiological pH of blood. SDS-PAGE (non-reduced) analysis indicated that in the native state
venom proteins either interacted with each-other or self-aggregated resulting in the formation of higher molec-
ular mass complexes. Proteomic analysis revealed that 43 enzymatic and non-enzymatic proteins in EI N. naja
venom with a percent composition of about 28.4% and 71.6% respectively were distributed over 15 venom pro-

Keywords:
Ac{glcholinesterase tein families. The three finger toxins (63.8%) and phospholipase Ays (11.4%) were the most abundant families
LC-MS/MS of non-enzymatic and enzymatic proteins, respectively. nanoLC-ESI-MS/MS analysis demonstrated the occur-

Phospholipase A,
Three-finger toxins
Tandem mass spectrometry
Venomics

Pathophysiology

rence of acetylcholinesterase, phosphodiesterase, cholinesterase and snake venom serine proteases in N. naja
venom previously not detected by proteomic analysis. ATPase, ADPase, hyaluronidase, TAME, and BAEE-esterase
activities were detected by biochemical analysis; however, due to a limitation in the protein database depository
they were not identified in EI N. naja venom by proteomic analysis. The proteome composition of EI N. naja
venom was well correlated with its in vitro and in vivo pharmacological properties in experimental animals
and envenomed human.
Biological significance: Proteomic analysis reveals the complex and diverse protein profile of EI N. naja venom
which collectively contributes to the severe pathophysiological manifestation upon cobra envenomation. The
study has also aided in comprehending the compositional variation in venom proteins of N. naja within the
Indian sub-continent. In addition, this study has also identified several enzymes in EI N. naja venom which
were previously uncharacterized by proteomic analysis of Naja venom.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction naja venom is predominantly rich in low molecular weight protein(s)/
peptides (6-15 kDa) which mainly comprises of phospholipase A,s

Snakebite is a neglected tropical disease and the Indian scenario is a (PLA,s) and three finger toxins (3FTxs), some of which show specific

bit of a concern. Statistical data suggests that snake bite mortality ranges
from about 1300 to 50,000 in this region [1]. Envenoming by Indian
spectacled cobra (Naja naja) is responsible for the mortality and mor-
bidity of snakebite in India [2,3]; therefore, N. naja is included in catego-
ry 1 of medically important snakes in India, the envenomation of which
requires immediate medical attention [4]. Common clinical features of
cobra envenomation follow a definite pattern. Drowsiness is the first
symptom immediately after a bite that hints at the onset of the systemic
effect of envenomation. Ptosis, frothy saliva, slurred speech, respiratory
failure, and skeletal muscle paralysis are outcomes of the neuromuscu-
lar effect of venom proteins within 8-19 h of a cobra bite [5-7]. The N.
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binding to postsynaptic nAChRs at the skeletal muscle neuromuscular
junction to block the neuromuscular transmission [8,9]. The other
toxic proteins of cobra venom such as snake venom metalloproteases
(SVMPs), cobra venom factors (CVFs) and phospholipase A,s (PLA;)
contribute to local tissue damage and necrosis [10-14]. However, re-
gional variation in venom composition plays a significant role in patho-
genesis developed after snakebite [2,15]; henceforth, in depth studies
on composition of venom from snakes in a particular locality are of ut-
most important. Noteworthy, a detailed analysis of venom composition
of eastern India (EI) N. naja and correlation of this complex venom pro-
teome profile with clinical manifestations in a cobra bite have yet to be
established.

The traditional methods of identification of venom components by
chromatographic separation of crude venom followed by its biochemi-
cal and/or pharmacological characterization seem to be incompetent


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jprot.2016.12.018&domain=pdf
http://dx.doi.org/10.1016/j.jprot.2016.12.018
mailto:akm@tezu.ernet.in
http://dx.doi.org/10.1016/j.jprot.2016.12.018
http://www.sciencedirect.com/science/journal/18743919
www.elsevier.com/locate/jprot

30 S. Dutta et al. / Journal of Proteomics 156 (2017) 29-39

for global analysis of snake venoms. During the last decade, the field of
proteomics has vastly expanded due to the availability of large sets of
proteomic and genomic databases that resulted in elucidation of the de-
tailed composition of snake venom [16,17]. The proteomic analysis led
to identification of 124 proteins and peptides in the venom of the Asiatic
non-spitting cobra N. naja atra [18]. Recently, by proteomic approach Ali
et al. [19] demonstrated the presence of 28 proteins in Pakistan N. naja
venom, whereas 26 and 25 proteins were reported to be present in N.
naja venom from north-western India and Sri Lanka, respectively [20].

Although the EI N. naja venom or some of its purified components
were subjected to biochemical analysis and/or pharmacological charac-
terization [2,3,15,21]; however, a detailed toxin profile of this venom for
a better insight into the pathophysiology of envenomation is still war-
ranted. Henceforth, in the present study an attempt was made to iden-
tify the components of EI N. naja venom through a proteomic approach
and this data was correlated with the biochemical properties as well as
pharmacological activities of this venom. Remarkably, we have identi-
fied few enzymatic proteins in EI N. ngja venom which were previously
unrevealed by proteomic analysis from the venom of the same species
of the snake.

2. Materials and methods

Pooled N. naja venom from four snakes of EI origin (Nadia district,
West Bengal) was procured from Calcutta Snake Park. Diagnostic kits
for thromboplastin time (APTT) and prothrombin time (PT) assays
were purchased from Tulip Diagnostics Pvt. Ltd., Mumbai, India. All
other chemicals used were of analytical grade and procured from
Sigma-Aldrich, USA.

2.1. Fractionation of crude Naja naja venom through ion-exchange
chromatography

Crude N. naja venom (dry weight 25 mg) was dissolved in 0.5 ml of
20 mM Tris-HCl buffer, pH 7.4 (buffer A), centrifuged at 10,000 rpm for
10 min and then filtered through a 0.2 pm nylon membrane syringe fil-
ter (Genetix, Biotech Asia Pvt. Ltd.). The filtrate was subjected to frac-
tionation through a cation-exchanger HiPrep CM FF 16/10 (Wipro GE
Health Care, Sweden) pre-equilibrated with the buffer A and coupled
to an AKTA purifier 10 FPLC system (Wipro GE Health Care, Sweden)
[21]. After washing the column with buffer A to remove the unbound
proteins, the bound proteins were eluted with a gradient (0-100%) of
1 M Nacl dissolved in buffer A (buffer B). The elution of protein at a
flow rate of 1 ml/min at 4 °C was monitored at 280 nm, and a 1.5 ml frac-
tion was collected in each tube [21]. Protein content of crude venom and
fractions was determined by the method of Lowry et al. [22]. From a
standard curve of BSA, the concentration of unknown protein was de-
termined at 660 nm. Each cation-exchange fraction was subjected to
LC-MS/MS analysis and the crude venom was assayed for enzyme activ-
ities and in vitro pharmacological properties (see below).

2.2. Determination of molecular masses of EI N. naja venom proteins
through sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

Crude EI N. naja venom was subjected to 12.5% SDS-PAGE analysis
under reduced and non-reduced conditions. Proteins were visualized
by staining the gels with 0.1% Coomassie Brilliant Blue R-250 and
destaining with methanol/acetic acid/water (40:10:50). Approximate
molecular masses of the venom proteins were determined from a plot
of log MW of standards vs. Rf values. The relative abundance of each
band was determined by densitometry scanning of SDS-PAGE bands
using Image ] Software.

2.3. LC-MS/MS analysis of cation-exchange fractions of N. naja venom

The trypsin digested fragments of the cation-exchange fractions
(50 pg protein) of EI N. naja venom were subjected to LC-MS/MS analy-
sis as described previously [23-25]. Briefly, 1 pl of trypsin-digested sam-
ple was desalted and concentrated by ZipTip C;g (Merck, USA) and then
subjected to nano-UHPLC-MS/MS analysis. ESI (nano-spray) was used
as the ion source, fragmentation mode used was collision-induced dis-
sociation (only y and b ions were considered), FT-ICR/Orbitrap was
used as MS scan mode and MS/MS scan in the range from 500 to
2000 m/z was acquired in linear ion trap mode [23-25]. For collision-in-
duced dissociation (CID)-MS/MS analysis doubly or triply-charged ions
were selected [23-25]. The signal:noise ratio was kept >2 for selecting
the precursors for MS/MS data acquisition and keratin as well as trypsin
autolysis peak signals were excluded from analysis.

For variable modifications carbamidomethylation of cysteine resi-
dues, oxidation of methionine residues, pyro-glu from glutamine, and
deamidation of asparagine and glutamine were selected [26]. The per-
cent mass error tolerance and fragment mass error tolerance were set
to 12 ppm and 0.8 Da, respectively and up to two missed cleavages
and three maximum variable modifications per peptide were allowed
[23-25]. The data were searched in the UniProt Swiss-Prot database
(non-redundant database with reviewed proteins) and NCBI against
Elapidae venom (taxid: 8602) and the data were analyzed using
PEAKS 7.0 search engine. Further, to improve the sequence coverage
of identification of venom proteins, the semi-tryptic and non-tryptic
peptide sequences with an average local confidence (ALC) score of
>55% were also derived directly from the MS/MS spectrum (de novo
sequencing) using PEAKS 7.0 software. Only matching proteins and
peptides showing a — 10logP value >30 and 20, respectively were
considered for identification purposes and the false discovery rate
(FDR) was kept very stringent (1.0%) [25]. In addition, redundant
peptides were removed from the data set to make identification based
only on the presence of overlapping homologous distinct peptides.
The spectral count method was followed to determine the relative
abundance of N. naja venom proteins [27,28]. Mean spectral count of a
protein was normalized by dividing the summed spectra of the identi-
fied protein by its number of peptides generated Eq. (1) [27]. The rela-
tive abundance of a protein in a particular chromatographic fraction
was determined as described previously [25,29] Eq. (2).

Mean spectral count of a protein X in chromatographic fraction Y
_ Total spectral count of X in fraction Y
~ Total number of peptides of X in Y

)

Relative abundance of a protein or peptide X in chromatographic fraction Y
B Mean spectral count of X in fraction Y
" Total mean spectral counts of all proteins/peptides in Y

x Percent protein content of Y (%)

2.4. Assay of enzyme activities

The proteolytic activity of the crude venom was assayed against
human fibrinogen or fibrin. The reaction mixture containing 20 pg/ml
of venom protein and substrate (2.5 mg/ml) dissolved in 1x phosphate
buffered saline (PBS), pH 7.4 was incubated for 3 h at 37 °C [30]. One
unit (U) of protease activity was defined as 1.0 pg of tyrosine equivalent
liberated per min per ml of enzyme [30].

The PLA, activity of crude N. naja venom (20 pg/ml) was assayed by
our previously described procedure [31]. One unit of PLA;, activity was
defined as the amount of protein which produced a decrease in 0.01 ab-
sorbance in 10 min at 740 nm [31]. For the assay of L-amino acid oxidase
(LAAO) activity L-kynurenine was used as a substrate [32]. One unit of
LAAO activity was defined as nmol kynurenic acid produced/min
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under the assay conditions and specific LAAO activity was expressed as
units/mg protein.

The phosphohydrolase activity against adenosine tri-phosphate
(ATP), adenosine di-phosphate (ADP) and adenosine mono-phosphate
(AMP)/5'-nucleotide was assayed by adding crude venom (20 pg/ml)
to the reaction mixture (500 pl) containing 0.5 mM ATP/ADP/AMP in
20 mM Tris-HCI, pH 7.4 [33]. After incubation for 30 min at 37 °C, the re-
action was stopped by the addition of 10 pl of ice cold 10% TCA and lib-
erated P; was determined spectrophotometrically at 695 nm [34]. One
unit of ATPase/ADPase/AMPase activity was defined as pM P; released
per min.

The hyaluronidase activity was assayed by measuring the relative
decrease in turbidity of hyaluronic acid substrate (1.0 mg/ml) [35].
Crude EI N. ngja venom (20 pug/ml) was added to 10 pl of substrate
and reaction volume was adjusted to 100 ul with the assay buffer
(0.2 M sodium acetate buffer, pH 6.0 containing 150 mM NaCl). After in-
cubation for 30 min at 37 °C, the reaction was stopped by adding 200 pl
of 2.5% CTAB in 2% NaOH. Absorbance was noted at 405 nm in a 96-well
microplate reader (Multiskan GO, Thermo Scientific, USA). Considering
the control as 100% turbid, the unit of enzyme activity was expressed as
turbidity reduction unit (TRU) per min per mg of venom [35].

2.5. Assay of esterase activities

Esterase activity was assessed by measuring the rates of hydrolysis
of p-Tosyl-L-arginine methyl ester hydrochloride (TAME) or Na-Benzo-
yl-L-arginine ethyl ester hydrochloride (BAEE) as a substrate (1 mM)
[36]. One unit of BAEE-esterase and TAME-esterase activity was defined
as an increase of 0.01 absorbance unit at 244 nm and 254 nm, respec-
tively during the first 5 min of the reaction at 37 °C. A control having
an equal volume of the assay buffer instead of enzyme was run in paral-
lel. Specific activity was calculated as units of TAME or BAEE activity per
mg venom protein. Acetylcholinesterase (AChE) activity was deter-
mined colorimetrically using 1 mM acetylthiocholine iodide as a sub-
strate [37]. Enzyme activity was defined as the amount of protein
which hydrolyzed 0.01 M of acetylcholine iodide per min under the
assay conditions [37]. The phosphodiesterase (PDE) activity was
assayed by slightly modifying the method described of Sulkowoski
and Laskowoski [38]. The assay mixture (100 pl) contained 10 pM
MgCl,, 200 pM Tris-HCl (pH 9.0) and 10 uM bis-p-nitrophenyl phos-
phate as a substrate. The reaction was initiated by adding crude
venom (20 pg/ml) to the reaction mixture and was incubated at 37 °C
for 10 min. The increase in absorbance was read at 400 nm in a plate
reader (MultiSkan GO, Thermo Scientific, USA) and the activity was
expressed in pmol of p-nitrophenol released per min (using 17,600 as
molar extinction coefficient of bis-p-nitrophenyl phosphate).

2.6. Assay of pharmacological properties

The dose-dependent (5 to 40 ug/ml) anticoagulant activity of EI N.
naja venom was assayed against goat (mammalian) platelet poor plas-
ma (PPP) [21,25]. One unit of anticoagulant activity was defined as
crude venom induced 1 s increase in clotting time of the control PPP (in-
cubated with buffer) [33]. Dose-dependent effect of crude N. naja
venom (5 to 40 ug/ml) on prothrombin time (PT) and activated partial
thromboplastin time (APTT) of PPP was determined by using commer-
cial diagnostic kits following the instructions of the manufacturer. In an-
other set of experiment, the effect of the crude N. naja venom on whole
blood was studied by incubating 40 pg/ml of crude venom/buffer (con-
trol) with 300 pl of whole blood at 37 °C for 3 min, and then 40 pl of
250 mM CaCl, was added for initiation of the blood clotting. The clotting
time was measured as described above.

Effect of EI N. naja venom or buffer (control) on Factor Xa was deter-
mined by pre-incubating two different doses of crude venom (20 pg/ml
and 40 pg/ml) with FXa (1 pg/ml) for 60 min at 37 °C. Then prothrombin
(15 pg) was added to the reaction mixture and it was incubated at 37 °C

for 60 min. The thrombin formation (an indicator of prothrombin acti-
vation) was determined by 12.5% SDS-PAGE analysis of the reaction
mixture [39]. Formation of thrombin from prothrombin by FXa (con-
trol) was considered as 100% activity and FXa inhibition (reduction in
thrombin formation) by crude N. naja venom, if any, was calculated
from the densitometry scanning of the gel and analysis of this data by
Image ] software.

Inhibition of fibrinogen clotting activity of thrombin was determined
by pre-incubating thrombin (3 pl, 10 NIH U/ml) with crude venom (5 to
40 pg/ml) or buffer (control) for 30 min at 37 °C[36]. The reaction was
initiated by adding 40 pl of fibrinogen (2.5 mg/ml) and the time for clot
formation by thrombin was determined. The fibrinogen clotting time
(s) of thrombin was considered as control activity and other values
were compared to that.

Platelet rich plasma (PRP) was prepared from citrated goat blood by
following the procedures described by Bednar et al. [40] and modified
by Dutta et al. [21]. Concentration-dependent platelet modulating activ-
ity (% platelet aggregation) of EI N. naja venom (5 to 40 pg/ml) as com-
pared to control (PRP incubated with buffer under identical conditions)
was determined as described previously [21].

3. Results and discussion
3.1. Fractionation and SDS-PAGE analysis of EI N. naja venom

Cation-exchange fractionation of crude N. naja venom from EI result-
ed in its separation into 6 peaks (Fig. 1). The percent protein yield of
different fractions (as determined by Lowry method) was observed in
the following order: NnCM3 (29.0%) > NnCM4 (25.1%) > NnCM1
(23.2%) > NnCM6 (14.0%) > NnCM5 (6.5%) > NnCM2 (2.2%). Approxi-
mately 75% venom proteins were bound to the cation-exchange column
under the experimental conditions (Fig. 1) indicating that majority of EI
N. naja venom proteins were cationic at physiological pH (7.4) thus
supporting our previous observation [2].

SDS-PAGE analysis of crude N. naja venom under reduced condi-
tions showed 11 protein bands (Fig. 2A). Densitometry analysis sug-
gested that venom proteins (~5 to 11 kDa) of band 11 were the most
abundant components (~60%) of EI N. naja venom (Fig. 2A, Supple-
mentary Table S1A).

Separation of EI N. naja venom by non-reduced SDS-PAGE showed
clustering of venom proteins into three major regions (Fig. 2B, Supple-
mentary Table S1B). The proteins of cluster 3 (molecular mass 5 to
22 kDa) were found to be the most abundant and collectively account
for 69.7% of EI N. naja venom proteome (Fig. 2B, Supplementary Table
S1B). Cluster 2 comprised of a protein band of ~45 kDa which accounts
for 20.4% of the whole venom (Fig. 2B, Supplementary Table S1B). Very
high molecular mass proteins (~110 to 180 kDa) were observed in clus-
ter 1, and they contribute 9.9% of EI N. naja venom proteins (Fig. 2B, Sup-
plementary Table S1B). Therefore, the SDS-PAGE analysis is suggestive
of the predominance of low molecular weight proteins in EI N. naja
venom, which is in accordance with the earlier reports [19,20]

3.2. LC-MS/MS analysis of cation- exchange fractions of EI N. naja venom

The vast array of pharmacological activities exhibited by Indian
cobra envenomation is correlated to the occurrence of enormous pro-
teins in its venom [2,3,41]. Although the shotgun proteomic approach
has evolved as an efficient technique in proteomic studies nevertheless,
small peptide coverage by considering only the tryptic peptides may not
be adequate for analysis of a complex venom proteome. Therefore, in
this study the accuracy of protein identification as well as sequence cov-
erage of identified venom proteins was enhanced by allowing the semi-
tryptic (one trypsin cleavage site at one of the terminals of the peptide)
and de novo peptide sequences [25,42].

The LC-MS/MS analysis of the cation-exchange fractions of EI N. naja
venom identified 43 proteins distributed across 15 venom protein
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Fig. 1. Fractionation of EI N. naja venom (25 mg dry weight) on a HiPrep CM FF 16/10 cation exchange column coupled to an FPLC system. The flow rate was maintained at 1 ml/min at 4 °C

and fraction volume was 1.5 ml.

families (Table 1, Supplementary Table S1). The alignment of MS/MS-
derived peptide sequences with the homologous proteins from the
Elapidae snake venom protein databases is shown in Supplementary
Fig. S1. The proteomic analysis indicated that EI N. naja venom contains
a mixture of enzymatic (28.4%) and non-enzymatic (71.6%) proteins/
toxins; the three finger toxin (3FTx) (63.8%) alone is the most predom-
inant class of toxin found in this venom sample (Fig. 3). This result is in
accordance to the previous reports on N. naja venomic studies, wherein
the 3FTxs constitute the majority of the N. naja venom proteome [19,20,
43]. Abrief description of the different classes of proteins identified in EI
N. naja venom follows below.

1
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3.3. Enzymatic proteins of EI N. naja venom

LC-MS/MS analysis showed that PLA,; is the most predominant en-
zyme (11.4%) of EI N. naja venom followed by cholinesterase AChE
(6.3%), (ChE) (6.0%), PDE (2.1%) and SVMP (1.0%). Interestingly, LAAO
(0.8%), 5'-nucleotidase (NT) (0.4%) and SVSP (0.3%) comprise only a
small fraction of EI N. naja venom proteome (Fig. 3).

PLA,s (13-15 kDa molecular mass) are a class of snake venom
enzymes known to exhibit a wide array of pharmacological activities
[21,23,31,44-47]. LC-MS/MS analysis demonstrated the presence of 3
acidic PLA, isoenzymes corresponding to a relative abundance of
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Fig. 2. 12.5% SDS-PAGE analysis of EI N. naja venom under reduced and non-reduced conditions. Lane 1, protein molecular markers; lane 2, crude N. naja venom (75 pg protein) under (A)

reduced, and (B) non-reduced conditions.
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Table 1
List of proteins identified by ESI-LC-MS/MS analysis of the cation exchange fractions of EI N. naja venom.
S.No.  Protein Accession —10logP % Coverage  Molecular weight ~ Unique Homology with CM
no. (kDa) peptide(s)  protein from fraction
Enzymatic proteins
Phospholipase A, (PLA3)
1 Acidic phospholipase A, 2 gi|129514 2584 91.0 13,346 2 Naja naja 1,2,3/4,5,6
2 Acidic phospholipase A; 2 £i]24638099 2422 74.0 15,949 2 Naja atra 1.2
3 Acidic phospholipase A, 1 gi]24638468 244.0 80.0 16,271 2 Naja kaouthia 1,2,3,4,5,6
Acetylcholinesterase (AChE)
4 Acetylcholinesterase gi|1389604 78.8 8.0 64,723 14 Bungarus fasciatus 12,346
5 Acetylcholinesterase, partial gi|565297659  30.6 5.0 48,355 1 Ophiophagus hannah  1,3,4,5
Cholinesterase (ChE)
6 Cholinesterase, partial gi|565319474 78.6 11.0 153,465 27 Ophiophagus hannah  1,2,3,4,5,6
Snake venom metallo-protease (SVMP)
7 Hemorrhagic metalloproteinase-disintegrin-like  gi| 32469675 136.3 15.0 44,493 0 Naja kaouthia 34,6
kaouthiagin
8 Metalloproteinase atrase A £i1294845712 969 8.0 68,254 3 Naja atra 34,6
9 Zinc metalloproteinase-disintegrin-like cobrin gi|82223366 2229 20.0 67,662 0 Naja kaouthia 34,6
Phosphodiesterase (PDE)
10 cGMP-specific 3’,5'-cyclic phosphodiesterase, gi|565318232 545 5.0 97,127 9 Ophiophagus hannah  2,3,4,5,6
partial
Nucleotidase (NT)
11 Soluble calcium-activated nucleotidase 1 gi|565292399  120.9 34.0 18,083 3 Ophiophagus hannah 5,6
L-Amino acid oxidase (LAAO)
12 L-Amino-acid oxidase gi|347602454  198.5 24.0 51,439 8 Naja atra 34
Snake venom serine-protease (SVSP)
13 Alpha- and beta-fibrinogenase OhS1 gi|387935404 52.7 5.0 28,656 1 Ophiophagus hannah 3
Non-enzymatic proteins
Three finger toxins (3FTx)
14 Cytotoxin 2; Toxin V(II)2 gi|117681 75.5 53.0 6871 1 Naja nivea 234,6
15 Vc-1 = cytotoxin gi|117667 128.3 75.0 6791 1 Naja naja 3,4,5,6
16 Cytotoxin 2a gi|298351637 115.1 79.0 3230 3 Naja naja 34,6
17 Cytotoxin 2; Cobramine-B gi| 117680 153.3 90.0 6763 2 Naja naja 45,6
18 Cytotoxin 9; Toxin CM-2e gi|117725 109.9 60.0 6669 2 Naja annulifera 5,6
19 Cytotoxin-like basic protein 81185687562 100.6 34.0 7014 4 Naja naja 5,6
20 Cardiotoxin 8 gi|4388776 1123 47.0 8923 0 Naja atra 2,6
21 Cardiotoxin isoform 1 81299268 180.2 58.3 6700 0 Naja naja atra 6
22 Long neurotoxin 1 gi|128932 172.0 66.0 7847 2 Naja naja 2,3,4,6
23 Chain A of a-Cobratoxin gi|157834776  7334.0 97.2 7833 2 Naja naja siamensis 2,3,4,5,6
24 Cobrotoxin 8146397633 206.7 52.0 9262 11 Naja kaouthia 2,34,5,6
25 Cobrotoxin-C gi|28380029 149.6 84.0 6859 8 Naja kaouthia 234,56
26 K-cobrotoxin gi|3334611 69.5 26.0 9815 1 Naja atra 5
27 Cobrotoxin-C £i|28380028 50.5 43.0 6944 1 Naja kaouthia 2
28 Post synaptic alpha neurotoxin precursor 212688936 514 33.0 9289 0 Naja sputatrix 24
29 Tryptophan-containing weak neurotoxin gi|311033516  185.0 59.0 9915 9 Naja kaouthia 34,56
30 Unnamed protein product gi|4165568 99.6 30.0 9743 0 Naja atra 3,4,5,6
31 Miscellaneous type neurotoxin 8i]232522 433 14.0 7637 1 Naja naja 6
32 Weak toxin CM-2 gi| 136560 61.3 39.0 7033 1 Naja haje haje 2
33 Muscarinic toxin-like protein 3 gi|12230756 144.1 83.0 7624 0 Naja kaouthia 2,3,4,6
34 Muscarinic toxin-like protein 2 8112230755 150.5 80.0 7298 6 Naja kaouthia 234,56
35 Muscarinic toxin-like protein 1 gi|12230754 152.7 72.0 7366 3 Naja kaouthia 23,6
36 Siamenotoxin | precursor, partial gi|164605303 114.2 47.0 9263 1 Naja siamensis 6
Cysteine-rich secretory proteins (CRISP)
37 Cysteine-rich venom protein kaouthin-2 gi|485956112  201.8 40.0 26,216 7 Naja kaouthia 5,6
38 Chain B, crystal structure of Natrin, a snake gi|85543949 1200.7 70.1 24,900 0 Naja atra 2,3,4,6
venom crisp from Taiwan cobra
Nerve growth factor (NGF)
39 Venom nerve growth factor 2 gi|82080590 171.0 39.0 27,030 1 Naja sputatrix 2,3,6
Kunitz-type serine protease (KSPI)
40 Kunitz-type serine protease inhibitor gi| 125050 31.6 40.0 6371 2 Naja naja 2,3
Natriuretic peptides (NP)
41 Natriuretic peptide gi|374253733  30.6 18.0 12,915 2 Micrurus altirostris 1,6
Ohanin like proteins (OLP)
42 Thaicobrin gi|32363235 158.2 62.0 12,038 0 Naja kaouthia 234
Cobra venom factor (CVF)
43 Chain D, Structure of complement C5 in complex  gi|319443756  256.5 17.0 184,517 26 Naja kaouthia 2,3,4,6

with Cvf and Ssl7

The —10logP score, % coverage, molecular weight and homology were calculated using PEAKS 7.0 software.

11.4% in an EI N. naja venom sample (Table 1, Fig. 3, Supplementary Fig.
S1). Notably, 1 and 6 PLA;, isoenzymes were identified in N. naja venom
from north-western India as well as from Sri Lanka [20], and from Paki-
stan [19], respectively indicating geographical variation in venom com-
position that may result in differences in severity and/or clinical
manifestations following cobra envenomation. Notably, many of the

venom toxins, for example PLA; isoenzymes, were found to be present
in more than one cation-exchange fractions of EI N. naja venom (Table
1). This may be attributed to a non-specific or specific interaction of
venom proteins [24-25].

AChE (~65 kDa) belongs to the ChE family of venom proteins which
shows substrate specificity by hydrolyzing acetylcholine ester [48] and
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Fig. 3. Percentage composition of enzymatic and non-enzymatic protein families of EI N. naja venom proteome. The relative abundance of enzymatic and non-enzymatic protein families of
N. naja venom is expressed as percent relative abundance of the total identified proteins by LC-MS/MS analysis.

maybe responsible for showing neurotoxicity [49]. By LC-MS/MS analy-
sis, relative abundance of 2 AChE and 1 ChE enzymes in EI N. naja venom
was found to be 6.3% and 6.0%, respectively (Fig. 3). Interestingly, prote-
omic studies did not reveal the presence of AChE and ChE in the venom
of N. naja from Pakistan, north-western India or Sri Lanka [19,20,43].

Snake venom proteases (15-380 kDa) are broadly classified into two
major groups—metalloproteases (SVMPs) and serine proteases (SVSPs)
[50]. However, unlike viperid and crotalid venoms the proteolytic activ-
ity of elapid venoms has not been studied extensively. By biochemical
analysis only a few SVMPs from the venoms of elapids such as N.
nigricollis [51], O. hannah [52], N. mocambique mocambique [53], N.
kaouthia [54] and N. naja [55] were characterized. LC-MS/MS analysis
showed the occurrence of 3 SVMPs and only one SVSP (Table 1, Supple-
mentary Fig. S1) accounting for a relative abundance of 1.0% and 0.3%,
respectively of EI N. naja venom (Fig. 3) thus indicating that protease
is a minor component of N. naja venom. However, to date, the presence
of SVSP in N. naja venom has not been demonstrated by proteomic anal-
ysis and only one SVMP (NN-PF3) with a yield of 0.7% was purified and
characterized from the EI N. naja venom [55].

LC-MS/MS analysis revealed that only one PDE enzyme accounted
for 2.1% of the EI N. naja venom (Table 1, Fig. 3); although, there is no
report on the presence of PDE in N. naja venom of other regions of the
Indian sub-continent [19,20]. Nevertheless, the exact role of PDE en-
zymes in the pathophysiology of snakebite is not well understood and
further studies should be directed to determine the role of this class of
protein in cobra bite inflicted toxicity.

Snake venom LAAOs are high molecular weight (110-150 kDa) ther-
molabile flavoenzymes [56,57]. LAAOs are widely distributed in all
snake venoms and proteomic analysis demonstrated the existence of
LAAOs in venom of N. sumatrana [58], N. haje legionis [59], N. kaouthia
[29] and N. atra [60]. The present study established the occurrence of
only one LAAO isoenzyme representing 0.8% of the EI N. naja venom
(Table 1, Fig. 3). By proteomic analysis Ali et al. [19] have also reported
the presence of two LAAO isoenzymes in Pakistan N. naja venom. How-
ever, proteomic analysis did not reveal the presence of LAAO in the
venom of N. naja from the north-western region of India [20].

NTs are known to be present ubiquitously in all snake venoms [61,
62], suggesting that they may have some contribution in venom in-
duced toxicity presumably by causing hemostatic dysfunction [62]. By
LC-MS/MS analysis, one NT enzyme (Table 1, Supplementary Fig. S1)
representing only a minor fraction (0.4%) of EI N. naja venom was iden-
tified (Fig. 3). Nevertheless, proteomic analyses of the N. naja venom

samples obtained from north-western India, Sri Lanka [20] and Pakistan
[19] did not report the presence of NT in cobra venom, reinstating the
geographical variation in venom composition in the same species of
snake.

Enzyme assay demonstrated the presence of hyaluronidase, also re-
ferred to as the ‘spreading factor’, in EI N. naja venom. However, LC-MS/
MS analysis did not demonstrate the presence of a hyaluronidase en-
zyme in N. naja venom from EI (present study), north-western India,
Sri Lanka [20] as well as in Pakistan [19].

3.4. Non-enzymatic proteins of EI N. naja venom

The 3FTx are the most predominant low molecular weight (6-
9 kDa) components in venom of almost all elapids, the genus Naja in-
cluded [20,29,59,63]. Despite of their structural similarity, this group
of proteins exhibits diverse pharmacological effects upon envenom-
ation [63]. Broadly, 3FTxs can be classified as—(i) neurotoxins (NTx),
(ii) cytotoxins (CTx), cardiotoxins (CdTx), (iii) AChE inhibitors, (iv)
non-conventional 3FTxs, and (v) platelet aggregation inhibitors [63,
64]. A total of 23 3FTxs with a relative abundance of 63.8% in EI N. naja
venom were identified by proteomic analysis (Table 1, Fig. 3, Supple-
mentary Fig. S1). Previous proteomic studies have identified only 12,
13 and 15 3FTxs in N. naja venom samples from north-western India,
Sri Lanka [20], and Pakistan [19], respectively.

Characterization of snake venom neurotoxins has contributed signif-
icantly to the advancement of our understanding of their biological ac-
tivity and toxic manifestations of envenomation. Considering the
tremendous geographical variation in neurotoxic symptoms after a
cobra bite, qualitative and quantitative identification of neurotoxins
present in the venom of a cobra from a particular locality will undoubt-
edly help in improving management of neurotoxic envenoming [65]. On
the basis of their receptor selectivity, NTxs are further divided into—(i)
«a-neurotoxins (curaremimetic NTx) (abbreviated as aNTx), that bind
to muscle (a1) nicotinic receptors and inhibit the acetylcholine from
binding to the receptor, resulting in impaired neuromuscular transmis-
sion [66]; (ii) k-neurotoxins (KNTx), that specifically bind to neuronal
(a3R4) nicotinic receptors [67] thereby inhibiting transmission of
nerve impulses; and (iii) muscarinic toxins (MTLP) that target muscular
nicotinic receptors [68,69]. On the basis of their structure, NTXs are clas-
sified into long-chain (LNTx) and short-chain (SNTx) neurotoxins [64].
By proteomic analysis 1 LNTX, 5 cobrotoxins (CbTx), 1 aNTx, 3 weak
NTx (WNTx), 1 weak toxin (WTX) and 3 MTLPs showing sequence
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similarity across the genus Naja were identified in the EI N. naja venom
sample (Table 1, Supplementary Fig. S1). Sintiprugnat et al. [20] have
identified 1 LNTX, 3 SNTX, 1 WNTx and 1 MTLP from the venom of N.
naja from north-western India, and 2 LNTX, 3 SNTx and 1 WNTX from
the venom of N. naja from Sri Lanka.

CdTxs, another member of 3FTxs identified only in cobra venom,
structurally resemble SNTx [70,71]. CdTxs show concentration depen-
dent pharmacological activity; at lower concentrations they increase
the heart rate, albeit at higher concentrations they kill the prey by cardi-
ac arrest [70]. However, some of the toxins of this group exhibiting cy-
tolysis are referred to as CTx [70]. In this study, 4 CTx and 2 CdTx were
identified (Table 1, Supplementary Fig. S2). Nevertheless, N. naja
venom from north-western India and Sri Lanka were found to contain
only 6 CTx [20].

NPs are low molecular weight peptides (4-20 kDa) of snake venom
[39]. Although NPs have been isolated from the venom of Pseudonaja
textilis, Pseudechis australis [72], Bungarus flaviceps [73] and N. atra
[74]; nevertheless, there is no report on the isolation and characteriza-
tion of NP from N. naja venom. By proteomics analysis only one NP
(Table 1, Supplementary Fig. S1), with a relative abundance of 2.0%
was identified in EI N. naja venom (Fig. 3). However, proteomic analysis
could not identify NPs in N. naja venom samples from Pakistan, north-
western India and Sri Lanka [19,20].

Cysteine-rich secretory proteins (CRISP) having molecular weights
in the range of 20-30 kDa are single chain polypeptides showing a con-
served protein sequence [75]. Snake venom CRISPs exert their pharma-
cological effect by blocking ion channels [76,77] albeit their
pathophysiology in snakebite is unknown [78]. In the present study 2
CRISPs (Table 1, Supplementary Fig. S1) with a relative abundance of
2.1% (Fig. 3) were identified in EI N. naja venom. However, CRISPs con-
stitute 7.14%, 2.53% and 3.71% of N. naja venom from Pakistan [19],
north-western India, and Sri Lanka [20], respectively.

CVF, also known as the anti-complement factor, is a high molecular
weight (~150 kDa), complement-activating, multimeric protein found
in venoms of elapids including Naja sp. [79,80]. Although CVF is non-
toxic in nature; however, it interacts with the components of the com-
plement system in the victim, thereby leading to complement activation
which results in consumption of complement activity [10]. By LC-MS/
MS analysis only one CVF (Table 1, Supplementary Fig. S1), with a rela-
tive abundance of 1.1% (Fig. 3) was identified in the EI N. naja venom
proteome.

NGFs are low molecular weight monomeric (12-14 kDa) or dimeric
proteins (25-28 kDa) of snake venom that are known to support neuro-
nal maintenance and survival [81]. Occurrence of a single isoform of
NGF in venoms of N. ngja from north-western India, Sri Lanka [20] and
Pakistan [19] was demonstrated by proteomic analyses. By LC-MS/MS
study, only one NGF (Table 1, Supplementary Fig. S1) with a relative
abundance of 0.9%, was identified in EI N. naja venom (Fig. 3).

The KSPIs are an important class of low molecular mass (6-7 kDa)
venom peptides reported to occur in Viperidae and Elapidae venoms
[23,82-85]. KSPIs are responsible for the inhibition of one or more
specific serine proteases such as trypsin, chymotrypsin, elastase,
thrombin, and activated factor X and they exhibit a wide array of
pharmacological effects [23,24,83-86]. In this study, only 1 KSPI
(Table 1, Supplementary Fig. S1) constituting 0.4% of total venom
was identified in EI N. naja venom (Fig. 3). Our result corroborates
well with previous findings showing occurrence of low percentage
of KSPI in N. naja venom from north-western India (0.08%) as well
as in Sri Lanka (0.33%) [20].

Vespryn or OLP is a relatively new class of low molecular weight
(~12 kDa) snake venom protein first identified in 0. hannah venom
[87]. By proteomics analysis OLP could not be identified in Pakistan,
north-western India and Sri Lankan N. naja venom samples [19,20]. By
LC-MS/MS analysis only one OLP showing 62% sequence coverage to
Ohanin from N. kaouthia venom was identified in EI N. naja venom
(Table 1, Supplementary Fig. S1). The relative abundance of OLP was

found to be 1.3% suggesting that it is also a very minor component of
EI N. ngja venom (Fig. 3).

3.5. Correlation of venom composition with biochemical and pharmacolog-
ical properties of EI N. naja venom

Crude N. naja venom from Nadia district of West Bengal, EI showed
profound phospholipid hydrolytic (PLA,) activity (Table 2) which sub-
stantiates the LC-MS/MS data (Table 1, Fig. 3) and our previous observa-
tions on membrane phospholipid hydrolysis [2,45,88,89]. Elapid
venoms in general exhibit low proteolytic activity; however, the excep-
tions are O. hannah and Pseudechis collettii venom samples [90]. Proteo-
mic analysis indicated that proteases comprise only a small proportion
of EI N. naja venom (Fig. 3) which was also evident from a biochemical
assay of protease enzyme (Table 2). Crude venom demonstrated weak
proteolytic activity against fibrin and fibrinogen (Table 2) advocating
that N. naja venom from EI is devoid of appreciable proteolytic activity
against the above protein substrates [2,15].

EI N. naja venom also demonstrated feeble LAAO enzyme activity
(Table 2) which is in close agreement with proteomic identification of
a relatively low proportion (0.8%) of this class of enzyme in crude
venom (Fig. 3). Nonetheless, the pathophysiological significance of a
low quantity of LAAO in EI N. naja venom may not be ignored [56].
Crude EI N. naja venom showed ATPase, ADPase and AMPase activities;
nevertheless, the latter enzyme activity was found to be the highest
(Table 2) which is according to our previous observation [3]. EI N. naja
venom also demonstrated hyaluronidase activity (Table 2); however,
LC-MS/MS analysis did not identify ADPase, and ATPase enzymes in EI
N. naja venom which may presumably be due to the non-existence of
sequences of these enzymes in snake venom protein databases.

EI N. naja venom demonstrated considerable AChE activity (Table 2)
and this finding corroborated well with our earlier report [3] as well as
proteomic analysis of the venom under study (Table 1, Fig. 3). By bio-
chemical assay, EI N. naja venom demonstrated negligible PDE activity

Table 2

Summary of enzymatic activities of El Naja naja venom at the tested dose of

20 pg/ml.
Biochemical assays Activity (units/mg)
Phospholipase A,* 2017.5 £ 0.011
Fibrinogenolytic” 10.0 + 0.001
Fibrinolytic® 20.1 £ 0.002
LAAO® 17.7 £+ 0.003
ATPase? 5224.0 + 0.002
ADPase! 3770.8 + 0.010
AMPase* 4211.8 + 0.010
Hyaluronidase® 62.0 + 0.010
AChE" 4105.8 + 0.263
PDE® 1.3 £+ 0.001
TAME" 12.3 + 0.001
BAEE! 51.3 £ 0.01

Values are mean 4 S.D. of triplicate determinations.

@ Unit activity is defined as the amount of protein which produces a
decrease in 0.01 absorbance in 10 min at 740 nm.

b Unit activity is defined as 1.0 pg of tyrosine equivalent liberated per
min per ml of enzyme.

€ Unit activity is defined as nmol kynurenic acid produced/min under
the assay conditions.

4 Unit activity is defined as uM Pi released per min.

€ Unit activity is defined as the relative decrease in turbidity reduction
unit (TRU) per min per mg of protein in 30 min of reaction at 37 °C.

f Unit activity is defined as the amount of protein which hydrolysed
0.01 mg of acetylcholine bromide in 1 min in 3 ml of 0.0092 M acetylcho-
line bromide;

& Unit activity is defined as pumol of p-nitrophenol released per min
(using 17,600 as molar extinction coefficient).

" Unit activity is defined as increase of 0.01 absorbance unit at 244 nm
during the first 10 min of the reaction at 37 °C.

! Unit activity is defined as increase of 0.01 absorbance unit at 254 nm
during the first 10 min of the reaction at 37 °C.
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(Table 2) which is correlated to proteomic analysis showing occurrence
of a low proportion of this enzyme (2.1%) in crude venom (Table 1,
Fig. 3, Supplementary Fig. S1). EI N. naja venom demonstrated TAME
as well as BAEE-esterase activities (Table 2) nonetheless, LC-MS/MS
analysis of the venom fractions did not identify any esterase enzyme
(Table 1, Supplementary Fig. S1). In general, esterase activity is shown
by SVSPs [30,91]; however, esterase activity of the unique SVSP (gi|
387935404) identified in EI N. naja venom is unknown.

The distress of crude N. naja venom on a hemostasis system was
rarely explored. An adult Indian cobra contains 200-225 mg of venom
(personal communication from Mr. D. Mitra, in-charge, Calcutta Snake
Park, Kolkata). If we consider a full bite from a cobra, the concentration
of injected venom will be equivalent to ~40 pg/ml in an adult human
blood. EI N. naja venom delayed the clotting time of whole blood from
68.5 £+ 2.3 t0 86.0 + 2.9 s (mean + SD, n = 3) at the tested dose of
40 pg/ml. It dose-dependently prolonged the Ca®™ clotting time
(Fig. 4A), prothrombin time (PT) and activated partial thromboplastin
time (APTT) (Fig. 4B) of PPP suggesting that EI N. naja venom under in
vitro conditions exerts anticoagulant action by interfering with both ex-
trinsic and intrinsic pathways. The above findings contradicted the pre-
vious reports demonstrating in in vitro conditions N. naja venom from EI
exerted pro-coagulant activity owing to containing prothrombin acti-
vating enzyme(s) [15,91]. EI N. ngja venom at a maximum dose of
40 pg/ml did not demonstrate prothrombin activation or thrombin-
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like (fibrinogen clotting) activity (data not shown). Further, tandem
mass spectrometry analysis did not show occurrence of prothrombin
activator or thrombin-like protease in the venom under study (Table
1) which supports our observation.

Absence of appreciable fibrin(ogen)olytic activity in EI N. naja
venom unambiguously suggests that it exerts anticoagulant activity by
targeting other factor(s) of the blood coagulation cascade. The EI N.
naja venom at the tested doses (10 and 40 pg/ml) did not show FXa in-
hibition activity (Supplementary Fig. S2). Noteworthy, to date no FXa
inhibitor is reported from N. naja venom. This result is suggestive of
the fact that an anticoagulant mechanism of N. naja venom by inhibition
of FXa is unlikely.

Thrombin, a key regulator of blood coagulation cascade converts fi-
brinogen to fibrin thus facilitatingblood coagulation. EI N. ngja venom
dose-dependently inhibited the fibrinogen clotting activity of thrombin
(Fig. 4C) suggesting that thrombin inhibition is a predominant non-en-
zymatic mechanism of its anticoagulant action [21]. Because the venom
under study exhibited feeble fibrinogenolytic activity (Table 2, Fig. 3),
therefore fibrinogen degradation may not contribute to the observed
in vitro anticoagulant effect of N. naja venom. An acidic PLA, (accession
no. gi|129514) identified in this N. naja venom (Table 1) showed se-
quence similarity with a major anticoagulant PLA, enzyme (NnPLA-I)
purified from Burdwan (EI) N. naja venom [21]. Similarly, another acidic
PLA; enzyme (accession no. gi|24638468) identified in EI N. naja venom
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Fig. 4. Dose-dependent (5 to 40 pg/ml) in vitro pharmacological properties of EI N. naja venom. (A) Calcium-clotting time of PPP, (B) PT and APTT of PPP. The Ca®* clotting time of control
PPP was recorded as 180.1 & 6.2 s, whereas the PT and APTT value of the control plasma was 14.0 + 0.3 s and 38.3 + 0.3 s, respectively. (C) Inhibition of fibrinogen clotting time of
thrombin by EI N. naja venom. Fibrinogen clotting time of control thrombin was determined at 117.5 & 3.5 s. One unit of inhibitory activity is defined as 1 s increase in the fibrinogen
clotting time of thrombin treated with venom as compared to fibrinogen clotting time of untreated thrombin (control). (D) Dose-dependent platelet modulating effect of EI N. naja
venom against platelet rich plasma (PRP). The platelet modulation in the presence or absence of crude N. naja venom is expressed in terms of percent aggregation of platelets in PRP.

Values are mean =+ SD of triplicate determinations. Significance of difference *p < 0.05.
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(Table 1) shared sequence similarity with an anticoagulant PLA,
enzyme isolated from Egyptian cobra N. haje venom [92]. Both the
above PLA, enzymes exerted anticoagulant activity via thrombin inhibi-
tion [21,92] reinforcing that this is the principle mechanism of
anticoagulation by EI N. naja venom. In addition, anticoagulant activity
may also be attributed to plasma phospholipid hydrolytic activity of
the PLA, isoenzymes identified in EI N. nagja venom (Tables 1 and 2,
Fig. 3) [2,21]. Furthermore, 5'-NTs and KSPIs identified in an EI N. naja
venom sample (Table 1, Fig. 3, Supplementary Fig. S1) may also signifi-
cantly contribute to its anticoagulant property [23,62,85].

Crude N. naja venom demonstrated dose-dependent aggregation or
de-aggregation (anti-platelet activity) of PRP; at a lower dose (5 pg/ml),
it caused aggregation of PRP whereas at higher concentrations (20 to
40 pg/ml), it induced de-aggregation of PRP (Fig. 4D). This result advo-
cates that platelet de-aggregation is also a precise mechanism to pro-
long the blood coagulation by EI N. ngja venom [12]. Various proteins
of cobra venom such as PLA; [21], SVMP [55], LAAO [56], NT [62], and
3FTxs [63,64] were shown as platelet aggregation inhibitors; by proteo-
mic analysis several of these classes of protein were identified in EI N.
naja venom (Table 1, Figs. 3A, B). For example, NnPLA,-I, a major PLA;
enzyme from Burdwan (EI) N. ngja venom was shown to modulate
the platelet function in a dose-dependent manner [21]; proteomic anal-
ysis ascertained the presence of this enzyme in the venom under study.
Similarly, Kaouthiagin (gi|32469675) like hemorrhagic SVMP present
in the EI N. naja venom (Table 1, Supplementary Fig. S1) may also be re-
sponsible for specific cleavage of human von Willebrand factor (VWF)
thereby inhibiting platelet aggregation [93]. The high lethal potency
(LDsp) of N. naja venom samples from three neighboring districts of
West Bengal, EI was estimated in the range of 0.4 to 0.63 mg/kg body
weight of mice suggesting predominance of highly toxic enzymes and
non-enzymatic 3FTxs (such as CTx and NTxs) in these cobra venom
samples [2], which is in close agreement with proteomic analysis of EI
N. nagja venom proteome (Table 1, Figs. 3A, B).

There is no published clinical data on cobra envenomation from
eastern India; however, a few hospital based studies showed that neu-
rological symptoms, rapid respiratory paralysis, and loss of conscious-
ness are the major pathophysiological symptoms in cobra bite patients
from Maharashtra, western India [7,41]. Identical symptoms including
neurotoxicity, weakening and decreased movements of hind limbs,
and difficulty in breathing (respiratory paralysis) were also observed
in mice treated with cobra venom samples from EI [3]. The above clini-
cal manifestations/biological activity (neurotoxicity) can be attributed
to occurrence of abundant 3FTxs (63.8%) in an EI N. naja venom sample
(Table 1, Fig. 3) [65,94]. NTxs, a type of 3FTxs, have been reported to
bind almost irreversibly and rapidly to the nAchRs which may not be re-
versed by antivenom treatment [65]; therefore, the occurrence of a rel-
atively high proportion of 3FTxs in EI N. naja venom (Table 1) as
compared to N. nagja venom from other locales of the Indian subconti-
nent [20] might be a great concern for efficient treatment of cobra bite
patients in EL

In addition, CdTx also inflicts circulatory and respiratory failure, car-
diac arrhythmias, heart block, and ultimately cardiac arrest in cobra
envenomed victims [65,95]. Further, a considerable proportion of
AChE (6.3%) and ChE (6.0%) enzymes identified in N. naja venom from
the Nadia district of EI (Tables 1, 2; Fig.3A) may also be responsible for
inflicting neurotoxicity in victims or in experimental animals [96]. Note-
worthy, anti-ChE therapy reversed the neuromuscular dysfunction of
cobra envenomed patients [7] advocating the role of AchE and ChE in
venom induced neurotoxicity. Although Ohanin-like protein (OLP)
represents a minor component of N. naja venom from Nadia, EI
(Table 1, Fig. 3); nevertheless, it may also contribute significantly
to retard the locomotion and induction of hyperalgesia [87] in EI N.
naja venom-treated experimental mice [2,3]. The biological function
of OLP and predominated 3FTxs of N. naja venom may be attributed
to subduing the agile mammalian prey before being swallowed by
the predator.

Previous studies demonstrated that rodents injected with EI N. naja
venom resulted in damage to cardiac and skeletal muscles, liver, and
kidney tissues [2,97]. In addition to myotoxicity, oedema-induction by
EI N. naja venom was also reported [2,3,97]. All of the above pharmaco-
logical effects can be well correlated with the occurrence of significant
amounts (11.4%) of PLA, enzymes (Tables 1, 2) in EI N. naja venom
under study [12,31,98,99].

Proteomic and biochemical analyses provide an overall view of EI N.
naja venom inflicted pharmacological activity and toxicity. Following a
bite, hyaluronidase helps the spreading of cobra venom by damaging
the extracellular matrix of the tissues thereby allowing the systemic in-
flux of toxic venom components [ 100]. Existence of a high percentage of
3FTxs (post-synaptic NTx, CTx and CdTx) in N. naja venom from Nadia,
EI (Table 1, Supplementary Fig. 1) might be accountable for paralysis
and eventually cardiac arrest to cause the death of the victims or exper-
imental animals after systemic envenomation [2,20,63,95]. In addition,
myotoxic and cytotoxic PLA,s as well as CTxs inflict local edema, blister-
ing, and tissue necrosis [6,97] and in combination they are also account-
able for damage to liver and cardiac tissues [2,97]. The primary function
of snake venom is to subdue large, agile prey such as rodents (rats/mice)
or rabbit before being swallowed [85]. Therefore, abundant low molec-
ular mass basic 3FTxs act synergistically with other proteins of cobra
venom such as PLA, [63,101] to rapidly paralyze small mammal prey
followed by its death by cardiac arrest and respiratory paralysis within
minutes of envenomation.

Although the effect of N. naja venom on blood coagulopathy has not
been well documented in an envenomed human [102]; nonetheless,
clinical manifestations like thrombocytopenia, spontaneous bleeding
and positive 20 minute-whole blood clotting time (20WBCT) observed
in a cobra envenomed human [6, personal communication by Dr. D.
Punde, Punde Hospital, Maharashtra] may be inflicted by the presence
of a high proportion of anticoagulant and antiplatelet proteins such as
PLA,, SVMP, and NT in N. naja venom (Table 1, Figs. 4A-D) [21,55,103].

The hypotension observed in N. naja bite victims [104] may be
attributed to the occurrence of NPs identified in EI N. nagja venom
(Table 1) as these proteins are reported to affect the pressure-volume
homeostasis by causing vasodilation and increasing water-electrolyte
excretion in experimental animals [ 74]. Due to these complex and expe-
ditious interplay of various cobra venom components, management of
victims has always been a challenging task for the attending physicians.

4. Conclusion

The analysis of proteome composition of the eastern India N. naja
venom revealed the occurrence of 43 enzymatic and non-enzymatic
proteins which are distributed over 15 families of snake venom pro-
teins. By LC-MS/MS analysis, the occurrence of AChEs, PDEs, ChEs and
a SVSP in N. naja venom is reported for the first time; however, by pro-
teomic analysis ATPase, ADPase, and hyaluronidase enzymes detected
by enzymatic analysis could not be identified in this venom. The present
study suggested that ~75% of the venom proteome was composed of
low molecular weight (<18 kDa) non-enzymatic components (3FTxs,
KSPIs, NPs and OLP) as well as PLA, isoenzymes and together they are
accountable for exerting the systemic effect of envenomation. In a nut-
shell, the complex array of identified cobra venom toxins through their
diverse biochemical properties and pharmacological activities are re-
sponsible for inducing a multitude of clinical manifestations in cobra
envenomed victims.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2016.12.018.
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ARTICLE INFO ABSTRACT

An acidic phospholipase A, enzyme (NnPLA,-I) interacts with three finger toxins (cytotoxin and neurotoxin)
from Naja naja venom to form cognate complexes to enhance its cytotoxicity towards rat L6 myogenic cells. The
cytotoxicity was further enhanced in presence of trace quantity of venom nerve growth factor. The purified rat
myoblast cell membrane protein showing interaction with NnPLA,-I was identified as vimentin by LC-MS/MS

Keywords:

Phospholipase A,

Cobra venom cognate complex
Rat L6 myoblasts

ZCDI:ISQS\GE analysis. The ELISA, immunoblot and spectrofluorometric analyses showed greater binding of NnPLA,-I cognate
Cytotoxicity complex to vimentin as compared to the binding of individual NnPLA,-I. The immunofluorescence and confocal

microscopy studies evidenced the internalization of NnPLA,-I to partially differentiated myoblasts post binding
with vimentin in a time-dependent manner. Pre-incubation of polyvalent antivenom with NnPLA,-I cognate
complex demonstrated better neutralization of cytotoxicity towards L6 cells as compared to exogenous addition
of polyvalent antivenom 60-240 min post treatment of L6 cells with cognate complex suggesting clinical ad-
vantage of early antivenom treatment to prevent cobra venom-induced cytotoxicity. The in silico analysis showed
that 19-22 residues, inclusive of Asp48 residue, of NnPLA,-I preferentially binds with the rod domain (99-189
and 261-335 regions) of vimentin with a predicted free binding energy (AG) and dissociation constant (Kp)
values of —12.86 kcal/mol and 3.67 x 10~ 1°M, respectively; however, NnPLA,-I cognate complex showed
greater binding with the same regions of vimentin indicating the pathophysiological significance of cognate
complex in cobra venom-induced cytotoxicity.

1. Introduction

Phospholipase A, enzymes occur unambiguously in all snake ve-
noms and exhibit a wide array of pharmacological effects [1-5] by
binding to target through a “pharmacological site” on the surface of the
enzyme which is independent of the catalytic site [6-8]. However, the
pharmacological properties of a snake venom PLA, enzyme may or may

not be dependent on its catalytic activity [4,9-11].

Studies have shown that group IB mammalian sPLA,s bind to PLA,
receptor (PLA,R), which is a transmembrane glycoprotein resembling
C-type animal lectin family of receptors [12,13], to induce cell pro-
liferation, cell migration, and production of lipid mediator(s) in mam-
malian cells [12,13]. Nevertheless, snake venom PLA,s have been re-
ported to differentially bind and attack phospholipid micro-domains or

Abbreviations: 1D, one dimensional; 2D, two dimensional; 3FTx, three finger toxin; ANOVA, analysis of variance; AO, acridine orange; ATCC, American type cell
culture; BSA, bovine serum albumin; CK, creatine kinase; CTx, cytotoxin; DAPI, 4/,6-diamidino-2-phenylindole; DMEM, Dulbecco's Modified Eagle's medium; EB,
ethidium bromide; ELISA, enzyme-linked immune sorbent assay; FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; HRP, horse-radish peroxidase; L6CP, L6
cytosolic protein; L6MP, L6 membrane protein; LC, liquid chromatography; LC-MS/MS, liquid chromatography-tandem mass spectrometry; LDH, lactate dehy-
drogenase; LNTx, long chain neurotoxins; MOPS, 3-(N-morpholino)propanesulfonic acid; MS, mass spectrometry; MTT, 3-(4,5-dimethylthiazol-2-Y1)-2,5-diphe-
nyltetrazolium bromide; NCBI, National Center for Biotechnology Information; NGF, nerve growth factor; NHS, N-hydroxysuccinimide; NnV, Naja naja venom; PAV,
polyvalent antivenom; PBS-T, phosphate buffered saline containing 0.1% tween-20; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PLA,, phospholipase
A,; PRP, platelet rich plasma; PS, phosphatidylserine; PVDF, polyvinylidene difluoride; QTOF, quadrupole time-of-flight; RP-HPLC, reverse phase high performance
liquid chromatography; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; TMB, 3,3’,5,5'-tetramethylbenzidine; U-HPLC, ultra-high perfor-
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rafts present on the mammalian cells; therefore, phospholipid types in
different plasma membrane of cells determines the extent of PLA, hy-
drolysis [14-16]. Studies have also revealed the presence of certain
elusive PLA, receptors on the plasma membranes which may or may
not be directly involved in the toxic effects of snake venom PLA,s [17].
In 1990, Lambeau and colleagues [18] demonstrated the high affinity
binding of a high molecular weight (180 kDa) monomeric membrane
protein in rabbit myotubes to a PLA, from Oxyuranus scutellatus venom;
however, the exact pathophysiological significance of PLA;-membrane
protein interaction was unknown. Another Lys49 myotoxic PLA, from
venom of Agkistrodon piscivorus piscivorus was shown to bind to a kinase
insert domain containing receptor (KDR) [17,19]. However, such in-
teractions may not always demonstrate a functional relevance in the
pathophysiology exhibited by the snake venom PLA, enzymes [20].

Neurotoxicity is the major symptom of cobra envenomation
[21,22], albeit coagulopathy, edema, necrosis, renal failure, and car-
diotoxicity leading to hypotension and cardiac arrest are also reported
[21,22]. Myotoxicity is one of the major signs of cobra envenomation
that results in permanent morbidities in snakebite victims [23,24]. Non-
enzymatic three finger toxins (3FTxs) and enzymatically active/inactive
homologs of venom PLA,s in elapid venoms induce myotoxicity by
disruption of cellular integrity of myotubes [25,26]. Catalytically in-
active snake venom PLA,s possessing Lys49, Ser49, Asn49, Glu49 or
Arg49 instead of Asp49 [27] are also reported to induce myotoxicity
[9,28,29]. Recently it has been demonstrated that a myotoxic Lys49
PLA, (Mt-II) from Bothrops asper binds to membrane-bound nucleolin at
low temperatures [30]. However, at physiological temperature, this
binding was followed by internalization and co-localization of Mt-II and
nucleolin in paranuclear and nuclear areas of myotubes showing the
role of this association in myotoxicity exhibited by the PLA, [30].

The myotoxic PLA,s are primarily basic in nature and their basic
charge might play an important role in membrane binding and sub-
sequent damage to the cells [31]. The present study shows that an
acidic PLA, purified from Indian cobra Nagja naja venom (NnV) is de-
void of cytotoxicity towards myogenic cells; however, it forms a cog-
nate complex with other components of cobra venom to show con-
siderable cytotoxicity against rat myogenic L6 cells in in vitro conditions
indicating PLA, cognate complex may play a pivotal role in cobra
venom-induced cytotoxicity. The present study is also the first report
showing binding of cobra venom acidic PLA;, and its cognate complex
with membrane bound vimentin of rat myogenic L6 cells to induce
cytotoxicity and internalization of PLA, to cytosol post binding with
vimentin.

2. Material and methods
2.1. Materials

Human breast adenocarcinoma (MCF-7), rat myoblast or myogenic
cells (L6), human embryonic kidney (HEK-293) and rat pheochromo-
cytoma (PC-12) cell lines were obtained from American Type Culture
Collection (ATCC), USA. Dulbecco's Modified Eagle's Medium (DMEM)
and fetal bovine serum (FBS) were obtained from HiMedia
Laboratories, USA; Penicillin-Streptomycin Solution was obtained from
Gibco™, Thermo Fisher Scientific, USA; Fluorescein isothiocyanate
(FITC) was procured from Sigma-Aldrich, USA; while all other cell
culture accessories were procured from Corning®, Sigma-Aldrich, USA.
All other analytical grade reagents were procured from Sigma-Aldrich,
USA. The NHS-activated Sepharose 4 Fast Flow matrix was purchased
from GE Healthcare, Sweden. The polyvalent antivenom (PAV) raised
against Big Four snake (Naja naja, Daboia russelii, Echis carinatus and
Bungarus caeruleus) venoms was obtained from Premium Serum and
Vaccines Pvt. Ltd., Maharashtra, India (Batch no. 012015, expiry date:
December 2018). The anticoagulant phospholipase A, enzyme
(NnPLA,-I) was purified from NnV of eastern India as described pre-
viously [4]. Polyclonal antibodies against NnPLA,-I were raised in
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rabbit and serum IgG was purified by affinity (protein A/G resins)
chromatography. Anti-vimentin antibody (Cat. No. ab92547, Abcam,
USA) was a generous gift from Dr. Biplab Bose, Indian Institute of
Technology (IIT), Guwahati. Bright field and fluorescence microscopy
were performed using Leica DMi8 microscope, Leica Microsystems,
Germany; confocal microscopy was done using a Zeiss LSM 880 con-
focal microscope, Zeiss, Germany at IIT, Guwahati.

2.2. Two-dimensional SDS-PAGE followed by immuno-blot and LC-MS/MS
analyses to identify NnPLA,-I interacting components of the cognate
complex

The 2D electrophoresis of NnV was done under both reduced and
non-reduced conditions. Lyophilized NnV (1.0 mg) was dissolved in
20 mM Tris-HCl buffer, pH 7.4 and centrifuged at 11,760g for 10 min.
The supernatant was cleaned using 2-D Clean-Up kit (GE Healthcare,
Sweden) and thereafter quantified using 2-D Quant kit (GE Healthcare,
Sweden). 300 ug of cleaned-up NnV in rehydration buffer was gently
added to pH3-10, 7cm Immobiline DryStrip gel (GE Healthcare,
Sweden) and rehydrated for 16 h. The Immobilin DryStrip gels were
then subjected to isoelectric focusing (1D electrophoresis) on an Ettan
IPGphor 3 Isoelectric Focusing System (GE Healthcare, Sweden) for
11,350 kVh (300 V for 4 h, 300-1000 V in 1 h, 1000-5000 V in 90 min,
5000V for 1 h). After completion of 1D electrophoresis, equilibration of
the IPG strip was done with equilibration buffer containing 65 mM di-
thiothreitol (for reduction) and 135 mM iodoactetamide (for alkylation)
for 10 min each at room temperature. For the non-reduced 2D SDS-
PAGE, the DTT and IAA treatment steps were avoided and both the
strips (containing reduced and non-reduced venom) were subjected to
12% SDS-PAGE at 120 V, 40 mA. The proteins spots were visualized by
staining the gel with PhastGel Blue R (GE Healthcare, Sweden) for
overnight and distaining with methanol/acetic acid/water (40:10:50).
The gels were scanned on an EPSON scanner using Silver Fast software
and the protein spots were counted and analyzed by ImageMaster™ 2D
Platinum v7.0 Software (GE Healthcare, Sweden).

The NnV proteins separated by 2D SDS-PAGE were transferred from
gels to Immobilon-P PVDF membranes by semi-dry gel transfer system
at 78 mA (1.2mA/cm?) for 2 h. Thereafter, the membrane was blocked
with 5% skimmed milk in Tris-buffered saline (0.05M Tris buffer,
0.138 M NaCl and 2.7 mM KCl) containing 0.1% Tween-20 (TBS-T) for
overnight at 4 °C. The membrane was washed three times with TBS-T
(10 min each) with constant shaking and thereafter incubated with
rabbit anti-NnPLA,-I antibodies (1:2000 dilutions) for 30 min. The
membrane was again washed with TBS-T followed by incubation with
HRP-conjugated goat anti-rabbit IgG (1: 5000 dilutions) for 30 min.
After washing, the blot was developed by adding 3,3,5,5-
Tetramethylbenzidine (TMB) Liquid Substrate System for Membranes
(T0565, Sigma-Aldrich, USA) [32].

The 2D gel spots, corresponding to that recognized by anti-NnPLA,-I
antibodies in PVDF membrane, were excised and subjected to LC-MS/
MS analysis for proteins identification after in-gel trypsin digestion
[33]. Briefly, the tryptic peptides were desalted and concentrated by
ZipTip C;g (Merck, USA) and separated on a Zorbax C;g column (Rapid
Resolution HT 2.1 X 50mm, 1.8um) coupled to an Agilent 1260
UHPLC system [34]. The column compartment temperature was set at
40 °C source and analyzed on an Agilent 6530 QTOF mass spectrometer.
The MS and MS/MS spectra were acquired in the range of 100 to
2000 m/z, with a scan rate of 6 and 3 spectra/s for MS and MS/MS,
respectively. The raw MS/MS data was searched against the Naja naja
(taxid 35,670) protein entries of the non-redundant NCBI database
using Morpheus software [35]. Carbamidomethylation of cysteine and
the oxidation of methionine residues were set as fixed and variable
modifications, respectively. Precursor and fragment mass error toler-
ances were set to 2.1 Da and 0.025 Da, respectively; up to two missed
cleavages were allowed, and the false discovery rate was set to < 1%.
Identification of at least one unique peptide per protein entry was
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considered to be the minimum pre-requisite for protein identification
[33]. The relative abundance of venom proteins in 2D SDS-PAGE spots
(cognate complexes) were determined by MS2 (normalized spectral
count)-based label free quantification technique [32,36] using the
following Egs. 1 and 2:

Mean spectral count for protein X

_ X spectral count against MS2 peptides of X

number of identified peptides (€D)]

mean spectral count of X

Relative abundance of protein X = -
total mean spectral count of all proteins

x 100% 2

2.3. Isolation and determination of molecular mass of NnPLA,-I cognate
complex

The cation-exchange Nn(N)CM2 fraction of NnV was isolated as
previously described by us [33]. 100 pug of Nn(N)CM2 was subjected to
in-solution trypsin digestion followed by LC-MS/MS analysis [33].
Thereafter, the relative abundance of venom proteins in Nn(N)CM2 was
determined by MS2 (normalized spectral count)-based label free
quantification technique [32,36] using the Egs. 1 and 2 above. Based on
the percent relative abundance, the quantity of each protein (in moles)
in 100 ug of Nn(N)CM2 was calculated using eq. 3, and thereafter the
stoichiometry of each protein in the complex was determined.

microgram of X in 100 ug of cognate complex

Protein X (in moles) = -
molecular mass of X (in Da)

3

The LC-MS/MS analysis demonstrated that the composition of Nn
(N)CM2 fraction [33] was similar to the cognate complex of NnPLA,-I
(present study); therefore, this fraction was chosen as a representative
NnPLA,-I cognate complex. To confirm the non-covalent interaction of
NnPLA,-I with other venom toxins, 40 ug each of NnPLA,-I, Nn(N)CM2
and NnV were separated by 12.5% SDS-PAGE under both reducing and
non-reducing conditions at 120V, 400 mA. The protein bands were
visualized by staining the gel with PhastGel Blue Rand distaining with
methanol: glacial acetic acid: water (40:10:50). From densitometry
analysis of the gel (ImageJ software, NIH, USA), ELISA of Nn(N)CM2
fraction with anti-NnPLA,-I antibody, and label-free quantification (see
above) the concentration and relative abundance of NnPLA,-I in its
cognate complex [Nn(N)CM2 fraction] was also determined.

To determine the molecular mass, 0.5mg of the cognate complex
[(Nn(N)CM2)] was subjected to size exclusion chromatography on a
HiLoad 16/600 Superdex 75 pg column pre-equilibrated with 20 mM
Tris-HCI buffer containing 150 mM NaCl, pH7.4 and coupled to an
AKTA Purifier FPLC system. A mixture of standard proteins
(Immunoglobulin, 150kDa; serum albumin, 67 kDa; a-lactoglobulin,
35kDa; cytochrome C, 12.4kDa and Vitamin B;,, 1.3 kDa) were also
separated under identical conditions to determine the molecular mass
of the complex. From the log molecular weight of standard proteins vs
Ve/Vo plot the molecular mass range of the NnPLA,-I-cognate complex
was calculated.

2.4. Isolation of individual components of the NnPLA,-I cognate complex

The NnPLA,-I cognate complex [Nn(N)CM2, 150 ug] was subjected
to RP-HPLC fractionation on a Dionex Acclaim C;g column
(2.1 x 150 mm, 3.0 um) pre-equilibrated with 95% solvent A (Type I
water containing 0.1% TFA) and 5% solvent B (90% acetonitrile con-
taining 0.1% TFA), coupled to a Dionex Ultimate 3000 U-HPLC system
(Thermo Fisher Scientific, Germany). The proteins were eluted using a
multi-step gradient of solvent B with a flow rate of 0.5ml/min. The
eluted protein peaks were pooled and lyophilized, and the protein
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content of individual peak was determined [37]. Further, each major
fraction (30 pg) was subjected to in-solution trypsin digestion followed
by LC-MS/MS analysis as described above.

2.5. Cytotoxicity of purified NnPLA-I and its cognate complex on different
mammalian cells

Erythrocytes, platelet-rich plasma (PRP), and washed platelets were
isolated from citrated goat blood as described previously [4,38]. The
hemolytic activity of NnPLA,-I (10.0 pg/ml or 0.70 uM) and its cognate
complex (12.5 pg/ml and 25.0 pg/ml) was assayed against 2.0 ml of 5%
(v/v) erythrocytes suspension [15]. Hemolytic activity, if any, was ex-
pressed as % hemolysis compared to hemolysis induced by 0.1% triton
X-100 (100%). Similarly, NnPLA,-I (0.7 uM) or its cognate complex
(12.5 and 25.0 ug/ml containing 0.35puM and 0.70 uM NnPLA,-I, re-
spectively) or PBS (control) was incubated with 100 pl of washed pla-
telets (1 x 10° platelets/ml) for 4 h at 37 °C, 5% CO». Platelets viability
or decrease in number of platelets, if any, was determined by counting
the trypan blue stained platelets in a hemocytometer using Motic
Images plus 3.0 ML software [39]. Antibacterial activity of NnPLA,-I
(0.70 uM) and its cognate complex (25.0 ug/ml) against Gram positive
Bacillus subtilis and Gram negative Escherichia coli was assayed as de-
scribed previously [16].

The mammalian cell lines L6, MCF-7, PC-12, and HEK-293 cells
(1 x 10® cells/ml) were grown in DMEM containing 10% heat-in-
activated FBS and 1% pen-strep antibiotic solution (Gibco™, Thermo
Fisher Scientific, USA) in a 96-well plate at 37 °C in a 5% CO, humi-
dified incubator for 24 h. For L6 cells, the myoblasts were allowed to
partially differentiate by replacing the medium with fresh DMEM
containing 2% FBS. The process was repeated after every 24h for
5-7 days. After allowing the cells to grow and adhere to the culture
plates, the medium was replaced with a fresh medium containing
NnPLA,-I (0.70 uM) or NnPLA,-I-cognate complex (12.5 and 25.0 ug/
ml containing 0.35uM and 0.70 uM NnPLA,-I NnPLA,-I, respectively)
or PBS (control).

In another set of experiments, the partially differentiated myoblasts
were treated with - (i) RP-HPLC purified 2.2 pg/ml or 0.35uM of the
cytotoxin (CTx), (ii) 4.8 pg/ml or 0.62 uM of neurotoxin (LNTx), (iii) re-
constituted complexes of CTx (0.35 uM)-LNTx (0.62 uM), and (iv) CTx
(0.35 uM)-LNTx (0.62 uM)-NnPLA,-I (0.35puM). The concentration of
the above 3FTxs/NnPLA,-I was calculated based on their percent re-
lative abundance in the cognate complex as determined by LC-MS/MS
analysis of Nn(N)CM2. After 24 h of incubation, cytotoxicity was de-
termined by observation of the cells under the bright field of a fluor-
escence microscope followed by counting using Motic Images plus 3.0
ML software, after acridine orange/ethidium bromide (AO/EB) staining
(see below), and MTT-based cell viability assay [40]. Cytotoxicity was
expressed as % cell death by comparing the values to that of control
(100%) [41].

The cytotoxicity towards L6 myogenic cells was also confirmed by
assaying the release of creatine kinase (CK) and lactate dehydrogenase
(LDH) in growth medium 24 h post treatment with NnPLA,-I and its
cognate complex [Nn(N)CM2 fraction] using commercial diagnostic
kits (Tulip Diagnostics Ltd., India).

To study the morphological changes induced in L6 myogenic cells
by NnPLA,-I and its cognate complex, the treated cells were stained
with ethidium bromide and acridine orange (100 pg/ml in PBS, 1:1).
After 5min of incubation at 37 °C in a humidified CO, incubator, the
cells were washed in PBS for three times and then observed under a
fluorescence microscope (Leica DMi8, Leica Microsystems, Germany) at
20 X magnification using rhodamine (for red) and FITC (for green)
filters [42]. The treated L6 cells were also observed under a bright field
microscope (Leica DMi8, Leica Microsystems, Germany) at 10 X mag-
nification.
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2.6. Assessment of neutralization of NnPLA-I cognate complex-induced
cytotoxicity and phospholipase A, activity by polyvalent antivenom and
anti-NnPLA»-I antibody

Prior to addition to partially differentiated myoblasts, the NnPLA,-I
cognate complex (12.5ug/ml) was pre-incubated with graded con-
centrations of PAV (protein: protein (w/w) ratio of 1:6.25, 1:12.5, and
1:25.0) or with anti-NnPLA,-I antibody (at 1:25 w/w ratio for abol-
ishing the PLA, activity) for 30 min at 37 °C. In another set of experi-
ments, the PAV was added to culture media at 1:25 ratio after 60, 120,
and 240 min post treatment of partially differentiated myoblasts with
NnPLA,-I cognate complex (12.5ug/ml). After 24h of incubation the
cytotoxicity was assayed by MTT-based method as mentioned above.
The cytotoxicity induced by NnPLA,-I cognate complex was considered
as 100% activity and other values were compared to that.

To determine the extent of neutralization of PLA, activity of the
NnPLA,-I cognate complex, the cognate complex was incubated with
commercial PAV / anti-NnPLA,-I antibody or PBS, pH 7.4 (control) for
30min at 37 °C and PLA, activity was assayed using a sPLA, assay kit
according to the manufacturer's protocol (Cayman's Chemical
Company, USA) [43].

2.7. Assessment of inhibition of NnPLA,-I cognate complex-induced
cytotoxicity and PLA; activity by chemical modification of His48 residue

The Nn(N)CM2 (25.0 ug/ml) was pre-incubated with 5.0 mM p-
bromophenacyl bromide (p-BPB) at 37 °C for 30 min. The un-reacted/
excess p-BPB was separated by filtering the reaction mixture through a
3kDa cut-off membrane (Pall Corporation, USA). The inhibition of
PLA, activity of cognate complex was ascertained by PLA, enzyme
assay as described in Section 2.6. The supernatant containing NnPLA,-I-
alkylated cognate complex was used to assay the residual toxicity
against rat myogenic cells as described above (Section 2.5).

2.8. Determination of binding of NnPLA-I and its cognate complex to L6
cells by ELISA

The L6 cells were grown in DMEM as stated above. The adherent
cells were isolated by trypsinization and were seeded in the wells of a
96-well tissue culture plate at a density of 1 x 10° cells per well. The
cells were allowed to adhere to the well surface by incubating them in
medium under regular growth conditions for 18 h and further allowed
to partially differentiate (as mentioned above).

The wells coated with L6 cells (partially differentiated myoblasts)/
PBS (control) were blocked using 5% FBS in PBS for 30 min at room
temperature and then the wells were washed for three times with PBS-T
(10 mM phosphate buffer containing 150 mM NaCl and 0.05% tween-
20) for 10 min each with constant shaking. A set of blank wells (without
cells) were also blocked in a similar way. Thereafter, increasing con-
centrations of NnPLA,-I (0.17, 0.35, 0.70 uM) or NnPLA,-I cognate
complex (6.25, 12.5, 25.0 ug/ml) or PBS (blank and control) were
added to the cells and incubated for 30 min at room temperature. The
wells were washed with PBS-T for three times followed by addition of
100 ul of 1:2000 diluted rabbit anti-NnPLA,-I antibodies (100 ng per
well, except blank) and incubated for 2h at room temperature. The
wells were again washed with PBS-T and 100 pl of 1:5000 diluted anti-
rabbit IgG-HRP conjugated secondary antibodies was added and in-
cubated for 2 h at room temperature. After washing the wells with PBS-
T, 100 pl of 3,3’,5,5’-Tetramethylbenzidine (TMB)/H,0, was added and
the plates were incubated in dark at room temperature for 30 min. The
reaction was terminated by adding 50 ul of 2.0 M H,SO,4 and the ab-
sorbance was measured at 492 nm in a microplate reader (Multiskan
GO, Thermo Scientific, USA). To avoid false signals, the absorbance of
the blank was subtracted from the absorbance of the control and test
wells during data analysis.
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2.9. Immunofluorescence and confocal microscopy studies to determine the
binding followed by internalization of NnPLA,-I to L6 cells

L6 myoblasts grown on coverslips were allowed to undergo partial
differentiation (as mentioned above) and incubated with 0.70 uM of
NnPLA,-I in culture medium for 30, 60, 120, and 240 min at 37 °C, 5%
CO,. The cells were washed with PBS, pH7.4 for three times and
thereafter fixed with 4% paraformaldehyde for 10 min followed by
washing three times for 5 min each with ice-cold PBS, pH 7.4. The fixed
cells were then permeabilized using 0.1% triton X-100 in PBS, pH 7.4
for 5min and then washed in ice-cold PBS, pH7.4 for three times.
Thereafter, the cells were blocked with 1% BSA solution in PBS, pH 7.4
containing 0.3 M glycine and 0.1% tween-20. The cells were then wa-
shed with ice-cold PBS, pH 7.4 for three times, and incubated with anti-
NnPLA,-I polyclonal antibody (1:250 in PBS-T) at 4 °C for overnight.
The following day, myoblasts adhered to cover slips were washed with
ice cold PBS, pH 7.4 and incubated with 1:200 diluted (in PBS-T) Alexa
Fluor 488 conjugated anti-rabbit IgG (Invitrogen, Thermo Scientific,
USA) for 60 min at room temperature (~23 °C). The cells were then
washed, stained with DAPI for 5 min and mounted on glass slides using
ProLong® Gold Antifade Mountant (Thermo Fisher Scientific, Germany)
and visualized under Leica DMi8 fluorescence microscope at 40 X
magnification using FITC (for green) and DAPI (for blue) filters.

In another set of experiments, NnPLA,-I was conjugated with FITC
[44] and thereafter incubated with partially differentiated myoblasts
for 30-240 min at 37 °C in a humidified incubator as described above.
Briefly, NnPLA,-I (10 mg/ml) was dissolved in MOPS [3-(N-morpho-
lino)propanesulfonic acid] buffer and incubated with FITC (pro-
tein:FITC ratio of 1:2) for 2h at room temperature. Then B-mercap-
toethanol (1.0 mM) was added to the reaction mixture to block the free
FITC groups. The conjugated NnPLA,-I (0.70 uM) after filtering through
a 3kDa cut-off membrane (Pall Corporation, USA) was added to the
growth medium of myoblasts. After incubation, the culture media was
aspirated out, the cells were washed with ice-cold PBS, pH 7.4, stained
with DAPI for 5 min, washed with PBS, pH 7.4, and mounted on glass
slides using ProLong® Gold Antifade Mountant. The cells were then
visualized under a Zeiss LSM 880 confocal microscope at 63 X magni-
fication using bright field, FITC (488 nm excitation wavelength), and
DAPI (358 nm excitation wavelength) filters. To confirm the time-de-
pendent internalization of NnPLA,-I, the confocal microscopic images
of treated rat myoblasts were subjected to z-stack projection analysis
[45] by ZEN System software, ZEISS, Germany. A set of 9-15 z-stack
images in different planes (separated by 1 um) was analyzed for time-
dependent internalization of FITC-conjugated NnPLA,-I.

2.10. Determination of binding of NnPLA-I and its cognate complex to
membrane and cytosolic proteins of L6 cells by ELISA

Membrane proteins of partially differentiated L6 myoblasts were
isolated using the Mem-PER™ Plus Membrane Protein Extraction Kit
(Thermo Fisher Scientific, USA). The isolated membrane and cytosolic
proteins were quantitated [46], desalted in PD 10 column (GE
Healthcare, Sweden) and lyophilized (CentriVap Benchtop Vacuum
Concentrator, Labconco Corporation, USA) until further use.

To determine the binding, 1.0 pug of L6 cytosolic protein (L6CP) or
membrane protein (L6MP)/BSA (negative control)/PBS (control to
avoid the false signal, if any) was coated in triplicate to a 96-well ELISA
plate (Nunc MaxiSorp™, Thermo Fisher Scientific, USA) and incubated
for 18 h at 4 °C. The wells were washed with PBS-T for three times and
then blocked with 5% fat-free milk (in PBS, pH 7.4) for 30 min. After
washing the wells with PBS-T (three times), 100pul of 0.70 uM of
NnPLA,-I (~1.0ug per well) or 25.0 ug/ml cognate complex [Nn
(N)CM2 containing ~1.0 pug per well or 0.70 uM PLA,] was added to the
wells. An equivalent volume of PBS-T was added to the wells serving as
negative controls (BSA). After incubation for 30 min at room tem-
perature, the wells were washed with PBS-T and binding of NnPLA,-I
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and NnPLA,-I in its cognate complex to L6MP and L6CP was de-
termined by ELISA as stated above (Section 2.8).

2.11. Determination of binding of purified PLA, and its cognate complex to
L6MP by immunoblot analysis

Eighty microgram of L6MP was separated by 12.5% non-reduced
SDS-PAGE (two sets of gel run under identical conditions). The proteins
from one set of gel were transferred to an Immobilon-P PVDF mem-
brane (Merck, Germany) by semi-dry gel transfer system (Amersham
Bioscience, UK) at 38 mA (1.2mA/cm?) for 2h whereas another set of
gel was kept aside. The protein transfer efficiency was verified by 0.5%
Ponceau-S red staining of the PVDF membrane as well as PhastGel Blue
R staining of the post transfer gel. Thereafter, the membrane was
blocked in 5% skimmed milk (w/v) dissolved in TBS-T for overnight at
4 °C. Following day, the membrane was washed three times with TBS-T
(10 min for each wash), cut into two pieces and immersed in a small
tray containing 0.35uM of 0.70 uM of NnPLA,-I or 25.0 ug/ml of Nn
(N)CM2 (PLA,-cognate complex containing 0.70 pM of NnPLA,-I). After
incubation for 30 min at room temperature, the membrane was washed
with TBS-T and then 100ul of 1:2000 diluted rabbit anti-NnPLA,-I
antibodies were added and incubated at room temperature for 1 h. After
washing the membrane with TBS-T (three times) it was incubated with
HRP-conjugated goat anti-rabbit IgG secondary antibodies (1:5000 di-
lutions) at room temperature for 1h. Thereafter, the membrane was
washed with TBS-T and the blot was developed using TMB Liquid
Substrate System for Membranes. The gels were scanned on an EPSON
scanner using SilverFast software. The experiment was repeated three
times to assure the reproducibility. As a positive control, 80 ug NnV was
separated by 12.5% SDS-PAGE under reduced conditions, transferred to
PVDF membrane, and the membrane was developed by using anti-
NnPLA,-I antibody as mentioned above.

From the second set of gel the membrane protein bands showing
binding with NnPLA,-I (individual as well as with cognate complex)
were excised and identified by mass spectrometry analysis as described
above.

2.12. Isolation and purification of NnPLA2-I binding L6MP

The NnPLA,-I binding L6MP was isolated by affinity chromato-
graphy using immobilized NnPLA,-I as the ligand. Briefly, 200 ul of
NHS-activated Sepharose 4 Fast Flow matrix was packed in a 1.0 ml
column and incubated with 200 pg of NnPLA,-I for overnight (~18 h) at
4°C. The column was washed with 1.0 ml of PBS, pH 7.4 to wash out
the unbound NnPLA,-I, if any, which was determined by estimating the
protein content [46] and assay of PLA, activity of post wash buffer.
Thereafter, 400 ug of membrane proteins were loaded onto the column
and incubated at room temperature (25°C) for 2h with constant
shaking. The unbound L6MPs were eluted by washing the column with
5 column volumes (CV) of PBS, pH 7.4; while the bound proteins were
eluted with a step gradient of 2 CV of 0.02mM glycine, pH 2.0, fol-
lowed by 5 CV of 0.1 M glycine, pH2.0 [47]. The pH of the eluted
bound L6MP was immediately neutralized by adding equal volume of
1.0 M Tris-HCl, pH 9.0.

The NnPLA,-I binding L6MP was quantitated, desalted, lyophilized,
and then subjected to RP-HPLC fractionation (Dionex Ultimate 3000 U-
HPLC system, Thermo Fisher Scientific, Bremen, Germany) in a Acclaim
C1g column (2.1 X 150 mm, 3 um) pre-equilibrated with 95% of solvent
A (0.1% trifluoroacetic acid) and 5% solvent B (90% acetonitrile con-
taining 0.1% TFA). After eluting the hydrophilic proteins with solvent
A, the bound L6MPs were eluted with a multi-step gradient of solvent B.
The proteins fractions were collected and lyophilized. L6MP (100 ng)
from each RP-HPLC peak was coated in a 96 well plate and it's binding
with NnPLA,-I was determined by ELISA using anti-NnPLA,-I anti-
bodies. The RP-HPLC fraction of L6MP that bind to NnPLA,-I was
subjected to in-solution trypsin digestion followed by LC-MS/MS
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analysis for protein identification and quantification.

2.13. Spectroftuorometric analysis to determine dose- and time-dependent
binding of NnPLA,-I and its cognate complex to vimentin

The interaction between NnPLA,-I/cognate complex with vimentin
(purified from L6MP) was determined by our previously described
method [48] with slight modifications. Briefly, to determine the dose-
dependent binding, graded concentrations of NnPLA,-I (0.17-0.70 uM)
or its cognate complex (6.25-25.0ug/ml containing 0.17-0.70 uM
NnPLA,-I) were added to the wells of a Nunc™ F96 MicroWell™ Black
Polystyrene Plate (Thermo Fisher Scientific, Denmark) containing vi-
mentin (10.0 pg/ml) in a reaction mixture of 100 ul. For time-depen-
dent binding study, 0.17 uM of NnPLA,-I or 6.25 ug/ml of its cognate
complex was incubated with 10.0 pg/ml of vimentin for different time
intervals (7.5-60 min) in a 100 pl reaction mixture. The reaction mix-
tures were excited at 280 nm with a monochromator light source. The
slit width was maintained at 12 nm and emission was monitored from
300 to 500 nm using a Varioskan LUX Multimode Microplate Reader
(Thermo Fisher Scientific, Denmark). As a control, the fluorescence
spectrum of individual protein was also determined and compared with
the relative intensity of the fluorescence spectra (Apyax) of NnPLA,-I and
its cognate complex with vimentin. The change in Amax (AAmax) was
plotted against the concentrations (UM) or pre-incubation time (min) of
NnPLA,-I/cognate complex with vimentin using GraphPad Prism 5.0
software.

2.14. Insilico study to determine the interaction between NnPLA>-I and
vimentin

The complete FASTA sequence of P15445 (NnPLA,-I), P25671
(LNTx), P86538 (CTx), and P01140 (NGF) were obtained from NCBI
database and submitted to I-TASSER software for structure prediction
[49]. The PDB structures for four regions of the rod region of vimentin
were available at the Protein Data Bank data with accession numbers
3s4r (chain B: 99-189), 3ufl (chain A: 146-249), 3trt (chain A:
261-335), and 1gk4 (chain D: 330-407). Molecular dynamics for each
of these structures were run using MDWeb server [50] and for docking
analysis chains B, A, A, and D of 3s4r, 3ufl, 3trt, and 1gk4, respectively,
were used [51]. The binding of NnPLA,-I with each of the structures of
vimentin was studied using ClusPro 2.0 [52] and FireDock servers [53].
The docking servers calculate the global energy of interaction and the
model with the lowest energy was considered as the best model [53].
The vimentin structures (mentioned above) showing the best interac-
tion with NnPLA,-I was further considered for studying their binding
with the NnPLA,-I cognate complex and its individual components.
Further, PDBsum server tool was used to determine the residue-to-re-
sidue interactions between NnPLA,-I and its cognate complex to vi-
mentin [54,55].

In order to calculate the predicted values of AG (free binding en-
ergy) and Ky, (dissociation constant) of NnPLA,-I-vimentin interaction,
the full sequences of NnPLA,-I and vimentin were submitted to PPA-
Pred2 (Protein-Protein Affinity Predictor) online server [56].

To confirm the results of in silico studies by wet lab experiment,
1.0 ug of RP-HPLC purified vimentin was coated on a 96 well plate for
overnight. Prior to addition of 10.0 ug/ml or 0.70 uM of NnPLA,-I or
25.0ug/ml of NnPLA,-I cognate complex (containing 0.70 uM of
NnPLA,-I), the vimentin was pre-incubated with anti-vimentin antibody
(ab92547, Abcam, USA) raised against the tail region of vimentin or
PBS, pH7.4 (control) for 30 min at room temperature. Thereafter,
binding of NnPLA,-I or its cognate complex to treated vimentin was
assessed by ELISA as mentioned above. The binding of NnPLA,-I or its
cognate complex to control was considered as 100% binding and other
values were compared to that.
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Fig. 1. 2D SDS-PAGE (left panels) of N. naja venom (300 pg) under (A) reduced and (B) non-reduced conditions, and their corresponding immunoblots (right panels)
developed with rabbit anti-NnPLA,-I antibody and HRP-conjugated goat anti-rabbit IgG secondary antibody.
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Table 1

BBA - Biomembranes 1861 (2019) 958-977

List of proteins identified by LC-MS/MS analysis of protein spots in 2D SDS-PAGE of N. naja venom under reduced (R1) and non-reduced (R2, R3) conditions. The
protein spots were detected by immunoblot analysis against anti-NnPLA,-I polyclonal antibody.

Protein Description Accession no. Organism  Coverage (%)  Molecular mass (Da) Summed Morpheus Score  Unique peptides  Region
Acidic phospholipase A, 2 P15445 Naja naja 67.23 13,346 117.35 6 R1, R2, R3
Long neurotoxin 3 P25671 Naja naja 60.56 7833 60.47 4 R2, R3
Venom nerve growth factor P01140 Naja naja 55.17 13,023 63.33 5 R2, R3
Cytotoxin 3 P24780 Naja naja 33.33 6745 23.46 2 R3
Cytotoxin 2a P86538 Naja naja 33.33 6711 28.45 2 R2, R3
Cysteine-rich venom protein (Fragment) P86543 Naja naja 30.30 3910 12.09 1 R3

2.15. Statistical analysis

Student's t-test and one way ANOVA were done using Sigma Plot
10.0 for Windows (version 10.0) and MS Excel, respectively to test the
significance of difference in cell cytotoxicity and binding of NnPLA,-I
and its cognate complex (Nn(N)CM2 fraction) with respect to control as
well as between them. A value of p < 0.05 was considered significant.

3. Results

3.1. 2D SDS-PAGE analysis shows non-covalent interaction of NnPLA-I
with three finger toxins and nerve growth factor from NnV to form cognate
complexes

The 2D SDS-PAGE of N. naja venom resolved the proteins according
to their mass and charge. When NnV was separated under reduced
conditions the anti-NnPLA,-I antibodies recognized only 3 spots (R1
region) of ~15kDa mass acidic protein(s) (Fig. 1A). The LC-MS/MS
analysis of the spots of R1 (Table 1, Supplementary Table S1A) iden-
tified the presence of isoforms of acidic PLA, enzymes (Uniprot ID
P15445); the major one was previously identified as NnPLA,-I [4].
However, when NnV was separated under non-reduced conditions, the
anti-NnPLA,-I antibodies recognized proteins from two broad regions
R2 (20-24 kDa, pI 3.5-5.5) and R3 (22-37 kDa; plI 8.5-10) (Fig. 1B).
The LC-MS/MS analysis of R2 demonstrated co-migration of isoforms of
an acidic PLA, (P15445), a long chain neurotoxin (LNTx; UniProt ID
P25671), a cytotoxin (CTx; UniProt ID P86538), and a venom nerve
growth factor (NGF; UniProt ID P01140) from NnV with a relative
abundance (RA) of 41.0%, 34.9%, 19.3%, and 4.7%, respectively
(Supplementary Fig. S1A, Table 1, Supplementary Table S1B). The LC-
MS/MS analysis of R3 demonstrated co-migration of LNTx (P25671; RA
- 43.6%), CTxs (P86538 and P24780; RA - 20.3%), NGF (P01140; RA -
4.2%), and a cysteine-rich secretory protein (UniProt ID P86543; RA —
1.6% RA) along with the isoforms of an acidic PLA, enzyme (P15445;
RA - 30.3%) from NnV (Supplementary Fig. S1B, Table 1, Supple-
mentary Table S1B). Tandem mass spectrometry analysis of NnPLA,-I
and de novo sequencing of its tryptic peptides showed 100% sequence
similarity to P15445 (Supplementary Table S2).

The proteomic composition of Nn(N)CM2 fraction (Supplementary
Fig. S2A) was found to consists of 38.2% PLA,, 39.0% LNTx, 17.8%
CTx, and 5.0% NGF [33] (Supplementary Fig. S2B). Fascinatingly, the
composition as well as percent relative abundance of each toxin present
in Nn(N)CM2 fraction was comparable to the composition and relative
abundance of toxins of R2 region of NnV (Supplementary Figs. S1A,
S2B). Furthermore, the acidic charge of Nn(N)CM2 fraction (Supple-
mentary Fig. S2A) correlates well with the acidic pI of R2 proteins
(Fig. 1B). Therefore, the Nn(N)CM2 fraction was considered as a cog-
nate complex of PLA, and was used for subsequent studies. From the
relative abundance of the components of the cognate complex, it was
determined that 100pg of Nn(N)CM2 fraction contains 2.9 nmol,
5.0 nmol, 2.7 nmol, and 0.4 nmol of PLA, (P15445), LNTx (P25671),
CTx (P86538), and NGF (P01140), respectively showing that the ap-
proximate molar stoichiometric ratio of PLA,LNTx:CTx:NGF is
1.0:1.7:0.9:0.1. Considering the nearest integer, this ratio become 1:2:1
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of PLA,:LNTx:CTx and NGF may not be a real component of the com-
plex but an associated protein formed by non-covalent interaction with
the PLA, cognate complex.

RP-HPLC of Nn(N)CM2 resolved it into three major protein peaks
Nn(N)CMRP1 to Nn(N)CMRP3 (Supplementary Fig. S3A). The LC-MS/
MS analysis of each of these peaks identified Nn(N)CM2RP1, Nn
(N)CM2RP2, and Nn(N)CM2RP3 as LNTx (P25671), PLA, (NnPLA,-I;
P15445), and CTx (P86538), respectively (data not shown). However,
trace amounts of NGF present in the complex could not be purified by
RP-HPLC.

The SDS-PAGE analysis of Nn(N)CM2 fraction under reduced con-
ditions showed two prominent protein bands at 5-7 kDa and ~15kDa
regions (Supplementary Fig. S3B). Nevertheless, under non-reduced
conditions this fraction showed a broad aggregated protein band in the
molecular mass range of 14-37 kDa (Supplementary Fig. S3B) which is
much higher as compared to the molecular weight of R2 region of non-
reduced 2D SDS-PAGE of NnV (Fig. 1B). Snake venom proteins are
known to form higher mass aggregates when stored in solution [48] and
this may be the reason for which the molecular mass range of NnPLA,-I-
cognate complex was found to be higher by 1D SDS-PAGE analysis
(Supplementary Fig. S3B). The NnPLA,-I under reduced and non-re-
duced conditions showed a sharp and diffused band of ~15kDa, re-
spectively (Supplementary Fig. S3B). Size exclusion chromatography of
Nn(N)CM2 demonstrated the elution of cognate complex as a single
prominent broad peak from 49.8 to 62.0 ml with the highest intensity at
59.8 ml (Supplementary Fig. S3C) which corresponds to molecular mass
of the cognate complex in the range of 22-39.8 kDa (Supplementary
Fig. S3D). This data corroborates with the molecular mass of the cog-
nate complex determined by 1D SDS-PAGE analysis of Nn(N)CM2 under
non-reduced conditions (Supplementary Fig. S3B). Taken together, LC-
MS/MS, 1D SDS-PAGE, and SEC of Nn(N)CM2 fraction demonstrated
that the components of the cognate complex (PLA,:LNTx:CTx) exist in a
stoichiometric ratio of 1:2:1 which corresponds to molecular mass of
the cognate complex at ~36 kDa. The RP-HPLC analysis did not show
NGF peak (Supplementary Fig. S3A), albeit LC-MS/MS analysis sug-
gested presence of trace amount of NGF in this complex which may not
be a real component of this complex.

3.2. Cytotoxicity of PLA, and its cognate complex to mammalian and
bacterial cells

The cytotoxicity exhibited by NnPLA,-I (10.0 pg/ml or 0.70 uM) and
two different doses of cognate complex [containing 0.35uM and
0.70uM of NnPLA,-I, respectively as determined by ELISA
(Supplementary Fig. S4) and MS2 based spectral count analysis] is
shown in Fig. 2A. The NnPLA,-I-cognate complex exhibited cytotoxicity
against the mammalian cells in the following order - partially differ-
entiated L6 myoblasts > platelets > PC-12 (Fig. 2A). The NnPLA,-I
and its cognate complex did not demonstrate cytotoxicity against ery-
throcytes, MCF-7, and HEK-29 cells or antibacterial activity against B.
subtilis and E.coli cells (data not shown), nevertheless they exhibited
marginal toxicity against platelets (Fig. 2A). However, non-covalent
interaction of NnPLA,-I with basic proteins of NnV to form a cognate
complex did not result in increase in its catalytic activity (data not
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Fig. 2. Evaluation of cytotoxicity of NnPLA,-I and its cognate complex. (A) Cytotoxicity (post 24 h) of NnPLA,-I and its cognate complex [Nn(N)CM2] against
different mammalian cells. The L6 cells used for the assay were partially differentiated myoblasts. Values are mean * SD of three experiments. Significance of
difference *p < 0.05and Yp < 0.05 as compared to control and 0.70 uM NnPLA,-I induced toxicity, respectively. (B) Percent cell viability determined by analysis of
the bright field images (Supplementary Fig. S4B) of untreated myoblasts (i) and myoblast treated with (ii) NnPLA,-I (0.70 uM), (iii) CTx (0.35uM), (iv) LNTx
(0.62 uM), (v) reconstituted CTx (0.35uM)-LNTx (0.62 uM) complex, (vi) reconstituted CTx (0.35uM)-LNTx (0.62 pM)-NnPLA»-I (0.35puM) complex, (vii) native
NnPLA,-I cognate complex (12.5 ug/ml), (viii) NnPLA,-I cognate complex (12.5 ug/ml) pre-incubated with anti-NnPLA,-I antibodies at 1: 25 ratio, (ix) NnPLA-I
cognate complex (12.5pg/ml) pre-incubated with 5.0 mM p-BPB. The myoblasts were initially seeded with cell count of 1 x 10° cells per well, and allowed to
partially differentiate for 5days in DMEM containing 2% FBS. Values are mean * SD of three sets of experiments. Significance of difference *p < 0.05 and
Yp < 0.05 as compared to control and 12.5 pug/ml NnPLA,-I cognate complex- induced cytoxicity, respectively. (C) Fluorescent microscopic images (10 X) of AO/EB
stained partially differentiated L6 myoblasts treated with PBS (control), NnPLA,-I (0.70 uM), and NnPLA,-I cognate complex (12.5 pg/ml containing 0.35uM of
NnPLA,-I). The green colour shows live cell nuclei whereas red colour shows dead nuclei of treated cells.
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shown).

The NnPLA,-I cognate complex showed highest toxicity against
partially differentiated rat myoblasts which was also confirmed by
measuring the enhanced release of CK and LDH from the treated cells
compared to control cells. The NnPLA,-I had no effect on release of
these enzymes albeit NnPLA,-I-cognate complex significantly enhanced
the release of CK and LDH from L6 cells to the culture media
(Supplementary Table S3). The cytotoxicity exhibited by the native
cognate complex was significantly higher as compared to the individual
components of this complex (NnPLA,-I, LNTx, and CTx), re-constituted
CTx-LNTx complex and re-constituted CTx-LNTx-PLA, complex
(Supplementary Table S4). Furthermore, pre-incubation of NnPLA,-I-
cognate complex with PAV, anti-NnPLA,-I antibody, and p-BPB resulted
in a significant reduction of its cytotoxicity against partially differ-
entiated rat myoblasts; PAV was more effective in reducing the cyto-
toxicity of NnPLA,-I-cognate complex whereas anti-NnPLA,-I antibody
showed higher inhibition of PLA, activity of the cognate complex
(Supplementary Table S4). Treatment with p-BPB resulted in a sig-
nificant reduction of the catalytic activity and cytotoxic property of the
NnPLA,-I cognate complex (Supplementary Table S4). However, addi-
tion of PAV to rat myoblast culture medium post 60-240 min of treat-
ment with NnPLA,-I cognate complex resulted in a gradual loss of its
cytotoxicity inhibition property (Supplementary Table S4).

The NnPLA,-I-cognate complex-induced cytotoxicity towards par-
tially differentiated L6 myoblasts was also evident from the bright field
microscopic observation of the treated cells (Supplementary Fig. S5,
Fig. 2B). The L6 myoblasts (Supplementary Fig. S5A) were allowed to
partially differentiate to elongated spindle shaped myoblasts before
treatment [Supplementary Fig. S5B, panel (i)]. The cells treated with
reconstituted CTx-LNTx-NnPLA,-I complex [Supplementary Fig. S5B,
panel (vi)] or NnPLA,-I native cognate complex [Supplementary Fig.
S5B, panel (vii)] demonstrated significant decrease in cell number and
changes in the cellular morphology (marked with red arrows) as com-
pared to the cells treated with the individual toxins (NnPLA,-I, CTx, and
LNTx) of the complex [Supplementary Fig. S5B, panels (ii), (iii) and
(iv)] or re-constituted CTx-LNTx complex [Supplementary Fig. S5B,
panel (v)]. In addition to decrease in cell number, the partially differ-
entiated myoblasts treated with reconstituted 3FTx-NnPLA,-I complex
[Supplementary Fig. S5B, panel (vi)] and native cognate complex
[Supplementary Fig. S5B, panel (vii)] showed loss of well distended
elongated structure of the cells (shown with arrows); albeit the latter
showed significantly higher toxicity than that of the former. The higher
toxicity of cognate complex compared to reconstituted complex (devoid
of NGF) (Fig. 2B) suggests that NGF present in the native cognate
complex plays a role in the cytotoxic property of this complex. Pre-
incubation of NnPLA,-I-cognate complex with anti-NnPLA,-I antibodies
[Supplementary Fig. S5B, panel (viii)] or 5mM p-BPB [Supplementary
Fig. S5B, panel (ix)] significantly inhibited its cytotoxic property
against rat myogenic cells (Fig. 2B). The fluorescent microscopic ob-
servation of NnPLA,-I-cognate complex treated myogenic cells after
acridine orange and ethidium bromide (AO/EB) staining showed dead
nuclei stained red with dispersed nuclear matter (Fig. 2C) due to dis-
integration of nuclei.

3.3. Time-dependent binding and internalization of NnPLA-I in rat
myogenic cells

It was found that NnPLA,-I alone and in association with other basic
proteins of NnV (cognate complex) binds to partially differentiated L6
myoblasts; however, in cognate complex form it showed significantly
higher binding (p < 0.05) compared to binding of individual NnPLA,-I
(Fig. 3A). Time-dependent (30, 60, 120, and 240 min) incubation of
these cells with 0.70 uM of NnPLA,-I followed by fluorescent staining
demonstrated binding followed by time-dependent internalization of
NnPLA,-I in myogenic cells (Fig. 3B). Observation under a confocal
microscope confirmed the time-dependent internalization of FITC
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conjugated NnPLA,-I (Fig. 3C). The Z-stack analysis of each image,
which has been used for deconvolution of confocal microscopy data
[45], demonstrated localization of NnPLA,-I (green colour) in the cy-
toplasm of the myogenic cells (Supplementary Fig. S6).

3.4. The NnPLA-I in its cognate complex compared to individual NnPLA »-I
showed significantly higher binding to vimentin of L6MP

The ELISA revealed the binding of NnPLA,-I and its cognate com-
plex to L6MP albeit they showed insignificant binding to L6CP
(Fig. 4A). Further, by immunoblot analysis we could not detect the
binding of NnPLA,-I and its cognate complex to L6CP (data not shown).
The NnPLA,-I in its cognate complex showed significantly higher
binding (p < 0.05) to L6MPs compared to individual NnPLA,-I
(Fig. 4A). Immuno-blot analysis indicated binding of NnPLA,-I to
~55kDa and to a lesser extent ~48kDa L6MP (Fig. 4B, C, Supple-
mentary Fig. S7A) and this binding was significantly enhanced when
the NnPLA,-I was in its cognate complex with other proteins of NnV
(Fig. 4B, C). Immunoblot analysis also demonstrated binding of
NnPLA,-I cognate complex with a L6MP protein band of ~40 kDa (lane
2 of Fig. 4B). Because no corresponding band was detected in lane 1
(L6MP incubated with NnPLA,-I), therefore, this band was not con-
sidered for further analysis.

The RP-HPLC fractionation of NnPLA,-I-bound L6MP isolated by
affinity chromatography was resolved into one major peak (L6RP1) and
four minor peaks (L6RP2-L6RP5) (Supplementary Fig. S7B). ELISA
demonstrated binding of NnPLA,-I with the major protein peak L6RP1
(data not shown). Tandem mass spectrometry analysis of L6RP1 iden-
tified it as vimentin (UniProt ID P31000) (Supplementary Table S5).

The LC-MS/MS analysis of ~48kDa and ~55 kDa membrane pro-
tein bands showing binding with Nn-PLA,-I and its cognate complex
demonstrated highest resemblance with vimentin (M, = 53.5 kDa) from
Rattus norvegicus (UniProt ID P31000), an intermediate filament of the
cytoskeletal (Supplementary Table S5). The proteomic analysis of
~48kDa protein demonstrated a truncated vimentin where its 20
amino acid residues (~5.4 kDa) from N-terminal region (head-region)
were found to be missing. Strikingly, the ~48 kDa L6MP band primarily
comprised of tubulin a3 (40%), tubulin 5 (12%) chains of myoblast
cytoskeleton, and vimentin (5.3%) whereas the ~55kDa L6MP band
primarily consists of vimentin (58.1%) followed by protein disulfide-
isomerase (P04785; 26.9%) and caveolae-associated protein 1 (UniProt
ID P85125; 15.0%) (data not shown). However, NnPLA,-I bound L6MP
and RP-HPLC purified L6RP1 was composed of 89.3% and 100% vi-
mentin (P31000), respectively.

3.5. Spectrofluorometric analysis evidenced the dose and time-dependent
increase in binding of NnPLA-I and its cognate complex to vimentin

Increasing concentration of NnPLA,-I and its cognate complex led to
decrease in fluorescence of vimentin suggesting protein-protein inter-
actions leading to quenching of aromatic residues of vimentin (Fig. 5A,
B). A saturation in binding with vimentin was observed at a 0.35 uM
concentration of NnPLA,-I (Fig. 5A inset) and the optimum time for
NnPLA,-I-vimentin binding was observed at 15 min post incubation of
interacting proteins (Fig. 5C). In a sharp contrast, NnPLA,-I cognate
complex at a concentration of 25.0ug/ml (containing 0.70 M of
NnPLA,-I) did not show saturation of binding with vimentin (Fig. 5B
inset). The optimum time of binding of NnPLA,-I cognate complex with
vimentin was observed 45 min post incubation (Fig. 5D).

3.6. In silico analysis demonstrated superior binding of NnPLA-I in its
cognate complex compared to individual NnPLA,-I with the rod region of
vimentin

The interaction between the different regions of vimentin (as re-
ceptor) and NnPLA,-I (as ligand) was predicted to be strong and stable


http://www.uniprot.org/uniprot/P31000
http://www.uniprot.org/uniprot/P31000
http://www.uniprot.org/uniprot/P85125

S. Dutta, et al.

with predicted binding free energy (AG) and dissociation constant (Kp)
values of —12.86 kcal/mol and 3.67 x 10~ '°M, respectively. The best
predicted structure of NnPLA,-I (Supplementary Fig. S8) showed in-
teraction with all the four chains (PDB IDs 3s4rB, 3uflA, 3trtA, and
1gk4D) of vimentin with negative global energy; the highest binding
was noted with 3s4rB followed by 3trtA chains (Table 2A). PDBSum
analysis of the NnPLA,-I — 3s4rB model (Fig. 6A, panels I, II) showed
that 19 residues of NnPLA,-I interacted with 15 residues of 3s4rB via
120 non-bonded contacts, 12H-bonds, and 4 salt bridges suggesting
strong affinity between the these two proteins (Fig. 6A, panel III;
Table 2A). Nevertheless, 22 residues of NnPLA,-I interacted with 3trtA
region of vimentin (15 residues) by 147 non-bonded contacts, 12H-
bonds and 2 salt bridges (Fig. 6B, Table 2A). Interestingly, the Asp48
residue of NnPLA,-I has been predicted to be involved in salt bridge
and/or H-bonds formation with the two regions of vimentin (panel III of
Fig. 6A, B). The NnPLA,-I also showed binding to 3uflA (Supplemen-
tary Fig. S9A) and 1gk4D (Supplementary Fig. S9B) regions of vimentin
via non-bonded contacts and H-bonds; however, this binding strength
was determined to be less as compared to that of 3s4rB and 3trtA re-
gions (Table 2A).

The in silico analysis showed that NnPLA,-I forms a stable complex
with 3FTxs and NGF of NnV (Supplementary Fig. S10A, B) with nega-
tive global energies (Table 2B). Although individual components of
NnPLA,-I-cognate complex showed binding to 3s4rB and 3trtA chains of
vimentin (Supplementary Fig. S11A-F) albeit the 3FTx-NnPLA,-I com-
plex showed slightly lower binding efficiency to 3s4rB (Fig. 6C) and
3trtA (Fig. 6D) chains as compared to binding to these regions by in-
dividual NnPLA,-I (Table 2B). In this complex, only NnPLA,-I showed
binding to 3s4rB region of vimentin via 94 non-bonded contacts, 6H-
bonds and 3 salt bridges (Fig. 6C). The PDBsum server did not predict
direct interactions between 3FTxs of the cognate complex and 3s4rB
region of vimentin (Fig. 6C). However, both NnPLA,-I and LNTx in-
teracted with 3trtA region of vimentin via non-bonded contacts (88 and
49, respectively) and H-bonds (4 and 2, respectively) (Fig. 6D). How-
ever, the NnPLA,-I-3FTx-NGF complex showed higher binding to both
3s4rB and 3trtA regions of vimentin (Table 2B). In the complex, both
NnPLA,-I and NGF showed binding to 3s4rB region of vimentin via non-
bonded contacts (94 and 48, respectively), H-bonds (6 and 3, respec-
tively), and salt bridges (3 each) (Fig. 6E, Supplementary Table S6A).
Similar interactions were predicted for the interaction between
NnPLA,-I cognate complex and 3trtA region of vimentin (Supplemen-
tary Table S6B). It was observed that NnPLA,-I interacted with vi-
mentin via 118 non-bonded contacts, 7H-bonds and 2 salt bridges,
whereas NGF interacted with 3trtA region of vimentin through 35 non-
bonded contacts, 4H-bonds and 1 salt bridge (Fig. 6F, Supplementary
Table S6B). The presence of NGF in the complex, therefore, may en-
hance the binding with vimentin which corroborates with the in vitro
results.

ELISA result demonstrated that pre-incubation of vimentin with
anti-vimentin monoclonal antibodies against the tail region of vimentin
did not affect the binding of NnPLA,-I or its cognate complex to vi-
mentin (data not shown), suggesting that NnPLA,-I binds to vimentin
other than its tail region. However, due to unavailability of commercial
monoclonal antibodies against the rod and head regions of vimentin,
the interaction of NnPLA,-I with the rod region of vimentin could not
be further confirmed by in vitro analysis.

4. Discussion

Toxin synergism, a fascinating phenomenon to enhance toxicity of
interacting components has been well documented in many different
snake venoms albeit this phenomenon is poorly investigated and un-
derstood to date [57-60]. The LC-MS/MS analysis of NnV separated by
2D SDS-PAGE under reduced and non-reduced conditions un-
ambiguously demonstrated the formation of NnPLA,-I-3FTxs-NGF
cognate complex, may be by weak non-covalent interactions among the
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components of cognate complex [61,62]. The significant enhancement
of cytotoxicity of NnPLA,-I as a component of the cognate complex
compared to individual NnPLA,-I is evident from the facts that — (a)
NnPLA,-I alone cannot induce cytotoxicity in partially differentiated rat
myoblasts, and (b) neutralization with anti-NnPLA,-I antibodies or al-
kylation of His48 active site of NnPLA,-I significantly reduced the cy-
totoxic effect of NnPLA,-I cognate complex. This result is in accordance
with previous reports demonstrating several snake venom toxins tend to
form a stable or cognate complex of higher molecular mass that sig-
nificantly potentiate their cytotoxicity and pharmacological property
against target cells and/or organisms [48,61,63-65]. It has also been
well documented that cytotoxins and neurotoxins from cobra venom
can form a stable cognate complex with the catalytically active PLA,s
from the same venom [58,59,62,66,67]; however, this binding may not
enhance the catalytic activity of PLA, enzyme which is according to our
previous observation [62]. Therefore, it is not surprising that NnPLA,-I
cognate complex would show a significantly higher cytotoxicity as
compared to individual components of the complex. Further, partially
differentiated rat myoblast are of mesenchymal origin and a sig-
nificantly higher cytotoxicity of NnPLA,-I cognate complex on this cell
suggests the probable pathophysiological role of this complex in cobra
venom-induced myopathy and muscular damage [21,22,68]. However,
the other pathophysiological function(s) of this complex in cobra bite
patients, if any, remains to be explored.

The cognate complex of NnPLA,-I showed significantly higher cy-
totoxicity in myogenic cells as compared to other mammalian cells.
Several factors including phospholipids composition of the target cell
membrane, cholesterol/phospholipids ratio, physicochemical proper-
ties of a membrane, and/or presence of a specific toxin receptor in the
cell surface may play an important role in snake venom-induced
membrane damage and/or cytotoxicity [25,26,58,59]. Our previous
study has demonstrated preferential binding of NnPLA,-I to phospha-
tidylcholine (PC) as compared to phosphatidylethanolamine (PE) or
phosphatidylserine (PS) [4]. The differential composition of PC as well
as occurrence of a large number of PLA,-sensitive PC domain in the
outer plasma membrane of the treated mammalian cells may explain
the higher cytotoxicity of NnPLA,-I and/or its cognate complex towards
rat myogenic cells compared to other mammalian cells [16,58]. Fur-
ther, the PLA,-interacting cobra venom neurotoxins are also reported to
display cell-specific cytotoxicity on mammalian cells [58] which further
supports the differential cytotoxicity of NnPLA,-I-cognate complex on
mammalian cells. Furthermore, NnPLA,-I and its cognate complex
cannot show antibacterial activity due to absence of PC and low
number of PLA, sensitive phospholipid (PE) domains on the outer
membrane of bacterial cells [15].

It has been well documented that snake venom PLA,s bind to certain
phospholipid micro-domains of cell membranes that acts as a platform
for PLA, adhesion and catalysis leading to cellular disintegration
[14,16]; nevertheless, only few studies have shown the binding of snake
venom PLA,s to protein receptor(s) present on outer surface of cell
membrane [18,19,30,69,70]. Further, except for plasma membrane
bound nucleolin [30], there is dearth of knowledge regarding the
consequence or pathophysiological significance of interaction/binding
of snake venom PLA, to other cell surface receptors/acceptors. The
present study suggests a high affinity binding of NnPLA,-I to a ~55 kDa
protein acceptor, vimentin, present in outer membrane of rat myoblasts
and this binding as well as cytotoxicity against the myoblasts was sig-
nificantly enhanced when NnPLA,-I exists in a cognate complex. Cobra
venom cytotoxins and PLA,-interacting neurotoxins have been shown
to kill the cells by non-selectively disrupting the cell membranes
[58,59,66,67]. These reports corroborate well with the present study
showing NnPLA,-I cognate complex also retains a part of its cytotoxi-
city after treatment with anti-PLA, antibodies or alkylation of His-48 of
NnPLA,-I with p-BPB. Therefore, it may be anticipated that after
binding with rat myoblasts, the cytotoxin and neurotoxin components
of the cognate complex first destabilize the phospholipids bilayer of the
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Fig. 3. Binding followed by internalization of NnPLA,-I in L6 rat myoblasts. (A) Dose-dependent binding of NnPLA,-I (0.17-0.70 uM) and its cognate complex
(6.25-25.0 ug/ml) to L6 myoblasts. The binding was determined by ELISA using anti-NnPLA,-I antibodies and HRP conjugated goat anti-rabbit IgG. Values are
mean * SD of triplicate determinations. Significance of difference *p < 0.05 with respect to NnPLA,-I, and Yp < 0.05 as compared to the cognate complex
(6.25 pug/ml). (B) Fluorescence microscopic images (40 X) showing time-dependent (30-240 min) internalization of NnPLA,-I (0.70 uM) in L6 rat myoblasts. The
NnPLA,-I was detected using anti-NnPLA,-I antibody raised in rabbit. The green images are due to Alexa fluor 488 conjugated anti-rabbit IgG (secondary antibody)
visualized under FITC filter whereas blue images for nuclear staining by DAPI were visualized under DAPI filter. (C) Confocal microscopic images (63 X magnifi-
cation) showing time-dependent internalization of FITC-conjugated NnPLA,-I (0.70 uM) after 30-240 min incubation with L6 myoblasts. Green (for NnPLA,-I) and
blue (for nucleus) images were visualized under FITC and DAPI filters, respectively. Bar scale = 10 uM.
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Fig. 3. (continued)
target cell membranes that leads to higher binding of PLA, on dis- trace quantity of one or more venom toxin potentiates the pharmaco-
located and disorganized phospholipids bilayer of myoblasts resulting logical effect of other venom proteins [48,65]. Nevertheless, further
in a significantly higher (p < 0.01) membrane damage and cell death characterization of each individual component of cognate complex is
by NnPLA,-I-cognate complex compared to individual NnPLA,-I or necessary to study their exact stoichiometry of interactions to form a
3FTxs [59,62,66]. stable complex [48] as well as to explore their definite role in binding
Studies have shown a synergism between PLA,s and 3FTxs with membrane lipids and/or proteins.

[58,59,62,64,66,67]1; however, their exact mechanism of pathophysio- Vimentin is a type III intermediate filament (IF) protein of the cy-
logical function in complex form remains to be explored. Another minor toskeleton known to be constitutively expressed in mesenchymal cells
component associated with the NnPLA,-I complex was determined to be [74] and is mainly involved in tissue integrity. Vimentin serves as a
an NGF which is one of the most fascinating proteins found in cobra target for human group IIA (hGIla) PLA, enzyme to enhance the
venom [71,72]. The presence of NGF significantly enhanced the cy- binding of the latter to activated T-cells in inflamed synovium of
toxicity of the cognate complex. Although non-toxic in isolation [72], rheumatoid arthritis patients [75]. Further, hGlla internalizes and co-
this class of proteins in association with other venom toxins is known to localizes with vimentin in rheumatoid fibroblast-like synoviocytes [76]
elicit severe toxicity against different cell lines [71]. Owing to its spe- which indicates the association of PLA, with vimentin in a pathophy-
cificity towards vimentin, it may be anticipated that cobra venom PLA, siological process. Vimentin is also one of the fifteen proteins that in-
and/or 3FTxs employ NGF as a carrier to specific target sites [71,73] to teracted and co-localized with Bothrops asper Lys49 myotoxin II (Mt-II)
enhance the toxicity of the cognate complex. This phenomenon re- in C2C12 myotubes [30] thereby re-instating the involvement of such
instates the effect of toxin synergism wherein the presence of even a an interaction with pathophysiology of snakebite.
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Fig. 4. Binding of NnPLA,-I and its cognate complex to membrane protein(s) of rat myoblasts. (A) ELISA to determine the binding of NnPLA,-I (0.70 uM) and
NnPLA,-I in its cognate complex (25.0 pg/ml containing 0.70 uM NnPLA,-I) to L6CP, L6MP, and BSA (negative control). The binding was detected using rabbit anti-
NnPLA,-I antibodies (primary antibody) and HRP-conjugated anti-rabbit IgG (secondary antibodies). Values are mean * SD of triplicate determinations.
Significance of difference with respect to binding of NnPLA,-I, *p < 0.05. (B) Immunoblot analysis to determine the binding of NnPLA,-I and NnPLA,-I-cognate
complex to L6MP. The L6MP (80 ug, non-reduced) and NnV (80 g, reduced) were separated by 12.5% SDS-PAGE and transferred to PVDF membrane: lane 1, L6MP
incubated with NnPLA,-I (0.70 uM); lane 2, L6MP incubated with cognate complex (25.0 ug/ml containing 0.70 uM NnPLA,-I); lane 3, NnV (positive control). The
detected protein bands detected by anti-Nn-PLA,-I antibodies are shown with arrows. (C) Densitometry analysis of ~48 kDa and ~55 kDa L6MPs showing interaction
with NnPLA,-I/cognate complex. Values are mean * SD of triplicate determinations. Significance of difference *p < 0.05 with respect to 48 kDa band intensity;
Yp < 0.05 as compared to binding by NnPLA-I.

Vimentin is reported to be expressed on the surface of different cells report suggesting the role of membrane bound vimentin as a myogenic
such as apoptotic neutrophils, T cells [77], activated macrophages [78], cell surface acceptor for NnV acidic PLA, enzyme. It has been suggested
vascular endothelial cells [79], skeletal muscle cells [80], and platelets that there may be several receptor(s) in a cell responsible for binding to
[81] by some unknown mechanism or by post-translational modifica- different types of PLA, enzymes [18]. The binding with vimentin was
tion of vimentin [82]. The involvement of cell surface vimentin in found to be critical for initiation of infection and pathogenesis by the
binding with several extracellular proteins, toxins, and microorganisms virulent strain of Japanese encephalitis virus [84] and the present study
has been well documented [51,79,83]; nevertheless, this is the first shows a crucial vimentin — N. naja venom PLA, interaction which may
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have a role in inducing cytotoxicity. Further, pre-incubation of cognate
complex with polyvalent antivenom has shown to reduce its cytotoxi-
city towards rat myoblasts which advocates early antivenom therapy
for successful management of cobra bite patients. Although it was ex-
pected that NnPLA,-I and its cognate complex should also show binding
to intracellular vimentin present in cytosolic proteins of partially dif-
ferentiated rat myoblasts, however, our observation was quite contrary.
Interference from other cytosolic proteins or specific conformational
changes of cytosolic vimentin may influence this binding; however,
extensive studies would be required to pin-point the differences in
binding between membrane bound and cytosolic vimentin.
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direct the filament assembly; a rod region and a tail region [85]. The in
silico analysis indicated that the rod region of vimentin may be involved
in high affinity binding to NnPLA,-I by a mechanism similar to the
binding of dengue virus and Clostridium botulinum C3 exoenzyme to the
rod region of vimentin present in outer surface of vascular endothelial
cells and hippocampal HT22 cells, respectively [79,86]. NnPLA,-I in-
ternalization in myoblasts may be associated to its binding with vi-
mentin in a manner similar to vimentin mediated uptake of C3
exoenzyme to hippocampal HT22 cells [83,86]. Further, the in silico
study has provided a strong evidence of higher binding of NnPLA,-I-
cognate complex to vimentin compared to individual NnPLA,-I.

Vimentin is composed of three regions - a head, which initiates and
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Fig. 5. Spectrofluorometric analysis to determine the dose-dependent binding of (A) NnPLA,-I (0.17-0.70 uM), and (B) NnPLA,-I cognate complex (6.25-25.0 pg/ml)
to vimentin (10.0 ug/ml). The time-dependent (7.5-60 min) binding of (C) NnPLA,-I (0.17 uM), and (D) NnPLA,-I cognate complex (6.25pg/ml) to vimentin
(10.0 pug/ml).
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Fig. 5. (continued)

Table 2A

A comparison of the global energy of binding of NnPLA,-I to different regions of
rod structure of vimentin. The global energy values were predicted using
Firedock server and the types of interactions were determined using PDBSum
server.

Chain of Amino Global energy Non- Hydrogen Salt bridges
vimentin acid bonded bonds

(PDB ID) region contacts

3s4rB 99-189 -111.04 120 12 4
3uflA 146-249 —82.55 86 8 0
3trtA 261-335 —107.58 147 12 2
1gk4D 330-407 —100.68 156 7 0

5. Conclusion

The study reports for the first time a strong interaction between an
acidic PLA, from NnV and membrane bound vimentin of partially dif-
ferentiated rat myoblasts. In addition to phospholipid microdomains of
the plasma membranes, the membrane bound vimentin may serve as an
additional acceptor for snake venom PLA, enzymes for exerting cytolytic
and/or cytotoxic effects. The enhanced binding and toxicity of PLA,-CTx-
LNTx-NGF cognate complex as compared to individual NnPLA,-I sheds
light on the possible role of vimentin as a cellular acceptor in cobra
venom PLA, complexes induced cytotoxicity. Further studies are re-
quired to understand the stoichiometry of each component in the cognate
complex and their associated roles in pathophysiology of cobra bite.
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Table 2B

A comparison of the global energy of binding of the components of NnPLA,-I
cognate complex to two regions of the rod structure of vimentin: 3s4rB (rod
region; 99-189) and 3trtA (rod region; 261-335). The global energy values
were predicted using Firedock server.

Protein Global energy  Global energy of Global energy of
of complex interaction with 3s4rB  interaction with 3trtA
region of vimentin region of vimentin
NnPLA,-I - —111.04 —107.58
CTx - —114.77 —101.74
LNTx - —90.12 —84.55
NGF - —125.62 —132.73
NnPLA,-I-CTx —111.55 —104.28 —97.63
NnPLA,-I- —123.37 —104.43 —94.14
LNTx
NnPLA,-I-NGF —136.94 —131.94 —107.42
NnPLA,-I-CTx- —91.30 —109.69 —95.61
LNTx
NnPLA,-I-CTx- —174.54 —138.20 —-113.19
LNTx-NGF
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