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Proteomic characterization of the thermostable toxins from Naja naja
venom
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Abstract: Naja naja snake venom presents abundant thermostable peptides. Many of them possess useful
pharmacological activity that may be employed for drug development. For the proteomic characterization
of such toxins, in the present study, Naja naja venom solution was heated up to 100°C for 10, 30, 60, 120,
180 and 300 minutes and protein fractions of non-heated and heated venom were analyzed by two-
dimensional nano-liquid chromatography coupled online with tandem mass spectrometry. After heating
for 300 minutes, a total of 32 peptides were still detected in the supernatant. The identified peptides belong
to the following groups: cardiotoxins, neurotoxins and cytotoxins. It was found that thermostable peptides
are able to preserve their analgesic activity after a long heating time in formalin test. Mice injected with
15 pg/g of 60-minute heated venom or with 25 pg/g of 300-minute heated venom revealed even a better
analgesic activity than those treated with lidocaine.
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INTRODUCTION

Naja naja is one of the most dangerous snake
species in tropical and subtropical countries,
where it provokes a high number of human deaths
due to envenomations. Numerous biochemical
studies on its venom have been carried out, so
that different components were isolated from the
venom toxins and structurally and biologically
characterized (1-3). Results of previous research
showed that Naja naja cobra venom contains
several proteins and peptides with enzymatic
and non-enzymatic activities that belong to
different groups including phospholipases A:
(PLA2), cardiotoxins and neurotoxins. Currently,
an increasing number of new proteins is being
isolated from cobra venom and documented
(4, 5). Moreover, due to recent developments in
mass spectrometry (MS) for the identification of

proteins, global analysis of snake venom has been
performed, improving the knowledge on venom
toxin composition. However, a main concern
regarding the proteomic analysis of snake venom
is that proteins and peptides present a wide range
of quantitative distribution. Highly abundant
proteins can mask and/or bind to those that are
scarcer and thereby hinder their analysis. To the
best of our knowledge, there is no method that
can detect all proteins. Similarly, the quantitation
of identified proteins depends on preparatory
procedures of materials.

Protein components of snake venoms show
different responses to changes of temperature.
High-molecular-weight proteins are more
affected, whereas low-molecular-weight
proteins are more resistant to heat (6-8). The
heating of a venom solution at 100°C for
brief periods causes decrease of proteins and
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enzymes with molecular weight of at least
25 kDa (8). Thermostable proteins found in
venoms comprise peptides smaller than 10 kDa
that were detected in several snake species (9).
According to Nawarak et al. (10), most proteins
in elapid venoms have molecular masses below
20 kDa. Particularly, cobra venom is very rich
in neurotoxins and cardiotoxins that comprise
more than 50% of the venom protein (11). In
the last 40 years, a-neurotoxins from animal
venoms have become an interesting research
object, since numerous of these toxins possess
useful pharmacological activities and could be
employed for medical application. To date, data
on global analysis of heat stable proteins from
snake venoms have been limited. In the present
work, the study on the heat stable subproteome
from Naja naja cobra venom is reported.
Furthermore, the results of our study on the
characterization of this venom, including its
toxicity and analgesic activity, are described.

MATERIALS AND METHODS

All chemicals and reagents were analytical
grade. Bovine serum albumin, ammonium
acetate and trypsin were purchased from Sigma-
Aldrich (USA), formalin from Prolabor (France),
acetonitrile (ACN) and formic acid (FA) from
Merck (Germany). Crystal structures from N.
naja venom were obtained from Dong Tam snake
farm, Tien Giang city, Vietnam. White Swiss male
mice (25-30 g) were employed as well.

Heating Venom

Seventy milligram of cobra venom was
dissolved in 7 mL of two times distilled water. The
solution was divided into seven microtubes and
their caps were immediately closed. Six tubes,
hanging in a stainless steel test tube rack, were set
into boiling water. After a certain time of boiling
(10, 30, 60, 120, 180 and 300 minutes) one tube
was taken out of the water and immediately put
in ice for 15 minutes. All the seven tubes were
centrifuged at 15,000 g/minute for 30 minutes.
After centrifugation, the pellet was discarded
and the supernatant was applied to new tubes.
The protein content of the supernatant was
determined by the colorimetric method of
Bradford (12), using bovine serum albumin as
standard. The samples were kept at —20°C until
use.

Two-Dimensional Nano-Liquid Chromatogra-
phy Coupled Online with Tandem Mass Spec-
trometry (2D nano-LC ESI-Q-TOF-MS/MS)

Ten micrograms of cobra venom (both non-
heated and heated for 300 minutes) was digested
by trypsin (0.6 pg/pL) and incubated overnight
at 37°C. The enzymatic digestion was stopped by
acidification using 0.1% FA. The digested peptides
were extracted by a solution that consisted of 60%
ACN and 0.1% FA. Pools of these extractions
were dried, redissolved in 30 uL of 0.1% FA and
this solution was loaded on the chromatographic
column as described by Nagele et al. (13).

Samples were divided into 16 fractions by an
online 2D nano-LC system (LC Packings Dionex,
the Netherlands) developed for improved
separation and hydrophobic peptide recovery.
In the first step, the mixture of redissolved
peptide in 0.1% FA was directly loaded on a
strong cation-exchange (Bio-SCX) column
(C18, 300 A, 5 um, 500 um ID x 15 mm, LC
Packings Dionex, the Netherlands) at a flow rate
of 30 pL/minute. Bound peptides were eluted
with ammonium acetate gradient from 0 to 2 M.
In the second step, peptides were then desalted
and concentrated on a C18 Trap column (100 A,
5 um, 300 pm ID x 5 mm, LC Packings Dionex,
the Netherlands), and further separated on a
Vydac MS Cl18 reverse phase column (300 A,
5 pum, 75 um ID x 150 mm, Alltech, USA). The
flow rate was maintained at 0.2 uL/minute with
solvent A containing 0.1% FA. After 12 minutes
of washing, peptides were eluted in the reverse
phase C18 column using a solvent B (85% ACN,
0.1% FA) gradient: from 5 to 100% of solvent B
in 65 minutes. After 2D nano-LC separation,
peptides were independently analyzed by
QSTAR® XL MS/MS system (MDS SCIEX/
Applied Biosystems, Canada) equipped with
a nano ESI source. The ion spectra of peptides
obtained from mass spectrometry were analyzed
with Mascot v1.8 software (Matrix Science Ltd.,
UK) and validated by MSQuant v1.5 software
(http://msquant.alwaysdata.net).

Acute Toxicity

The acute toxicity of heated venoms (in 0.2 mL
of saline solution) was tested by intraperitoneal
injection in mice. The survival time of each
experimental animal was recorded for 24 hours.
LDso was calculated by the comparison of
doses injected with the observed survival time
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according to a mathematical scheme of Meier and
Theakston (14).

Inflammatory Pain Assay

The analgesic effect of the snake venom was
determined by formalin test as described by
Zhang et al. (15), with a slight modification.
Fifteen minutes prior to intraplantar injection of
15 pL of 3.7% formalin into one hind paw, mice
of three groups were intraperitoneally injected
with 10 or 15 pg/g of cobra venom heated for 60
minutes (groups 1 and 2) or with 25 pg/g of venom
heated for 300 minutes (group 3). Animals from
two other groups were injected with lidocaine (20
mg/kg) or saline solution (vehicle control). Mice
(two at a time) were observed for 50 minutes,
and paw licking time was registered every five
minutes. The acute phase (first) of the nociceptive
response was quantified within the first five
minutes. The inflammatory phase (second) was
quantified from 20 to 30 minutes. For each dose
of heated venom, at least 8 to 10 animals were
tested.

Statistics

Statistical analysis of the difference between
experimental and control groups was carried out
using the Student’s t-test.

RESULTS

Comparison of Proteomes of Non-Heated
and Heated Cobra Venom

According to Rangel-Santos and Mota (7)
and Sivaraman et al. (8), proteins with molecular
weight heavier than 25 kDa are not thermostable
and tend to precipitate in short time after heating.
In our experiments, the protein content of the
supernatant in microtubes decreased drastically
in the first 60 minutes of heating from 8.75 ug/uL
(non-heated) to 5 ug/uL (heated venom) (Figure
1). After that time, the protein content changed
slightly and reached the minimum after 180
minutes of heating.

In our experiments, from the peptide spectra
of non-heated venom components, a total of 40
proteins matched with orthologous proteins in the
NCBInr database. All the proteins were identified
by at least two matching peptides. Proteins
could be classified into eight different groups -
according to their putative biological activities
- namely: cardiotoxin, cytotoxin, neurotoxin,

cobra venom factor, L-amino acid oxidase,
PLA2, natrin-1 and zinc metalloproteinase
(Table 1). From the peptide spectra of heated
venom components, only 32 peptides matched
with orthologous proteins from the database.
They were from three structurally similar
groups: cardiotoxin, cytotoxin, and neurotoxin.
Among them, the major group was cardiotoxin,
represented by 17 different peptides. Obviously,
five other groups - including cobra venom factor,
L-amino acid oxidase, PLA2, natrin-1 and zinc
metalloproteinase were less numerous - because
of the heating.

Acute Toxicity of the Heated Venom

Heating treatment often causes changes
in the protein structure. Therefore, snake
venoms - that consist of more than 90% of
proteins — are significantly altered. Thus,
heating provoked structural changes in
toxic components of heated venom, causing
diminution of venom toxicity, so that its LDso
value was increased. In a previous study by
Achyuthan and Ramachandran (3), heating
at 60°C for 100 minutes affected cardiotoxins
of snake venom and the LD50 value was 1.92
times higher when compared to the non-
heated toxin. Neurotoxins of Bacillus botulinus,
which contain only one disulfide bridge, are
more sensible to heat. Their heating at 50°C
may diminish its toxicity by 4,000 times (16).
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Figure 1. Protein content of the supernatant
obtained from heated cobra venom. Naja naja
venom was first heated at 100°C for 10, 30, 60, 120,
180 or 300 minutes, and then centrifuged at 15,000
g/minute for 30 minutes. The supernatant protein
content (ug/pL) of each portion was determined by
the colorimetric method of Bradford (12).
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Table 1. Proteins and peptides from non-heated and heated cobra venom identified by LC MS/MS

Orthologous proteins Accession. Molecular Peptide
number (Swiss- Score
Non-heated venom Heated venom Prot) mass (Da) matched

Cardiotoxin-1a Cardiotoxin-1a Q98957 9483 100 1
Cardiotoxin-2a Cardiotoxin-2a Q9PST4 9561 209 54
Cardiotoxin-2b Cardiotoxin-2b Q9PST3 9549 209 54
Cardiotoxin-3a Cardiotoxin-3a Q98959 9572 272 69
Cardiotoxin-3b Cardiotoxin-3b Q98960 9530 115 14
Cardiotoxin-3d Cardiotoxin-3d Q98962 9434 290 63
Cardiotoxin-4N Cardiotoxin-4N QoWe6W9 9606 99 44
Cardiotoxin-5 Cardiotoxin-5 Q98961 9593 214 63
Cardiotoxin-5a Cardiotoxin-5a 073857 9548 194 62
Cardiotoxin-5b Cardiotoxin-5b P60310 9562 194 62
Cardiotoxin-6 Cardiotoxin-6 073858 7481 214 63
Cardiotoxin-7 Cardiotoxin-7 073859 7513 213 57
Cardiotoxin-8 Cardiotoxin-8 Q91124 9407 124 46
Cardiotoxin-A1 Cardiotoxin-A1 P60304 9499 369 74
Cardiotoxin-A4 Cardiotoxin-A4 P01443 9591 194 62
Cardiotoxin-A4b Cardiotoxin-A4b P07525 7262 214 63
Cardiotoxin-A6 Cardiotoxin-A6 P80245 9487 135 37
Cobrotoxin-b Cobrotoxin-b P59275 7395 63 2
Cytotoxin SP13b Cytotoxin SP13b P60306 7244 216 29
Cytotoxin-1 Cytotoxin-1 P60305 7153 369 74
Cytotoxin-1 Cytotoxin-1 P01447 7243 172 69
Cytotoxin-2 Cytotoxin-2 P01445 7197 266 81
Cytotoxin-3 Cytotoxin-3 P24780 7197 123 60
Cytotoxin-4 Cytotoxin-4 P01452 7167 49 45
Cytotoxin-5 Cytotoxin-5 P24779 7106 233 68
Cytotoxin-6 Cytotoxin-6 P01465 7308 74 25
Cytotoxin-8 Cytotoxin-8 P49123 9430 135 37
Long neurotoxin 1 Long neurotoxin 1 P01391 8396 158 28
Long neurotoxin 3 Long neurotoxin 3 P25671 8398 158 28

Long neurotoxin 4 Long neurotoxin 4 P25672 8454 48

Long neurotoxin 5 Long neurotoxin 5 P25673 8428 48
Co‘a\ii?r'figg%t:ﬂig;m Weacli):’é?r:?rf_); o P82935 8189 51 30

neurotoxin

Cobra venom factor Q91132 185940 381 10

L-amino acid oxidase Q4JHE3 59374 161
Natrin-1 Q7T1K6 27834 69 6

PLA2 isozyme 1 P00596 17116 236
PLA2 natratoxin A4FS04 13977 132 39
PLA2, acidic P15445 14135 147 41
PLA2, acidic D Q91900 16942 128 36
Zinc metalloproteinase Q10749 70412 80 2
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In another work by Rangel-Santos and Mota
(7), heating at 100°C for 30 minutes raised the
LDso of Crotalus durissus terrificus venom to a
value 5.5 times higher when compared to that
of non-heated venom.

In our experiment, the LDso of the venom
heated for ten minutes raised from 0.54 to 0.60
ug/g (Figure 2), that is, 1.11 times higher when
compared to non-heated venom. However, the
value was still slightly smaller than the LDso of
another cobra (Naja kaouthia) venom heated
for the same time (6). After 30 and 60 minutes
of heating, the LDso found were significantly
different from 10.35 and 26.79 pg/g, or 19.16
and 49.61 times higher when compared to
non-heated venom. Heating for longer time
(120, 180 and 300 minutes) changed the LDso
of cobra venom to 31.86, 33.49 and 34.77
ng/g respectively. These results showed that
the venom diminished its toxicity drastically
during the first 60 minutes of heating and the
reduction was only vague after that. These
findings suggest that after an hour of heating
most toxic components in snake venom were
already destroyed and heating could be used as
a simple technique to detoxify cobra venom.

Analgesic Activity of Heated Venom

In cobra venom, the major components are
cardiotoxins and neurotoxins. To date, more than
100 neurotoxins have been isolated and sequenced
from Elapidae and Hydrophiidae snakes. In
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Figure 2. Change of LDso value of heated cobra
venom. Dissolved Naja naja venom was first heated
at 100°Cfor 10, 30, 60, 120, 180 or 300 minutes, than
centrifuged at 15,000 g/minute for 30 minutes and
the supernatant of each portion was injected into
mice to determine the LDso (ug/g) according to the
mathematical scheme of Meier and Theakston (14).

prey, these toxins interfere with acetylcholine
receptors and cause a blockade of neuromuscular
transmission (17). Therefore, many of them were
found to possess analgesic activity (18).

As the peptides might be thermostable, our
experiments were set up to test if heated cobra
venom could cause an analgesic effect on mice.
So, mice were injected with 60-minute heated
venom (dissolved in saline) in dose of 10 or 15
ug/g. Fifteen minutes after that, they were injected
with formalin on hind paw and the times they
licked their paws were counted in five-minute
intervals. The results (Figure 3) showed that the
licking time of mice injected with 10 or 15 pg/g of
60-minute heated venom are significantly shorter
than that of mice injected with saline (p < 0.05
or p < 0.001) and mice injected with lidocaine (p
< 0.05). This clearly showed that heated venom
has an analgesic dose-dependent effect. Since
the licking time of mice injected with a dose of
10 pg/g is significant longer than that of animals
that received 15 ug/g (p < 0.05). It is interesting
to observe that mice injected with 25 ug/g of
300-minute heated venom showed even a better
analgesic response than those who received
lidocaine (p < 0.001).

Our findings suggest, for the first time, that
cobra venom neurotoxins may preserve their
analgesic activity after heating at 100°C not
only for 60 minutes, but also for 300 minutes.
However, it was also confirmed that heating
provoked a reduction in the analgesic activity

Paw licking time (s)

0 10 20 30 40 50
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Figure 3. Analgesic activity of heated cobra venom
on mouse inflammatory pain assay. Mice were first
injected intraperitoneally with saline (dark blue
squares); 20 pg/g dose of lidocaine (pink squares);
10 pg/g (yellow triangles) or 15 pg/g (violet “x”)
of venom heated for 60 minutes; and 25 ug/g of
venom heated for 300 minutes (red asterisk). After
15 min followed the formalin injection into a paw
of mice and the paw-licking time was determined.
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because higher doses of venom are required in
order to induce analgesic effects if the venom
was heated for longer periods. It is not clear why
and how the decrease happens. As documented
by Stiles (19), the diminishment in analgesic
activity by increasing temperature may be due to
the reduction of binding activity of neurotoxin to
acetylcholine receptors.

DISCUSSION

Snake venoms comprise a complex mixture of
proteins and peptides, which respond different
to temperature changes. High-molecular weight
proteins are more affected by heating, whereas
low-molecular weight ones are more resistant
to temperature elevation (6-8). Heat-stable
proteins have become an interesting research
object because some of them possess useful
pharmaceutical properties and could be used
for medical application. For example, from the
venom of Daboia russelli russelli, of the Viperidae
family, the heat-stable 7.2-kDa cytotoxin (drCT-I)
was isolated and proved to be antiproliferative
(9). Numerous heat-stable neurotoxins and
cardiotoxins - obtained from venoms of different

cobra species - were already detected and
structurally studied (3). Some of them presented
anticancer potential, some antinociceptive

properties and others even inhibited bone
resorption (4, 18, 20-22).

Snake venom heating was already carried
out in several experiments. In such studies,
the venom was heated in order to isolate a
single component for structural and biological
studies or to prepare toxic components for use
as immunogens (6-8). In our experiment, we
described for the first time the use of heating
in a new approach to study thermostable
subproteome of cobra snake venom. For that,
cobra venom was first heated at 100°C for up
to 300 minutes; the denatured proteins were
removed by centrifugation. Both the heated and
non-heated venom (supernantant containing
mostly thermostable low-molecular weight
peptides) were then digested with trypsin and
analyzed by 2D nano-LC ESI-Q-TOF-MS/MS.

Subsequently, 40 proteins from non-heated
Naja naja venom were identified. They belonged
to eight different groups according to their
biological activity. Our findings did not agree
with previous ones, for example, Modahl et al.

(23) detected 30 proteins in Naja naja venom.
Similarly, Li et al. (11), employing LC MS/MS,
found 78 proteins in Naja naja atra venom,
which were classified into five activity groups.
Kulkeaw et al. (24) identified 61 proteins of 12
groups in Naja kaouthia venom by 2D LC MS/
MS. The different numbers of identified proteins
in venoms may be due to species specificity in
venom composition as described by Mukherjee
and Maity (25).

In our experiment, proteins with molecular
mass less than 10 kDa (cardiotoxin, neurotoxin,
and cytotoxin) comprised 80% of the total venom,
while Li et al. (11) and Kulkeaw et al. (24) found,
respectively, that 61 and 47.54% of the total venom
consisted of low-molecular weight proteins.
In the present study, the number of identified
proteins that matched with orthologous proteins
in the NCBInr database was reduced by heating.
After 300 minutes of heating only 32 proteins
were identified, fewer in comparison with non-
heated venom. The most interesting point is that
all these proteins are cardiotoxins, neurotoxins,
and cytotoxins. Such findings provide clear
evidence that these proteins are heat stable, but
do not answer the question about their fraction
of heated venom and if they could remain their
biological activity.

It was documented in a previous study that a
neurotoxin from cobra venom, the cobrotoxin,
is relatively thermostable and might maintain
25% of its toxicity even after heating at 100°C for
30 minutes (1). In heated cobra venom, one can
find only cardiotoxin, neurotoxin, and cytotoxin.
Neurotoxin inhibits neurotransmission, leading
to paralysis of skeletal muscles including those
responsible for respiration, which causes the
death of prey. However, many neurotoxins
may be successfully used to relief pain (18).
Cardiotoxin affects cardiac muscles and also
possess antinociceptive activity (4). Therefore, we
decided to test the acute toxicity and the analgesic
activity of heated cobra venom.

The results showed that cobra venom
drastically lost its toxicity after the first 60
minutes of heating, but maintained its lethal
action even after heating for 300 minutes. We
also observed that venom heated at 100°C for
60 and 300 minutes (in the doses of 15 and 25
ug/g respectively) caused a significant better
analgesic activity than lidocaine (20 pg/g) in
mouse formalin test. Higher doses of venom
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must be used in cases of heating for 300
minutes to induce analgesic effect, since this
heated venom demonstrated a reduction in its
analgesic activity. This decrease may be due
to the drop of binding activity of neurotoxin
to acetylcholine receptors by increasing
temperature as described by Stiles (19). Heating
probably provoked changes in the structure of
cobra venom components by decreasing their
biological activity; however, how these changes
occurred after different heating times, it should
be investigated further.

CONCLUSIONS

The current findings provide clear evidence
that Naja naja venom is abundant of thermostable
peptides. After heating for 300 minutes, 32
different cardiotoxins, neurotoxins and cytotoxins
were still identified by 2D nano-LC ESI-Q-TOF-
MS/MS. Although the venom drastically lost its
toxic activities after the first 60 minutes of heating
at 100°C, some of its interesting biological and
pharmaceutical activities still remained even after
300 minutes of continuous heating. In addition,
in mouse formalin test, the venom heated for 60
and 300 minutes showed a better analgesic effect
than lidocaine.
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