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Abstract

Phospholipases A, represent the most abundant family of snake venom proteins.
They manifest an array of biological activities, which is constantly expanding. We
have recently shown that a protein bitanarin, isolated from the venom of the puff
adder Bitis arietans and possessing high phospholipolytic activity, interacts with
different types of nicotinic acetylcholine receptors and with the acetylcholine-
binding protein. To check if this property is characteristic to all venom
phospholipases A,, we have studied the capability of these enzymes from other
snakes to block the responses of Lymnaea stagnalis neurons to acetylcholine or
cytisine and to inhibit a-bungarotoxin binding to nicotinic acetylcholine receptors
and acetylcholine-binding proteins. Here we present the evidence that
phospholipases A, from venoms of vipers Vipera ursinii and V. nikolskii, cobra Naja
kaouthia, and krait Bungarus fasciatus from different snake families suppress the
acetylcholine- or cytisine-elicited currents in L. stagnalis neurons and compete with
a-bungarotoxin for binding to muscle- and neuronal a7-types of nicotinic
acetylcholine receptor, as well as to acetylcholine-binding proteins. As the
phospholipase A, content in venoms is quite high, under some conditions the
activity found may contribute to the deleterious venom effects. The results obtained
suggest that the ability to interact with nicotinic acetylcholine receptors may be a
general property of snake venom phospholipases A,, which add a new target to the
numerous activities of these enzymes.
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Introduction

Phospholipases A, (PLA,s, phosphatidylcholine 2-acylhydrolase, EC 3.1.1.4)
hydrolyze phospholipids and are usually most efficient on lipids with
polyunsaturated fatty acids in the sn-2 position. They are classified into secretory,
cytosolic, calcium-independent PLA;s as well as the platelet-activating factor
acetylhydrolases, the lysosomal PLA,s, and adipose-specific PLA;s. In total there
are 11 main groups of secretory PLA,s (designated by roman numerals) [1, 2] with
further division into subgroups. PLA,s from snake venoms belong to groups IA,
IB, IIA, and IIB. These enzymes constitute the largest family of snake venom
proteins. Snake venom PLA,s of groups IA and IB are mainly monomers with
molecular mass of 12—15 kDa excluding B-bungarotoxins which are heterodimers;
the venoms of Elapidae snake family contain only PLA;s of these two groups. The
venoms of Viperidae family contain only PLA,s of groups IIA and IIB. Some
PLA,s of group II exist as dimers or higher oligomers composed of up to five
subunits. PLA,s are major components of snake venom. For example, in Russell’s
viper Vipera russelli up to 70% of the protein content is PLA,s [3], present in the
form of at least 7 isoenzymes. In all snake venoms PLA,s are represented by a large
number of homologues and differ greatly in their toxicity and spectrum of
biological activity. They manifest neurotoxicity, myotoxicity, cardiotoxicity,
anticoagulant effect and some other pharmacological effects [4]. The array of
PLA, pharmacological effects is constantly expanding. For example, a PLA, with
thrombin-inhibiting activity was recently found [5].

Neurotoxic action of PLA, appears as a blockade of neuromuscular
transmission and usually follows several steps: a brief initial phase of weak
inhibition of acetylcholine (ACh) release, a second prolonged phase of facilitated
release, and a third phase of progressive decline of neurotransmission [6].
However, other neurotoxic mechanisms are also possible. We have recently found
that bitanarin, a protein isolated from the venom of the puff adder Bitis arietans,
has structural similarity to PLA,s from Viperidae snake venoms and possesses
high Ca®*-dependent phospholipolytic activity. This protein was capable to block
o7-similar nicotinic acetylcholine receptors (nAChRs) in Lymnaea stagnalis
neurons and it competed with ['**I]a-bungarotoxin (aBgt) for binding to human
neuronal o7- and Torpedo californica ray muscle-type nAChRs, as well as to L.
stagnalis acetylcholine-binding protein (AChBP) [7]. Basing on these data, we
supposed that other snake venom PLA,s might also be active against nAChRs and
recently reported in a short communication that some PLA,s suppressed ACh-
elicited current in identified L. stagnalis neurons [8]. To examine this effect in
more detail, we tested seven PLA,s from the venoms of V. ursinii, V. nikolskii,
Naja kaouthia, and Bungarus fasciatus for their ability to diminish the currents
evoked by agonists in the so-called identified giant L. stagnalis neurons which can
be discerned from other neurons in the ganglia by their size (150-200 p in
diameter), bright color, specific position, and axon morphology. The neurons
used in our study contain the nAChRs similar in pharmacological profile to
neuronal o7 receptor type [9, 10], but are chloride rather than cationic ion
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channels [11]. However, the population of nAChRs is not homogenous there; at
least two receptor types differing in the affinity for ACh and a-conotoxin Iml as
well as in desensitization kinetics can be distinguished. The contribution of two
types varies from one cell to another, time course of the response to ACh and
current suppression by antagonists being dependent on the relative involvement
of two receptor types. The nAChR type (nAChR-Ls-1) with faster desensitization,
lower affinity for ACh and higher for a-conotoxin Iml is functionally closer to
vertebrate o7 nAChR. To get more precise data about the action of PLA,s on just
these receptors, we used either ACh or cytisine (Cyt) as the agonist after
estimating the affinities of the receptors in the neuron under study. Cyt is known
to be a more selective agonist for a7 and some heteromeric types of nAChR as
compared to ACh. It is a very weak partial agonist for 2- or a6-containing
nAChRs and completely inactive at a9 receptors; at the same time it is a full
agonist for o7 and P4-containig nAChRs [12—-16]. In L. stagnalis neurons, Cyt
activates nAChR-Ls-1 with high affinity for o-conotoxin ImI and low for ACh,
while nAChRs possessing low affinity for a-conotoxin Iml and high for ACh
(nAChR-Ls-2) are insensitive to Cyt. Neurons containing both receptor types at
different ratios were used in this study. In addition, bitanarin was reexamined on
neurons containing nAChR-Ls-1. Moreover, we have tested some PLA,s in
competition experiments with aBgt for binding to nAChRs and AChBPs. The
results obtained indicate that the ability to interact with nAChRs may be the
general property of snake venom PLA,s.

Materials and Methods

Materials

Trizma-HCI, EGTA, HEPES, Pronase E, acetylcholine iodide, Cyt, and all chloride
salts were purchased from Sigma (USA). Mono-iodinated (3-['*I]iodotyrosyl®*)-
aBgt (~2000 Ci/mmol) was from GE Healthcare. nAChR-enriched membranes
from the electric organs of T. californica ray were kindly provided by Prof. F.
Hucho (Free University of Berlin, Germany), GH,C; cells transfected with human
o7 nAChR were a gift from Eli-Lilly (USA). The expressed acetylcholine binding
proteins (AChBP) from L. stagnalis and Aplysia californica were kindly provided
by Prof. T. Sixma (Netherlands Cancer Institute, Amsterdam, the Netherlands).
Venom samples from vipers V. nikolskii and V. ursinii were obtained in 2009 by
milking the snakes kept in captivity at Tula zoo (the Tula Exotarium). The
permission was issued by the zoo director S.A.Ryabov. The venom of krait B.
fasciatus was collected from snakes obtained from the authorized, licensed local
establishment for snake breeding and venom production with permission of its
owner Mr. Ha Vin Tién (Vinh Shon, Vinh Tu’ong, Vinh Phuc province,
Vietnam). Cobra (N. kaouthia) venom was obtained as described earlier [17]. All
efforts were undertaken to minimize suffering of the animals while venom
samples were collected. Venoms collected were dried over anhydrous CaCl, and
stored at —20°C until use.
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PLA,

PLA, CM-II was purified from N. kaouthia venom as described [18]; PLA, Vur-
PL2 was isolated from V. ursinii venom as described [19]. The purity of the
proteins was proved by analytical HPLC and mass spectrometry. PLA,s vurtoxin
and Vur-549 were isolated from V. ursinii venom. For this purpose, crude venom
was separated by gel-filtration as described [19]. Fraction 3+4 (Figure 3A in [19])
was further purified by reversed phase HPLC on a Discovery BIO Wide Pore C18
column (10 x 250 mm, Supelco) in a gradient of 25-40% (v/v) acetonitrile in
60 min in the presence of 0.1% (v/v) trifluoroacetic acid, at a flow rate of 2.0 ml/
min (Fig. 1). The protein from the fraction 11 possessed the molecular mass of
13868 Da (that is similar to the calculated mass of vurtoxin [19]), and was
subjected to peptide mass fingerprinting as described [20]. The mass spectrometry
data showed that the masses of the peptides obtained after trypsinolysis
corresponded to those derived from vurtoxin, therefore the isolated protein is
vurtoxin. The similar analysis of the protein from fraction 4 possessing the
molecular mass of 13935 Da indicated that it is Vur-S49 [19]. PLA, KBf VI from
B. fasciatus venom was isolated by combination of gel-filtration, ion-exchange and
reversed phase liquid chromatography. Peptide mass fingerprinting was used to
confirm the structure of this protein. Bitanarin was isolated from B. arietans
venom as described [7], and heterodimeric PLA2s HDP-1 and HDP-2 - from V.
nikolskii venom [20].

PLA, activity
The enzymatic activity of PLA,s was measured using a synthetic fluorescent

substrate 1-palmitoyl-2-(10-pyrenyldecanoyl)-sn-glycero-3-phosphocholine
(Molecular probes, the Netherlands) as described [21].

Electrophysiology

The experiments were carried out on giant identified (see above) neurons
(LP1,2,3, RPV2,3; for the map of L. stagnalis ganglia see [22]) isolated from the
left and right parietal ganglia as described [10]. Neurons were internally perfused
with the solution (in mM: CsCl 95, CaCl, 0.3, EGTA 2, HEPES 10, pH 7.2) and
voltage-clamped at —60 mV [23]. Constant flow of the external solution (in mM:
NaCl 92, KCl 1.6, BaCl, 2, MgCl, 1.5, Trizma-HCl 4, pH 7.6; Ba** was used
instead of Ca®" to avoid phospholipolytic action of the snake venom PLA,s on the
cell membrane) was maintained, except the time of application of the agonists or
neuron incubation with antagonists. Experiments with Vur-S49 were done using
normal external solution containing 88 mM NaCl and 4 mM CaCl,. Depending
on the neuron type acetylcholine iodide (ACh) or Cyt were applied on the whole
cell surface by 4 s pulses with intervals not less than 6 min. Agonist-induced
currents were monitored and digitized with a patch-clamp amplifier A-M Systems
(USA), the data acquisition was performed using Digidatal200 B interface and
pClampé6 software (Axon Instruments Inc., USA). The preparation of PLA,
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solutions from frozen aliquots and incubation of neurons were performed as
described earlier for polypeptides from B. arietans venom [7]. Concentrations of
the agonists were chosen as close to ECs, value as possible. The effects were
estimated by changes in the peak current amplitude induced by ACh or Cyt after
5-min incubation with PLA, as compared to the control responses before
treatment and after prolonged washing the toxin out. The neuron treatment for
5 min was earlier shown to be sufficient for achieving the equilibrium in binding
of different polypeptides to Lymnaea nAChRs. Results obtained with ACh on
neurons containing predominantly nAChR-Ls-1 and with Cyt on neurons of both
types did not differ significantly and were combined for evaluating concentration
dependence of the effect if not mentioned otherwise. ICs, values were calculated
using Sigma plot 11.0 software by the Hill plot analysis.

Receptor binding studies

For competition binding assays, suspensions of nAChR-rich membranes from T.
californica ray electric organ (1.25 nM aBgt binding sites) in 20 mM Tris-HCl
buffer, pH 8.0, containing 1 mg/ml bovine serum albumin (BSA), human o7
nAChR transfected GH,C; cells (0.4 nM o-Bgt binding sites) in 20 mM Tris-HCl
buffer, pH 8.0, containing 1 mg/ml BSA, or solutions of heterologously expressed
AChBPs from L. stagnalis and A. californica (2.4 and 150 nM in phosphate buffer
saline containing 0.7 mg/ml BSA and 0.05% Tween 20 (PBS-T)) were incubated
for 90 min with various amounts of the PLA,s, followed by an additional 5 min
incubation with 0.1-0.2 nM ['*’I]aBgt. Nonspecific binding was determined by
preliminary incubation of the preparations with 10 UM a-cobratoxin. The
membrane and cell suspensions were applied to glass GF/C filters (Whatman,
Kent, England) presoaked in 0.25% polyethylenimine, and the unbound
radioactivity was removed from the filter by washing (3 x 3 ml) with 20 mM Tris-
HCI buffer, pH 8.0, containing 0.1 mg/ml BSA. The AChBP solutions were
applied to two layers of DE-81 filters presoaked in PBS-T buffer, and washed

(3 x 3 ml) with PBS-T buffer.

The radioactivity bound was determined using Wizard 1470 Automatic Gamma
Counter (Perkin Elmer). The binding results were analyzed using ORIGIN 7.5
(OriginLab Corporation, Northampton, MA, USA) fitting to a one-site dose-
response curve by Equation: % response =100/{1+ ([PLA,]/ICs,)"}, where ICsj is
the concentration at which 50% of the binding sites are inhibited and # is the Hill
coefficient.

Molecular modeling

Vurtoxin structures were constructed with the program MODELER 9v7 using
ammodytoxin A (PDB ID: 3G8G) or ammodytoxin C (PDB ID: 3G8H) as
templates. The refined structure of full size T. marmorata nAChR (PDB ID: 2BG9)
and HEX (version 6.12) program were used for docking experiments. Models of
the extracellular nAChR domains were constructed as described [24].
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Fig. 1. Isolation of vurtoxin and Vur-S49 by reverse-phase HPLC. Separation was done on a Discovery
BIO Wide Pore C18 column (10 x 250 mm, Supelco) in a gradient of 25—40% (v/v) acetonitrile in 60 min in the
presence of 0.1% (v/v) trifluoroacetic acid, at a flow rate of 2.0 ml/min. Fraction containing Vur-S49 (4) and
vurtoxin (11) are indicated by horizontal bars.

doi:10.1371/journal.pone.0115428.9001

Results
PLA,s and their enzymatic activity

In total seven different PLA,s from venoms of snakes belonging to the Elapidae
and Viperidae families were analyzed, the amino acid sequences for five of them
are shown in Fig. 2. CM-II and KBf VI PLA;s are from group IA, while vurtoxin,
Vur-549, Vur-PL2 as well as heterodimeric HDP-1 and HDP-2 from V. nikolskii
are from group ITA. It was shown earlier that CM-II [18], KBf VI [25], Vur-PL2
[19], HDP-1, and HDP-2 [20] all possess strong enzymatic activity. Vur-549
containing serine residue instead of aspartic acid at the position 49 of the active
center represents enzymatically inactive PLA, [26]. Testing of vurtoxin has shown
that its activity is at a level typical for the snake PLA,s. The effect of Ba®" ions in
the Ca®*-free reaction mixture was examined on CM-II and it was found that in
the presence of Ba**ions CM-II becomes completely inactive. This effect is similar
to that observed earlier for bitanarin [7]. The phospholipolytic activities of PLA,s
studied are summarized in Table 1.
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Suppression of ACh — or Cyt - elicited currents by PLAss from five
snake species

When tested on isolated L. stagnalis neurons, all seven PLA,s studied decreased
the ACh- or Cyt-induced current. The results for five PLA,s are shown in Fig. 3A -
E. PLA, CM-II from N. kaouthia venom was the most potent. It decreased the
current at concentration as low as 100 nM and almost complete block was
observed at concentration of 2.5 pM (Fig. 3A). Vur-549 was a slightly weaker
antagonist (Fig. 3E) possessing ICs, of 2.18 pM. Other PLA,s inhibited the
responses to ACh and Cyt in micromolar concentration range (Fig. 3B - D). The
current recovered very slowly after washing PLA,s out, especially when the agent
was used several times on a cell and/or at high concentration. After treatment with
CM-II, bitanarin, Vur-549 or vurtoxin at 2—-10 uM, the response recovery was not
complete even after 1 hour washing. In contrast, blockade by Vur-PL2 from V.
ursinii venom was evident only at concentration of 10 uM or higher and was
quickly reversible [8]. As the effects of PLA,s HDP-1, HDP-2 from V. nikolskii and
KBf VI from B. fasciatus were similar to those described above, they were not
analyzed in details. However, the inhibition of the ACh- or Cyt-elicited current by
these PLA,s was clearly seen at concentration of 1.5-8 uM (Fig. 3C and D).

Concentration dependencies of the blockade of L. stagnalis neuron responses by
PLA,s from V. ursinii, N. kaouthia, and B. arietans are shown in Fig. 4A. The
calculated ICs, values are summarized in Table 1. When neurons containing
predominantly nAChR-Ls-1 in the nAChR pool were chosen for experiments,
blocking potency of bitanarin against ACh was 2.5 times higher than on neurons
highly sensitive to ACh. The ICs, values for bitanarin were 4.8 uM on nAChR-Ls-
1 and 11.4 uM on nAChR-Ls-2 [7]. The difference in I1Cs, values for CM-II
determined for inhibition of the ACh-elicited current in two neuron types was
even larger: for nAChR-Ls-2 neurons it was found to be 28.5 pM [8], whereas for
nAChR-Ls-1 it was 0.37 uM. These data suggest that PLA, capability to block
agonist-elicited current in the neuron studied depends on the involvement of
particular nAChR type in the interaction: with low affinity for a-conotoxin Iml
and insensitive to Cyt or with high affinity for a-conotoxin Iml and activated by
Cyt. This dependence is clearly seen when responses are elicited by ACh or Cyt in
the same neuron containing predominantly nAChR-Ls-2 (Fig. 5A). CM-II at 500
nM strongly diminished the current induced by Cyt, but had practically no effect
on the ACh-induced current. In other set of experiments, we compared the
inhibition of the currents elicited by Cyt or ACh by vurtoxin in two types of
neurons. As can be seen in Fig. 5 B, vurtoxin suppressed the responses to Cyt of
nAChR-Ls-2 neuron (up line) and to ACh of nAChR-Ls-1 neuron (middle line)
to the same extent. At the same time, the response to ACh of another nAChR-Ls-2
neuron (bottom line) was remarkably less sensitive to vurtoxin.

To determine if nAChR inhibition by PLA,s is competitive or noncompetitive,
we analyzed the effect of Vur-549 which possesses no phospholipolytic activity on
the currents elicited by ACh or Cyt at different concentrations (including the
saturating ones). The currents elicited by agonists were recorded before and after
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Fig. 2. Amino acid sequences of 5 from 7 PLA,s used in the present study. CM-Il (P00596) from N. kaouthia; KBf VI (P00627) from B. fasciatus;
vurtoxin (F8QNS54), Vur-S49 (F8BQNS0), and Vur-PL2 (FBQNS3) from V. ursinii. Asterisks indicate identical residues.

doi:10.1371/journal.pone.0115428.9002
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incubation with Vur-S49 at a constant concentration of 2 pM which is close to its
ICsg value. One experiment with ACh on neuron containing predominantly
nAChR-Ls-1 and two experiments with Cyt on neurons containing predominantly
nAChR-Ls-2 were performed. As the relative inhibition of the responses to both
agonists used at each concentration was very close we combined the data obtained
in all three experiments. In the presence of Vur-549, both the slope of the curve
indicating the current dependence on agonist concentration and the maximum
responses were clearly diminished (Fig. 4B). At the same time, EC5, and Hill
coefficient values did not change significantly being 2.14 pM and 1.83 in control
and 2.38 uM and 2.00 after neuron treatment with Vur-549. These data suggest a
noncompetitive type of the receptor inhibition.

Analysis of PLAss binding to nAChRs and AChBPs

For studying the capacity of PLA,s to bind to nAChRs, we used one neuronal- and
one muscle-type nAChRs, as well as AChBPs from L. stagnalis and A. californica
which differ in pharmacological profile. AChBPs, structural analogs of the
extracellular ligand-binding domains for all nAChR subtypes, are widely used as
models in receptor studies. The affinities of PLA,s for nAChRs and AChBPs were
evaluated by radioligand assay in competition with ['*°I]-labeled aBgt as
radioactive ligand. The membranes from electric organ of T. californica ray were
used as a source of native muscle-type nAChR whereas transfected GH,C; cells
served as a source of human neuronal o7 nAChR [27]. Heterologously expressed
soluble AChBPs from L. stagnalis and A. californica mollusks, which differ nearly
100-fold in potency of binding long-chain a-neurotoxins [28,29] were used in
these experiments. The data obtained showed that some studied PLA,s inhibited
['*°I]-labeled aBgt binding to tested targets, although with different potency. For
example, N. kaouthia CM-II from the group IA interacted with close affinities

8/19
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Fig. 3. Inhibition of ACh- or Cyt-elicited current in L. stagnalis neurons by PLA,s from different snakes. A - CM-Il from N. kaouthia; B - vurtoxin
from V. ursinii; C — KBf VI from B. fasciatus; D — HDP-1 from V. nikolskii. E —\ur-S49 from V. ursinii. Duration of the treatment of the neurons with PLA,s
was 5 min in all cases. The potency of CM-Il as the antagonist was approximately the same while used against the ACh- or Cyt-induced current in
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nAChR-Ls-1 containing neuron (A). Very slow and incomplete recovery of the response to ACh (Cyt) is clearly seen after washing out of CM-Il at 2.5 uM
(A), vurtoxin at 8 and 25 uM (B) or Vur-S49 at 2 and 10 uM (E).

doi:10.1371/journal.pone.0115428.9003

with T. californica (1Csq 1.2 pM) and human a7 (3.2 uM) nAChRs as well as with
L. stagnalis AChBP (1.0 pM), but practically did not bind A. californica AChBP
(Fig. 6A). CM-II was found to be the most potent inhibitor of &7 nAChR among
all tested PLA,s (see below) just as it was against native nAChRs in L. stagnalis
neurons. On the other hand, vurtoxin was the most effective inhibitor of a-Bgt
binding to T. californica nAChR with IC5,=260+20 nM (Fig. 6B). Its interaction
with o7 nAChR (IC5,=14+5 uM,) and AChBPs (IC5,>30 uM) was much less
efficient. The ICs, value for vurtoxin interaction with a7 nAChR is very close to
that on nAChR-Ls-1 in L. staganalis neurons. Vur-PL2 from the same V. ursinii
venom and the same group IIA showed affinity for a7 nAChR (IC5,=29+2 puM)
similar to that of vurtoxin, but was practically inactive towards T. californica
nAChR (Fig. 6C).

Although some tested PLA,s possess comparable phospholipolytic activities
(Table 1), their apparent affinities for nAChRs differ greatly: 260 nM for vurtoxin
versus>100 uM for Vur-PL2 at T. californica nAChR. The same is true for the
affinities for AChBPs, which are water-soluble proteins. It should be mentioned
that the PLA, affinities for A. californica AChBP are much lower than for other
targets. All calculated ICs, values are summarized in Table 1.

Modeling of vurtoxin binding to nAChR

Since the amino acid sequence of vurtoxin has a very high degree of similarity to
that of ammodytoxins [19], we constructed the model of vurtoxin spatial
structure using the X-ray structures of ammodytoxins A and C as templates
(Fig. 7A). The partial model of T. californica nAChR extracellular domain
containing only o- and y- subunits [24] and the whole T. marmorata receptor
were used as targets. Docking experiments showed that vurtoxin is able to bind to
both the extracellular domain and full size Torpedo nAChR (Fig. 7B, C). In both
cases the binding was at the interface of subunits. Fig. 7B illustrates vurtoxin
binding to the extracellular domain at o-y subunit interface. Docking experiments
with the full size receptor gave several solutions where vurtoxin is bound at the
subunit interfaces close to the lipid bilayer. Vurtoxin was found to bind at o-f, a-
0 and oy interfaces. PLA2 binding at o-y interface was taken as an example.
Fig. 7C shows docking solutions in which PLA, molecule is docked at a-y subunit
interface, with the vurtoxin active site being oriented to the lipid bilayer. In this
orientation vurtoxin molecule may be involved in binding to lipids in membrane
surrounding the receptor. Vurtoxin does not occupy the classical binding site for
agonists and competitive antagonists. However, its binding may prevent the
movement of loop C (Fig. 7B) necessary for the activation of the receptor and
sterically hinder the interaction of nAChR with o-Bgt.
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Table 1. Affinities for inhibiting different targets and phospholipolytic activities of PLA,s.

Inhibition (ICso, ptM) of o-['?°[]Bgt Binding to... Current Blocking and Phospholipolytic Activities
Inhibition (ICsq, pM) of

ACh (Cyt)-induced

T. californica Human o7 L. stagnalis A. californica current in L. stagnalis | Phospholipolytic activity,
nAChR nAChR AChBP AChBP neurons mmol/min/pmol

CM-II 1.2+0.1 32403 1.00+0.03 >100 0.37+0.07* 2.3 [9]

Vurtoxin 0.26 +0.02 1445 >30 >30 10.5+2.6* 0.7

Vur-PL2 >100 29+2 >30 nd** >30 25.1 [19]

Bitanarin 43+0.2[7] 20+1.5[7] 10.6+0.6 [7] >50 [7] 48+1.3 1.95 [7]

* The data obtained for antagonizing action on currents induced by ACh in nAChR-Ls-1 neurons and by Cyt were combined
** Not determined

doi:10.1371/journal.pone.0115428.t001

Discussion

Secretory PLA,s constitute a major component of snake venoms. These enzymes
belong to the most toxic venom proteins and display a wide range of biological
effects, neurotoxicity being one of them. The neurotoxicity of snake venom PLA,s
is related to their action on presynaptic membrane of the synapse, therefore it is
called presynaptic neurotoxicity. Some data suggest that this property is based on
reduction of endocytosis that is strictly dependent on the phospholipolytic activity
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Fig. 4. Concentration dependences of agonist-evoked currents in L. staganalis neurons. A — Dependence of agonist-evoked currents on
concentrations of PLAgs. 1 (squares) - CM-Il from N. kaouthia venom, 2 (triangles) - bitanarin from B. arietans, 3 (filled circles) — vurtoxin, 4 (reversed
triangles) - Vur-PL2, 5 (open circles) - Vur-S49 from V. ursinii. 1C5o values and Hill coefficients were for CM-II 0.37 +0.07 uM and 1.06 +0.18, for bitanarin
4.8+1.3 M and 1.040.3, for vurtoxin 10.5+2.6 uM and 3.1 +2.7, for Vur-PL2>30 uM, for Vur-S49 2.18 +1.28 uM and 1.2+ 0.89. The data were obtained
from 16, 7, 12, 6, and 9 cells, respectively. B —Dependence of the current elicited by either Cyt or ACh on agonist concentrations in control (1, filled circles)
and after treatment with 2 uM Vur-S49 (2, open circles). EC5so and Hill slope values of 2.14 uM and 1.83, respectively, in control were changed to 2.38 uM
and 2.00 after cell treatment with Vur-S49. The data were obtained from 3 neurons, one containing predominantly nAChR-Ls-1 and two with predominant
NAChR-Ls-2, ACh being used on nAChR-Ls-1 neuron and Cyt on two nAChR-Ls-2 cells.

doi:10.1371/journal.pone.0115428.9004
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Fig. 5. Comparison of CM-Il and vurtoxin effects on Cyt- and ACh-evoked currents in neurons containing predominantly nAChR-Ls-2 or nAChR-
Ls-1. A - A neuron with low sensitivity to Iml against ACh-induced current (nAChR-Ls-2). CM-II at concentration of 500 nM heavily decreased the Cyt-elicited
current but affected very slightly the response to ACh. B - Vurtoxin at concentration of 8 uM decreased the currents elicited by Cyt or ACh in two neurons
predominantly containing nAChR-Ls2 (up line) or nAChR-Ls1 (middle line) to 0.56 and 0.60 of the controls, respectively. In the third neuron with predominant
nNAChR-Ls-2 (bottom line) vurtoxin at the same concentration reduced the ACh-evoked current only to 0.80.

doi:10.1371/journal.pone.0115428.9005

[30]. Nevertheless, a relation of neurotoxicity to catalytic activity of PLA,s still
remains poorly understood and not always proved. For example, polyclonal
antibodies to PLA, from V. russelli venom did not affect PLA, activity but
neutralized neurotoxicity of PLA,s and venom as assayed by neurotoxic
symptoms after i.p. injection into mice [31]. Chemical modification of several
important amino acid residues or directed mutagenesis quite differently affected
enzymatic activity and neurotoxic action of PLA,s from different snake venoms
[32-34]. The N-terminal region was shown to be involved in neurotoxicity but
not in catalytic activity of PLA, OS2 from Oxyuranus scutelletus [33].

A hypothesis that high affinity binding of PLA;s to specific protein or
glycoprotein targets is a primary prerequisite for toxicity was put forward by Kini
and Evans [35]. This step might increase local concentration of PLA, at some
critical site of the membrane and accelerate phospholipolysis, otherwise it might
promote pharmacological effects independent of enzymatic reaction [4,35-37].
PLA, binding proteins were purified from skeletal and smooth muscles, kidney,
embryo fibroblasts, and cerebral cortex of mammals [38—41]. These proteins,
named M- and N-receptors, had affinity for PLA,s in picomolar — nanomolar
range. Recently it has been shown that the M-type receptor regulates cell
senescence [42], promotes apoptosis and inhibition of proliferation and
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transformation thus manifesting tumor suppressive effects [43], and is involved in
development of idiopathic membranous nephropathy [44].

Only few earlier reports mentioned a post-synaptic activity of snake venom
PLA,s. Thus, it was shown that PLA,s from B. caeruleus and Crotalus durissus
terrificus are able to stabilize the Torpedo nAChR in a desensitized state [45—47].
These PLA,s did not, however, interfere with the binding of N. nigricollis o-toxin
to nAChR and could be considered noncompetitive antagonists. Moreover, it was
shown that the treatment of Torpedo membranes with PLA, did not alter the
affinity of aBgt for nAChR [48].

In the present study we have shown that PLA,s from Viperidae and Elapidae
snake venoms are capable to suppress the ACh (Cyt)-evoked current mediated by
o7-similar nAChRs in L. stagnalis neurons and to compete with aBgt for binding
to muscle- and o7 neuronal nAChR types, as well as to AChBPs. The apparent
affinity of PLA,s for these targets varied from hundreds of nM to hundreds of uM
depending on both the PLA, studied and nAChR type (Table 1). The most active
were vurtoxin against T. californica nAChR (0.26 uM) and CM-II against nAChRs
in L. stagnalis neurons (0.37 uM). All other interactions were characterized by
lower efficiencies with ICs, values spanning the range from micromoles to
hundred micromoles (Table 1). It can be also seen that CM-II manifested no
selectivity for muscle-type or neuronal a7 nAChRs but discriminated strongly
AChBPs from the two mollusk species. In contrast, marked selectivity of vurtoxin
was revealed: it was almost two orders of magnitude more active at T. californica
nAChRs than at neuronal receptor type and AChBPs (see Table 1). In addition,
differences in inhibitory activities when tested on two groups of L. stagnalis
neurons, i.e. those with high and low sensitivity to ACh and inversed sensitivity to
a-conotoxin Iml, should be emphasized. This difference was the highest (almost
two orders of magnitude) for CM-II and smaller but significant (3—4 folds) for
bitanarin and vurtoxin.

It is interesting to compare the potency of PLA,s to suppress ACh-induced
current in L. stagnalis neurons containing predominantly nAChR-Ls-1 with that
of neurotoxins from snake and snail venoms. Although ICs, values for PLA,s
determined in this study are higher than those for a-cobratoxin (60 nM) or a-
conotoxin ImlI (10 nM) on the same neurons, they are of the same order as ICsqs
for a short a-neurotoxin NTII (11 uM) from N. oxiana and a weak neurotoxin
WTX (67 uM) from N. kaouthia [9]. The potency of PLA;s in inhibiting ACh
(Cyt)-induced current is comparable to that of aBgt in blocking the responses to
ACh of Aplysia neurons (complete block was achieved at 1-10 pM, ICs, values
varied from 50 nM to 1 uM) [49]. It should be mentioned that these values were
several orders of magnitude higher than inhibition constant in experiments with
'*°I_gBgt binding to membrane preparations from Aplysia ganglia [49].

We have noted a slow reversibility of the current after washing out most of
PLA2s. However, very slow and sometimes incomplete reversibility in the case of
snake toxins acting on muscle-type and o7 nAChRs is a well known phenomenon.
For example, binding of aBgt to a7 nAChR was not reversible even after 5 hours,
after this time about 80% of toxin being bound to the receptor [50]. Other
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Fig. 6. Radioligand analysis. Inhibition of ['?°I]-labeled o-Bgt binding by CM-II (A), vurtoxin (B) and Vur-PL2 (C) to T. californica (1, crosses, dashed line)
and human «7 (3, filled circles, solid line) nAChRs as well as to L. stagnalis (2, open circles, dot line) and A. californica (4, filled squares, dot line) AChBPs.
Each point is a mean + s.e.m value of two or three measurements for each concentration. The curves were calculated from the means + s.e.m. using
ORIGIN 7.5 program. The calculated IC5sq values are listed in Table 1.

doi:10.1371/journal.pone.0115428.9006

example includes aBgt binding to isolated rat skeletal-muscle fibers, containing
muscle-type nAChRs; it has been characterized by extremely slow dissociation, a
dissociation constant k; being less than or equal to 3x 10 ° s~ (half-life time
more than 60 hours) [51]. Complete reversibility of the ACh-elicited current in
Aplysia neuron after block by a-neurotoxin from Nahja naja siamensis venom
required an hour and a half [49]. According to our earlier data [9], recovery of the
ACh-induced current in Lymnaea neurons after treatment with a-cobratoxin also
took more than one hour.

In some cases, incomplete recovery can be related also to the so-called rundown
(i.e. falling down the response to a stimulus during several hour experiments).
Rundown is an inevitable event which occurs even in the absence of any
experimental influences as a result of a gradual decrease of excitable pool of
channels under in vitro conditions. In our case, this process could be additionally
accelerated by substitution of Ba®* for Ca** in the extracellular medium. Thus, we
considered recovery to 70-80% of the control values at the end of the experiment
(in 2-3 hours after beginning) as acceptable value.

To get some insight into possible mechanism of PLA, interaction with nAChRs,
we have performed molecular modeling of vurtoxin binding to Torpedo receptor;
the highest efficiency was observed for this interaction in binding assay. The
molecular docking experiments were performed using the vurtoxin model
constructed basing on the X-ray structures of ammodytoxins. Docking to the
model of extracellular domain including only a- and y-subunits resulted in
vurtoxin binding at the interface of these subunits (Fig. 7B). In the model
obtained, vurtoxin did not occupy the classical agonist binding site, but was
located very close to it. When bound to the receptor, the toxin may hinder the
movement of the loop C which is flexible and shows an inward displacement
when certain agonists are attached. The existing data suggest that the loop C is
involved in the receptor activation [52]. When docked to the whole receptor
molecule, vurtoxin was also bound at the subunit interface (Fig. 7C). In this case,
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Fig. 7. Molecular modelling of vurtoxin interaction with Torpedo nAChR. Vurtoxin active site residues are
shown in red. A - Model of vurtoxin spatial structure. C and N indicate C- and N-termini, respectively. B - Model
of vurtoxin complex with receptor extracellular domain at the o~y subunit interface of the T. californica nAChR
(vurtoxin is shown in magenta). C - Model of full size Torpedo nAChR complexed with vurtoxin at the o~y
subunit interface.

doi:10.1371/journal.pone.0115428.g007

the binding site is located close to the membrane and one can suggest that in such
position the PLA, active center may interact with the membrane. In both models,
vurtoxin does not block the classical ACh binding site completely; such position
probably may explain comparatively low inhibitory activity of PLA,s. The
modeling data are in good agreement with noncompetitive inhibition of agonist-
elicited currents by Vur-S49 observed on L. stagnalis neurons (Fig. 4B).

Thus, our data show that PLA,s are capable to inhibit nAChRs and AChBPs.
We believe that this inhibition is not the result of phospholipolytic activity.
Several lines of evidence support our conclusion:

(i)  Blockade was reversible (though slowly).

(i) There was no correlation between the capability to suppress the ACh- (Cyt-)
elicited current and the catalytic activity of PLA,s. CM-II and bitanarin
possess approximately equal catalytic activity (2.3 mmol/min/pumol and
1.95 mmol/min/pmol), but ICs, values for blocking the agonist-evoked
current differ by an order of magnitude; Vur-PL2 is a very active PLA,
(specific activity 25.1 mmol/min/umol) and the weakest current blocker or
competitor of aBgt binding (see Table 1).

(iii) Experiments on L. stagnalis neurons were conducted in Ca**-free (Ba*"
substituted) solution. Ca®* is known to be absolutely necessary for
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phospholipolytic activity of secretory PLA,s [53, 54]. In the absence of Ca**
only traces of lipid hydrolysis products were found in vitro using bitanarin
[7] and no hydrolysis at all was revealed with CM-II in the Ba**-containing
medium. Moreover, Ba** was shown to inhibit PLA, activity [55].

(iv) Perturbation of the cell membrane usually induces very quick morpholo-
gical changes (turgor decrease well seen under microscope) and increase of
electrical leakage. No such changes were observed under the action of PLA,s
in the absence of Ca®" in the extracellular medium.

Finally, the strongest evidences are the following:

(v) Vur-S49 possessing no phospholipolytic activity suppressed the agonist-
evoked current and its inhibitory potency was higher than that of structurally
similar but enzymatically active vurtoxin from the same venom (2.18 versus
10.5 pM).

(vi) Comparison of CM-II effects on the responses of a neuron containing
predominantly nAChR-Ls-2 (Fig. 5A) showed that CM-II at concentration
500 nM effectively decreased the current induced by Cyt but had hardly
noticeable effect on the ACh-induced current in the same neuron. If the
suppression was due to phospholipolytic activity the responses to both
agonists should be diminished to approximately the same extent. A similar
conclusion can be drawn from the data with vurtoxin effects on the currents
in two types of neurons (Fig. 5B). The degree of reducing the ACh-evoked
current in neurons containing predominantly nAChR-Ls-1 by vurtoxin didn’t
differ significantly from that of the Cyt-elicited current in both types of
neurons, whereas in neurons of nAChR-Ls2 type vurtoxin was much weaker
antagonist against the response to ACh. It could be hardly possible that
phospholipids of nAChR-Ls-2 neuron were more resistant to enzymatic
degradation.

The data obtained suggest that interaction of PLA,s with several types of
nAChRs may be a general property. To our knowledge, binding of PLA;s to
nAChRs was not yet described. Nevertheless, it was recently reported that PLA,
(P00602) from N. mossambica venom showed a low affinity AChBP binding [56].
Interaction of PLA, with nAChRs could be involved in neurotoxic effect as an
additional event. In particular, PLA, binding to nAChRs in presynaptic
membrane of nerve-muscle junction could abolish receptor modulating influence
on ACh release.

In summary, we revealed antagonistic action of seven PLA,s from five snake
species, three from Viperidae and two from Elapidae family, in electrophysio-
logical experiments on nAChRs in native identified (LP1,2,3 and RPV2,3 [22])
neurons of L. stagnalis and in binding assay on two nAChR types as well as on two
AChBPs. PLA;s suppressed the ACh- (Cyt)-elicited currents mediated by o7-
similar nAChRs in L. stagnalis neurons and interfered with aBgt binding to
human neuronal o7 and T. californica muscle-type nAChRs, as well as to AChBPs
from L. stagnalis and A. californica mollusks. Thus, to an array of biological
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activities well-known for snake venom PLA,s, we have added the capability to
block nAChRs.
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