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Protein disulphide isomerase binds ammodytoxin strongly: Possible
implications for toxin trafficking
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Abstract

Ammodytoxin, a group IIA secreted phospholipase A2 from the venom of the long-nosed viper (Vipera ammodytes ammodytes),
is a potent presynaptically acting neurotoxin. It blocks the secretion of neurotransmitter from the nerve cell, thus hindering the com-
munication with the neighbouring neuron or muscle cell. To express the neurotoxicity, ammodytoxin should interact with specific
receptors in the axon terminal and express phospholipase activity. Our previous results indicate that, following the association with
a receptor on the external side of the presynaptic membrane, the toxin penetrates into the cytosol of the nerve cell. Here, we show
that the toxin associates specifically with protein disulphide isomerase, a protein in the lumen of endoplasmic reticulum, which may
be crucial for the retention and concentration of the toxin in this cellular compartment and for its subsequent transport across the
membrane of endoplasmic reticulum into the cytosol of the nerve cell.
� 2005 Elsevier Inc. All rights reserved.
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Mechanism of action
Secretions of venomous animals, toxic plants, and
microorganisms are rich sources of compounds with dif-
ferent pharmacological activities. The use of such a com-
pound in medicine and cell biology as a drug or tool
requires, however, precise knowledge of its molecular
basis of action.

One of the so far unexploited groups of proteins,
abundantly present in venoms, are the secreted phos-
pholipases A2 (sPLA2) [1,2]. They exhibit a wide variety
of (patho)physiological effects [1,3]. Particularly inter-
esting in terms of their potential of use are sPLA2s that
exhibit presynaptic neurotoxicity (b-neurotoxins). These
toxins block the release of acetylcholine from the moto-
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neuron into the synaptic cleft, terminating its communi-
cation with the muscle [4]. The victim dies within 1 or
2 h due to paralysis of the respiratory muscles. b-Neuro-
toxins are toxic not only to motoneurons in peripheral
nervous system but, if they cross the blood–brain bar-
rier, also to neurons in the central nervous system
[5,6]. Electron microscopy studies of a b-neurotoxin-
paralysed neuro-muscular junction reveals a depletion
of the neurotransmitter-containing synaptic vesicles
(SV) in the nerve terminal. The axolemma displays
numerous clathrin-coated invaginations, suggesting that
the retrieval of SV from the plasma membrane is im-
paired. Formation of larger vesicles in nerve terminals
and increased release of neurotransmitter in the first
phase of intoxication [4] may be due to increased fusog-
enicity of some membranes in the nerve ending caused
by the phospholipase activity of the toxin [7]. A further
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characteristic are damaged mitochondria which, in some
cases, completely lose the internal structure of cristae [8].
The phospholipase activity is not enough to cause these
effects—b-neurotoxins are able to interact specifically
with certain components in the nerve ending [9].

To study the molecular mechanism of action of
b-neurotoxins, we have been using ammodytoxin (iso-
forms A and C) from the venom of the long-nosed viper
(Vipera ammodytes ammodytes). One extracellular and
several intracellular binding proteins for ammodytoxin
(Atx) have been identified as being potentially impli-
cated in the process of neurotoxicity: neuronal M-type
sPLA2 receptor [10,11] in the plasma membrane, R25
in mitochondria [12,13], and calmodulin (CaM) [8],
and 14-3-3 proteins [15] in the cytosol of the nerve cell.
Fluorescence-labelled AtxA can penetrate into the cyto-
sol of the rat hippocampal neuron [16]. This multi-disul-
phide-bridged toxin has been proven to be enzymatically
active in the cytosol, despite the relatively reducing nat-
ure of this cellular compartment and low micromolar
concentration of the Ca2+ cofactor. Based on these re-
sults we proposed that Atx and related neurotoxic
sPLA2s exert their toxic action inside nerve cells [16].

The issue that remained unanswered was, however,
how b-neurotoxins are translocated into the cytosol of
the neuron to act. Here we show that Atx binds with
high affinity to protein disulphide isomerase (PDI), a
protein in the lumen of endoplasmic reticulum (ER).
As in the case of some other toxins, the interaction with
PDI may be crucial for reverse transport of Atx and re-
lated sPLA2-neurotoxins from the ER into the cytosol
of the nerve cell.
Materials and methods

Identification of Atx-binding proteins in porcine cerebral cortex. A
demyelinated mitochondrial/synaptosomal P2 fraction of porcine
cerebral cortex was prepared and the protein content in the membrane
preparation was determined as described previously [10]. P2 mem-
branes (5 mg membrane protein/ml) were extracted for 1 h by gentle
agitation at 4 �C in 75 mM Hepes, pH 8.2, containing 150 mM NaCl,
2.5 mM CaCl2, and 1.5% (w/v) Triton X-100 (Roche Molecular Bio-
chemicals). The extract was centrifuged at 106,200g for 1 h, and cold
deionized water was added to the supernatant to give a final detergent
concentration of 0.15% (w/v).

AtxC was purified from V. a. ammodytes venom [5] and attached to
activated CH-Sepharose (CHS) as described [14]. The gel was washed,
equilibrated with 75 mM Hepes, pH 8.2, 150 mM NaCl, 2.5 mM
CaCl2, and 0.1% (w/v) Triton X-100, and stored at 4 �C. A control gel
was prepared in the same way, the active groups being derivatized with
ethanolamine (EA) instead of AtxC. The gel was equilibrated with
100 ml of 75 mM Hepes, pH 8.2, containing 150 mM NaCl, 2.5 mM
CaCl2, and 0.1% (w/v) Triton X-100. The P2 detergent extract (100 ml)
was incubated with 5 ml of the gel at 4 �C for 4 h with gentle agitation.
The gel was transferred to a column and washed extensively with the
equilibration buffer. The AtxC-binding proteins were eluted at 10 ml/h
with 140 mM Mes, pH 5.0, containing 200 mM NaCl, 4 mM CaCl2,
and 0.2% (w/v) Triton X-100. One millilitre fractions were collected
directly into 0.4 ml of 0.5 M triethanolamine, pH 8.2, 150 mM NaCl,
and concentrated in Centricon YM-10 concentrators (Millipore,
USA). Their protein composition was analysed by SDS–PAGE (12.5%
acrylamide gels) [17] under reducing conditions (0.5% (m/v) SDS, 10%
(v/v) glycerol, 50 mM dithiothreitol, and 30 mM Tris–HCl, pH 6.8),
followed by silver staining. Protein molecular mass standards used
were from Bio-Rad.

Mass spectrometry. About 1 lg of each sample from AtxC-CHS
and EA-CHS affinity chromatography was separated on SDS–PAGE
(12.5% acrylamide gels) and the proteins were silver stained. Protein
bands were excised from the gels and reduced with dithiothreitol
(DTT), alkylated with iodoacetamide, and digested with Promega
modified trypsin for 16 h. The peptides were extracted from gel
pieces with 50% (v/v) acetonitrile/5% (v/v) formic acid and concen-
trated for LC–MS and MS/MS analysis on a Finnigan LCQ ion trap
mass spectrometre [15]. Spectra were analysed by database searching
using the Sequest algorithm against the NCBI non-redundant
database.

Isolation of PDI from porcine cerebral cortex. PDI was isolated
following the method of Lambert and Freedman [18] with slight
modifications in the ammonium sulphate precipitation procedure of
proteins to obtain a higher yield.

Surface plasmon resonance. AtxC was immobilized on flow cell 1 of
a CM5 sensor chip (Biacore AB, Sweden) as described [15]. Flow cell 2
was mock-immobilized and used as a reference surface. Surface plas-
mon resonance (SPR) experiments were performed in 50 mM Tris–
HCl, pH 7.4, 150 mM NaCl, and 1 mM CaCl2 (buffer A) at 10 ll/min,
and 25 �C, using a Biacore X system (Biacore AB, Sweden). The
interaction between PDI and the chip-immobilized AtxC was studied
by injecting solutions of PDI (concentrations 35–175 nM) in buffer A
over the chip for 2 min. Between consecutive injections, the chip was
regenerated three times for 1 min with 10 mM HCl, followed by 5 mM
NaOH and 1 M NaCl. The kinetic constants, kon and koff, for the
interaction of sPLA2s with immobilized PDI were determined by using
the Biaevaluation 3.2 software.
Results and discussion

To get new insight into the molecular basis of the ac-
tion of b-neurotoxins, we searched for additional mole-
cules in the nerve tissue that specifically associated with
AtxC. A Triton X-100 extract of a larger quantity of
demyelinated P2 membranes (25 mg membrane protein)
from porcine cerebral cortex was incubated with 5 ml
AtxC-CHS. The affinity-gel was washed extensively
and the AtxC-retained proteins were eluted by lowering
the pH of the mobile phase from 8.2 to 5.0. The eluted
proteins were analysed on SDS–PAGE and visualized
by silver staining (AtxC-CHS in Fig. 1). The same pro-
cedure was carried out simultaneously on the EA-CHS
(Fig. 1) to spot the proteins which were specifically re-
tained by AtxC-CHS. Besides the already known
AtxC-binding proteins CaM, M-types sPLA2R, and
14-3-3 proteins, a protein with apparent molecular mass
of 70 kDa (R70) was present in AtxC-CHS but not in
the EA-CHS eluate (Fig. 1). Unlike most of the above
AtxC-binding proteins, this protein escaped the identifi-
cation using affinity-labelling with [125I]AtxC and
cross-linker disuccinimidyl suberate, as did the 14-3-3
proteins, probably due to the absence of reactive amino
groups on appropriate positions in the molecule [15].



Fig. 1. Specific retention of porcine cerebral cortex R70 protein on
AtxC-CH-Sepharose. Triton X-100 extract of P2 membranes was
incubated at pH 8.2 with AtxC- and with ethanolamine (EA)-
derivatized CH-Sepharose (CHS). The resins were thoroughly washed
and the bound material was eluted at pH 5.0. The proteins specifically
retained by gel-immobilized AtxC (arrows) were detected by compar-
ing the SDS–PAGE protein patterns of samples obtained from AtxC-
and EA-derivatized gels. Besides CaM, the M-type PLA2R and 14-3-3
proteins, already known as AtxC-binding proteins, a new AtxC-
binding protein with an apparent molecular mass of 70 kDa (R70) was
present. For experimental details see Materials and methods.

Fig. 3. AtxC and PDI interact directly. AtxC was covalently immo-
bilized on the surface of a CM5 sensor chip. PDI in concentrations
ranging from 35 to 175 nM was injected for 2 min over AtxC-
immobilized and control flow cells of the sensor chip. Between the
injections the surface was regenerated with 1 min pulses of 10 mM
HCl, 5 mM NaOH, and 1 M NaCl. The signals were subtracted and
expressed in resonance units (RU) as a function of time. In the figure,
the traces (1–5) obtained with 0, 35, 88, 117, and 175 nM PDI,
respectively, are overlaid. From the traces, kon and koff were derived,
giving a Kapp

d of 1.27 ± 0.05 lM.
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The R70 protein band was reduced, alkylated, and di-
gested with trypsin in the gel. The resulting peptides
were extracted from the gel and their amino acid se-
quences were determined by LC–MS/MS. Nine peptides
were sequenced and identified as parts of PDI (Fig. 2).
The structurally identified R70-peptides constitute
21.0% of the PDI sequence.
Fig. 2. R70 is protein disulphide isomerase (PDI). The sequence of bovine P
sequenced. Their structures are shown in bold and constitute 21.0% of the P
To verify the specificity of the interaction between
PDI and AtxC, we prepared pure PDI from porcine
cerebral cortex. Direct binding of PDI to AtxC was con-
firmed by surface plasmon resonance (SPR) technique,
which gave an apparent dissociation constant ðKapp

d Þ of
1.27 ± 0.05 lM for the interaction (Fig. 3).

PDI is an enzyme that catalyses disulphide bond for-
mation and isomerization (oxido-reductase or isomerase
activity) and also a chaperone that inhibits aggregation
of proteins [19]. It is found predominantly in the lumen
of the ER, where its concentration approaches the milli-
molar range. The Kd in micromolar range indicates that
a tight association between the two proteins is possible
in the ER, in spite of the potentially very low concentra-
tion of sPLA2-toxin.

The interaction between Atx and PDI may be impor-
tant for intracellular trafficking of the toxin. PDI has
been demonstrated to play an important role in the
retrograde transport of cholera toxin (CT) during the
DI is shown. Using ESI-MS/MS, nine tryptic peptides from R70 were
DI sequence.
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infection of target cells [20]. CT invades cells by binding
to lipid raft-associated ganglioside GM1 with subse-
quent translocation into the lumen of the ER [21]. The
lipid raft pathway may also be used by sPLA2-neurotox-
ins to reach reticular structures in nerve endings. Cave-
olae, a special type of lipid raft, have already been
shown to mediate the translocation of the structurally
very similar mouse group IIA sPLA2 into the perinu-
clear area, a specific part of the ER, in human embry-
onic kidney 293 cells [22]. Caveolae are not present in
neurons but other types of lipid rafts which accumulate
in the axonal plasma membrane can serve the same
purpose [23]. An alternative mode of translocation,
internalization of sPLA2 neurotoxins via endosomes, is
questionable since bafilomycin A1, an inhibitor of
V-type ATPase, did not prevent the intoxication of
NM preparation by sPLA2 neurotoxin although, under
the same conditions, it prevented the toxic action of
clostridial neurotoxins [24].

The C-terminal KDEL-sequence is known to be
responsible for retrieving ER-proteins that escape their
resident compartment. CT possesses this sequence in
its structure and, when the toxin enters the ER, this mo-
tif ensures its retention and concentration there. Atx
does not have such a sequence at its C-terminus but,
in the complex with PDI which has it, could acquire
the characteristics of KDEL-containing proteins. A sim-
ilar assumption has been made in the case of a plant pro-
tein toxin, ricin, which also lacks the C-terminal KDEL
or related sequence. Its Golgi-to-ER transport, ER-re-
tention, and ER-concentration functions were suggested
to be the result of its association with reticular KDEL-
containing protein calreticulin [25].

Two b-neurotoxin-binding proteins with ER localiza-
tion have already been discovered. Taipoxin, a presyn-
aptically acting sPLA2 from the venom of the
Australian taipan (Oxyuranus scutellatus scutellatus),
binds to a taipoxin-associated calcium binding protein
of 49 kDa (TCBP-49) [26] and crotoxin, a presynapti-
cally acting sPLA2 from the venom of South American
rattlesnake (Crotalus durissus terrificus), binds to crocal-
bin [27]. Both these sPLA2-binding proteins have
KDEL-related sequences at their C-termini and may
be used by these toxins to persist and concentrate in
the lumen of ER, in the same way as proposed for the
PDI–Atx couple.

The toxin must pass the membrane of ER to reach
the cytosol of the nerve cell and express its toxicity. In
the case of CT, it was suggested that the translocation
occurs through a protein translocator, the Sec61p chan-
nel, with the assistance of PDI [28]. PDI, acting as a re-
dox-dependent chaperone, is supposed to unfold the
toxin and present it to the protein-conducting channel
[20]. A similar scenario can be imagined also for Atx
and related sPLA2-neurotoxins, especially as protein
unfolding is not an absolute prerequisite for ER-to-cyto-
sol dislocation [29]. Moreover, as we demonstrated for
AtxA inside yeast cells, the refolding of the toxin back
to the active conformation on the cytosolic side should
not be a problem [16].

In conclusion, Atx binds with high affinity to PDI, a
major protein in the lumen of the ER. The observed
interaction could be essential for retention and concen-
tration of the toxin inside the lumen of ER as well as
for its transport across the ER membrane into the
cytosol.
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