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Background: Presynaptically neurotoxic phospholipases A, inhibit synaptic vesicle recycling through endocytosis.

Principal Findings: Here we provide insight into the action of a presynaptically neurotoxic phospholipase A, ammodytoxin
A (AtxA) on clathrin-dependent endocytosis in budding yeast. AtxA caused changes in the dynamics of vesicle formation
and scission from the plasma membrane in a phospholipase activity dependent manner. Our data, based on synthetic
dosage lethality screen and the analysis of the dynamics of sites of endocytosis, indicate that AtxA impairs the activity of

Conclusions: We identified amphiphysin and endocytosis as the target of AtxA intracellular activity. We propose that AtxA
reduces endocytosis following a mechanism of action which includes both a specific protein-protein interaction and
enzymatic activity, and which is applicable to yeast and mammalian cells. Knowing how neurotoxic phospholipases A, work
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Introduction

Phospholipases Ay (PLAys) are hydrolytic enzymes that catalyze
the cleavage of the ester bond at the sn-2 position of glyceropho-
spholipids [1]. PLAys change the lipid composition of membranes,
are key enzymes at regulating the production of active lipid
mediators (e.g. arachidonic acid), and at the same time, through
generation of lysophospholipids, they affect membrane curvature
[2-4]. Members of the family of secreted phospholipases A,
(sPLAys) are present in a variety of mammalian tissues as well as in
venoms of different animals [5,6]. Snake venom sPLAgs display a
wide range of pharmacological activities, including presynaptic
neurotoxicity [5]. Presynaptically neurotoxic sPLAys affect the
nerve terminals of motor neurons by blocking signal transmission
over the synaptic cleft [7] and cause characteristic morphological
changes in the affected nerve terminal, e.g. swollen and damaged
mitochondria, Q-shaped invaginations at the plasma membrane
coated with electron-dense material (presumably clathrin), forma-
tion of large vesicles, and reduced synaptic vesicle number [8-11].

The primary target of the toxins is the motor nerve terminal,
but there is no agreement on either the precise site of action of the
toxins or their mechanism of action. It was proposed that
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presynaptic neurotoxicity is a result of solely their extracellular
phospholipase activity. The sPLA, neurotoxins have been
suggested to stimulate synaptic vesicle fusion with the presynaptic
membrane and on the other hand prevent their recycling, by
formation of inverted-cone-shaped lysophospholipids and cone-
shaped unsaturated free fatty acids [11,12]. Alternatively, both
extra-and intracellular activities, involving PLAy enzymatic
activity as well as physical interactions with specific intracellular
proteins, have been proposed [7].

Ammodytoxins are presynaptically neurotoxic sPLAys from the
venom of the nose-horned viper (Vipera ammodytes ammodytes) and
they inhibit the release of the neurotransmitter acetylcholine from
motor neurons [13]. The active form of ammodytoxin A (AtxA)
has been expressed in the budding yeast Saccharomyces cerevisiae
where it has been shown not to be cytotoxic, although
enzymatically active and localized throughout the cytosol, and to
inhibit Gy, cell-cycle arrest [14,15]. Extracellularly added AtxA has
no such effects on vyeast cells. Since AtxA interacts with
evolutionarily highly conserved proteins, such as calmodulin and
14-3-3 proteins [16,17], the intracellular mechanism of action of
AtxA 1s expected to be conserved among eukaryotic cells as well.
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In this study, our primary objective was to find the targets of AtxA
activity in a genome-wide approach, and to more closely
investigate the effects of AtxA on endocytosis which was identified
as a targeted biological process in the screen. Specifically, we
studied the effect of AtxA in the context of its genetic and
functional interaction with Rvs161 and Rvsl67 proteins, which
are yeast homologs of mammalian amphiphysin and are involved
in the scission of the newly formed endocytic vesicle from the
plasma membrane [18].

Results

AtxA is in Genetic Interaction with Genes Involved in

Endocytosis

We expressed AtxA in all viable gene deletion mutant strains of
S. cerevisiae and performed a synthetic dosage lethality (SDL)
screen. We determined the growth phenotype of all the obtained
strains, and those with a significantly inhibited growth were
selected as carriers of deletions of genes in genetic interaction with
AtxA. Four hundred twelve genes were identified in the screen. A
recent genome-wide study has identified 400 genes required for
internalization of plasma membrane proteins [19]. Of these, 47
were found in our SDL screen, representing a significant degree of
enrichment (p-value 0.007, hypergeometric distribution). Analysis
based on gene ontology annotations of the SDL hits showed that
AtxA is in genetic interaction with 48 genes (of which only 9
overlap with the above mentioned 47) involved in endocytosis,
actin cytoskeleton organization and vesicle-mediated transport.
The endocytosis related genes identified at the highest confidence
level were RVSI61, YAP1802, LDBI9, VPSI, APPI and BMHI,
and their genetic interactions were confirmed by growth curve
assay. Notably, RVS161, YAP1802 and BMH1 have paralogs in the
yeast genome (RVS167, YAPI1801 and BMH?Z, respectively) which
however do not genetically interact with AtxA, as established by
the growth curve assay (data not shown). One possible explanation
of the difference between the mutants of paralogs is that the
amount of active AtxA only suffices for functional titration of the
minor isoform molecules available in the cell after the deletion of
the major isoform gene, but not vice versa. This can explain the
difference between the pairs of BAMHI/2 and YAPI1801/1802
genes that code for highly similar (96% and 44% amino acid
sequence identity, respectively) and functionally interchangeable
proteins which differ in their cellular abundance between three-
fold and ten-fold from their respective isoform [20-23]. According
to this explanation, AtxA inhibits the activity of minor isoforms
Bmh2 and Yapl801 proteins when they are the sole isoform
present in the cell to the level sufficient to inhibit the growth.
Based on high structural and functional similarity between Bmh1/
2 and Yapl801/1802 it is then reasonable to assume that AtxA
also partially inhibits the activity of Bmhl and Yap1802, however
this inhibition does not affect the growth rate. On the other hand,
in the case of RVSI61/167 genes, which are less similar (24%
amino acid sequence identity), the absence of the approximately
two-fold less abundant Rvs161 isoform [23] resulted in growth
defect in the presence of AtxA. To establish the reason for the
specific genetic interaction with RVS761, we decided to investigate
in more detail the molecular interplay between AtxA and Rvs161/
167 proteins.

AtxA Reduces Endocytosis in Yeast

In mammals, neurotoxic sPLAys inhibit endocytosis, which is
one of the biological processes in which Rvs161 and Rvs167 in
yeast have an important role. To determine whether AtxA
expression in yeast caused defects in uptake or subsequent delivery
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of endocytic contents, we measured the uptake rate of a fluid-
phase endocytosis marker, the membrane-impermeant fluorescent
dye Lucifer Yellow (LY) [24], in the strains with either integrated
or plasmid-borne AtxA gene. In the cells with a single copy of
integrated AtxA gene, the relative uptake rate of LY was
0.59%0.07 of the control strain, whereas in the cells with multi-
copy AtxA genes on plasmids the relative uptake rate was
0.38%0.08 of the control strain. AtxA was thus found to reduce
endocytosis in yeast.

AtxA does not Affect the Number of Endocytic Sites in
Yeast Cells

We hypothesized that AtxA affects endocytosis by reducing the
number of endocytic sites present in a cell, and/or by affecting the
temporal and/or spatial dynamics of vesicle formation itself. To
test whether AtxA affects the number of endocytic sites in the cell,
we determined the average number of endocytic sites per cell in a
strain expressing AtxA from a plasmid. To this end, confocal
microscopy and a green fluorescent protein (GFP)-tagged clathrin
coat protein Slal, which is an appropriate marker to investigate
early steps in endocytosis [18,25], were used. As determined by
manual counting, the average number of endocytic sites per wild-
type cell (defined as the number of Slal-GFP patches), was
21.4%x7.3. No significant change was observed in the strain
expressing AtxA (21.6%9.1). The average patch numbers were
similar when the automatic counting was used: 17.9%£2.5 in the
control strain and 17.3%£2.4 in the AtxA-expressing strain. The
numbers observed using the automated counting are slightly lower
because the algorithm used can not entirely distinguish between
two structures that are in very close proximity or are partially
overlapping. The overall conclusion from these experiments is that
the number of endocytic sites is not affected by AtxA, indicating
that the alteration of the spatial and/or temporal dynamics of
endocytic proteins is more likely the mode of action of AtxA for
the reduction of endocytosis in yeast cells.

AtxA Alters the Spatial and Temporal Dynamics of
Clathrin-dependent Endocytosis

To test whether AtxA affects the spatial and temporal dynamics
of endocytosis, we used real-time fluorescence microscopy to
analyze the behavior of Slal-GFP in the wild-type strain
expressing AtxA either from a plasmid or after chromosomal
integration. The average lifetime of the Slal-GFP patches in the
strain expressing AtxA from a single copy integrated in the
genome was significantly increased by 1.67-fold (Figure 1A). When
AtxA was expressed from a plasmid, the average lifetime increase
was 2.1-fold (Figure 1A). The longer before inward movement part
of the lifetime of Slal is due to a delay in the efficient start of the
scission step [18], causing Slal to be stalled at the plasma
membrane, waiting for the later arriving proteins to perform their
function and complete scission. A similar increase in the before
inward movement part of the lifetime of Slal has also been shown
in rvs1614 and 151674 strains [18].

To determine whether the enzymatic activity of AtxA is the
cause for the observed endocytic defect, we analyzed also the
behavior of the Slal-GFP patches in the wild-type strain
expressing from a plasmid an enzymatically inactive homolog of
AtxA, ammodytin L (AtnL) [26]. Here, the average Slal-GFP
patch lifetime did not increase (Figure 1A). We next expressed two
AtnL mutants with restored enzymatic activity [27] and observed
a relatively small but significant increase in the average lifetime of
Slal-GIP patches (Figure 1A): the LW mutant had a greater
effect, with 1.24-fold increase in the average lifetime and
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Figure 1. AtxA affects the dynamics of endocytic vesicle formation. A Average Sla1-GFP patch lifetimes in the wild-type, and cells expressing
AtxA, AtnL, and the LV and LW mutants of AtnL. B Analysis of Sla1-GFP dynamics. In the left panels, localizations of Sla1-GFP in the wild-type, AtxA-
expressing and AtnL-expressing strains are shown. In the middle panels, representative kymographs are shown. For the AtxA-expressing strain,
kymographs for a normally internalized, shallow internalized, retracted and immotile patch are shown. All kymographs are oriented such that the cell
interior faces downwards. In the right panels the trackings of three Sla1-GFP patches from the wild-type cells and four patches from AtxA-expressing
cells representing one normally internalized, shallow internalized, retracted and immotile patch each, are shown. Noted is also the percentage of their
occurrence in the population. For each frame of the movie, the center of the patch was determined. Green rectangles denote the initial position and
red rectangles the final position of the patches. Consecutive positions are connected with lines. All traces are oriented with the cell interior facing
down. C Average patch lifetime of Sac6-GFP in a strain expressing AtxA from plasmid and corresponding control strain. D Localization of Sac6-GFP in
a strain expressing AtxA from plasmid and corresponding control cells. Ctrl - control strain for the integrated AtxA, AtxA - strain expressing AtxA
from singe copy integrated in the genome, ctrl, - control strain with empty plasmid, AtxA, AtnL,, LV, and LW,, - strains expressing the respective
proteins from plasmid clones. To determine the average patch lifetimes at least 100 patches from several cells were analyzed unless otherwise noted.
The bars on graphs mark the standard deviation. Sla1-GFP movies were taken with a 1 frame/second interval and Sac6-GFP movies with a 4 frames/
second interval. Scale bar on the micrographs is 4 um and on the kymographs 10 seconds. sPLA,-expressing strains were compared to the
corresponding control strains, and p-values were calculated using the t-test at a 95% confidence interval. Statistically significant differences are
denoted with a star (¥).

doi:10.1371/journal.pone.0040931.g001

significantly higher number of patches with lifetimes longer than
55 seconds (Supporting Information Sl), than the LV mutant
(1.20-fold increase). The effects of the mutants correlate well with
their enzymatic activity on PC-rich phospholipid vesicles [27].
These results strongly indicate that the observed effect on
endocytosis is the consequence of the PLA, enzymatic activity.
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We next analyzed Slal-GFP patch dynamics in the AtxA-
expressing strain and found that approximately 6% of the Slal-
GFP patches were not internalized (Figure 1B), whereas in the
control strain virtually all of the patches were internalized.
Moreover, 15% of the internalized patches appeared to have a
more shallow internalization path when AtxA was expressed
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(Figure 1B), which was not observed in the control strain. The
failure in internalization of the 6% of the Slal-GIP patches could
be due to a partial effect of AtxA on the actin cytoskeleton,
especially since it has previously been shown that AtxA affects the
actin cytoskeleton in mammalian cells [28]. We thus analyzed the
effect of AtxA expression on the yeast fimbrin Sac6, an actin-
bundling protein [29]. In the sac64 strain, the inward movement
of endocytic vesicles is abolished [18]. In the AtxA-expressing
strain, Sac6-GFP patch lifetimes increased by 1.3-fold (Figure 1C)
while no difference was observed in the localization of the protein
(Figure 1D).

Rvs161 is Needed for the Effect of AtxA on Endocytosis

Rvs161 and Rvs167 are amphiphysin homologs [30], involved
in invagination and scission of the newly formed vesicle from the
plasma membrane [18,31]. They contain an N-BAR (Bin/
Amphiphysin/Rvs) domain that senses and induces membrane
curvature. To test whether the roles of Rvs161/167 in endocytosis
could explain the specific genetic interaction of AtxA with
RVS161, we analyzed the effect of AtxA on Slal-GFP patches in
different rvs deletion backgrounds. Upon AtxA expression in the
1ws1614 strain the average Slal-GFP patch lifetime did not
increase significantly (Figure 2A). On the contrary, in the rvs/674
strain the average Slal-GFP patch lifetime upon AtxA expression
was significantly (by 1.53-fold) increased (Figure 2A), which is
somewhat less than the increase in the average Slal-GFP patch
lifetime after AtxA expression in the wild-type strain. In the
rwsl1614 ros1674 double deletion strain, same as in the ros/614
single deletion strain, AtxA expression had no significant effect on
the average Slal-GIFP patch lifetime (Figure 2A). In all the rus
deletion mutants, AtxA had no observable effect on the
localization of Slal-GFP (Figure 2B).

To test whether the presence of Rvsl61, but not Rvs167, is
necessary for AtxA to affect the dynamics of endocytosis, or
alternatively if the effect of deletion of one amphiphysin isoform on
the effect of AtxA could be rescued by the other isoform, we
analyzed the effect of AtxA on the Slal-GFP patch lifetime in the
strains with all possible combinations of deletion and additional
expression of RVS161/167 genes. Additional expression of Rvs161
as well as Rvsl67 decreased the Slal-GFP patch lifetime by
~1.45-fold in the wild-type background (Figure 2C). When AtxA
was expressed in these strains, it increased the Slal-GFP patch
lifetime to a similar extent as in the wild-type strain (by 1.61-fold in
the strain additionally expressing RVS/67 and by 1.81-fold in the
strain additionally expressing RVS167) (Figure 2C), indicating that
AtxA and amphiphysin isoforms have opposing activities, and that
the amount of Rvs161 or Rvs167 in the wild-type strain does not
limit the extent of reduction of endocytosis by AtxA. As expected,
additional expression of Rvsl61 in the rus/674 strain and of
Rvs167 in the rvs7674 strain resulted in an increase in the Slal-
GFP patch lifetime following AtxA expression comparable to that
observed in the wild-type strain (Figure 2C). Comparison of Slal-
GIP patch lifetimes in the absence of AtxA expression revealed
that strains over-expressing Rvsl61 and Rvs167 in these
corresponding deletion mutants had a stronger effect decreasing
the lifetime than in the strains where the homolog was deleted
(Figure 2C). That is, additional expression of Rvsl67 in the
1ws1614 strain and of Rvs161 in the rvs/674 strain decreased the
lifetime by only 1.29-and 1.11-fold, respectively, compared to
~1.35-fold in the corresponding gene deletion strains (Figure 2C),
demonstrating that the two isoforms cannot completely function-
ally complement each other. This is in agreement with the notion
that in endocytosis Rvs161 and Rvs167 function as a heterodimer
[32,33]. The difference between the observed decreases in Slal-
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GFP patch lifetimes between the rus/6/4 strain additionally
expressing Rvs167 and the 7051674 strain additionally expressing
Rvs161 can be attributed to the expected approximately two-fold
higher abundance of Rvs167 compared to Rvs161 when expressed
from their native promoters [23], which were used in these
experiments. Expression of AtxA increased the Slal-GIFP patch
lifetime in the rvs/674 strain almost to the same extent as in the
wild-type strain, regardless of whether Rvs161 was additionally
expressed or not: by 1.53-fold in the strain where Rvs161 was not
additionally expressed (Figure 2A), and by 1.59-fold in the 10s/674
strain where Rvs161 was additionally expressed (Figure 2C).
Contrary to this, in the rs/6/4 strain, where AtxA did not
increase the Slal-GFP patch lifetime (Figure 2A), upon additional
expression of the Rvs167 protein AtxA increased the lifetime by
only 1.38-fold (Figure 2C). Thus, effect of AtxA on endocytosis
occurs also in the absence of Rvs161, but only to a lesser extent
than in its presence, and only if additional Rvs167 is present,
indicating that AtxA activity counteracts the activity of yeast
amphiphysin homologs, especially of Rvs161.

Based on the genetic interaction of AtxA with YAPI802 we
proposed that AtxA significantly inhibits the yeast AP180 homolog
Yapl801 (see above). Similarly as Rvs161/Rvs167 proteins,
Yap1801/1802 proteins play an important role in endocytosis
and we therefore tested also the effect of AtxA in the yap18024
deletion strain where endocytosis relies only on Yapl1801. The
average Slal-GFP patch lifetime in the yapl8024 deletion strain
was not significantly different from that in the wild-type strain
(Figure 2A), indicating functional complementation between
Yap1801 and Yapl802. After AtxA expression in the yap18024
deletion strain, the lifetime increased by 1.47-fold (Figure 2A),
which is somewhat less than in the wild-type background (1.67-
fold) indicating a partial inhibition of the role of Yapl801 in
endocytosis by AtxA, but less pronounced than in the case of
Rvs161.

In the SDL screen we found BMH1 in genetic interaction with
AtxA and reasoned that AtxA significantly inhibits the activity of
Bmh2 (see above). BMH1 and BMH?Z encode highly conserved 14-
3-3 proteins that function as adaptors in a wide range of cellular
processes [34]. At least Bmh2 is likely involved in endocytosis since
it has been identified as a suppressor of the clathrin heavy chain
gene deletion [35] and is in negative genetic interaction with SLA7
as well as physically interacts with Yap1801 [36,37]. To address
functional relation between AtxA and 14-3-3 proteins in the
context of inhibition of endocytosis, we measured the Slal-GFP
patch lifetime in bmhiA and bmh24 deletion strains (Figure 2D).
The lifetime in the deletion strains without AtxA was indistin-
guishable from that in the wild-type strain. Expression of AtxA
from the multi-copy plasmid in the deletion strains prolonged the
Slal-GFP lifetime by 1.75-fold in the dmhlA and by 1.67-fold in
the bmh24 strain (Figure 2D). The effect of AtxA was therefore
diminished compared to the wild-type strain (2.1-fold increase in
the lifetime after plasmid-based AtxA expression), and the extent
of this reduction was similar to the one observed in the yap18024
deletion strain (1.71-fold increase in the lifetime after plasmid-
based AtxA expression), indicating that both 14-3-3 and AP180
proteins are involved in the reduction of endocytosis by AtxA in
yeast cells.

To further explore the observed difference between the effects
of AtxA on Rvs161 and Rvs167, we examined the effect of AtxA
expression on the lifetimes of the Rvs161-GFP and Rvs167-GI'P
patches. AtxA expression doubled the average Rvs161-GFP patch
lifetime, whereas it had a much smaller effect on Rvs167-GFP
patch lifetime (Figure 2E). These data further indicate that
mnhibition of the function of Rvs161, rather than Rvs167, is part of

July 2012 | Volume 7 | Issue 7 | e40931



Neurotoxic sPLA, Impairs Amphiphysin Activity

A - Sla1 lifetimes in mutants B Slal-GEP
[Jetr control AtxA
* []AtxA :
*
80 vs1614
*
] 5
2 b [
.g rvs1674
40 -
20 -
rvs161A rvs 1674
0 s
WT rvs1614 vs1674 rvs1614  yap18024 _ -
rvs1674
C Sla1 lifetimes yap18024 -
100 y
et
. [] AtxA
80 .
A * E Rvs161 and Rvs167 lifetimes
. 40
%W » [ et
o i [] AxA
é 30 -
40 |
: L
o 20
20 E
==
0 10 - = =
WT WT  rvs1614  rvs1674 rvs1614 rvs1674
RVS161 RVS167 RVS161 RVS167 RVS167 RVS161
0
D L Rvs161-GFP Rvs167-GFP
Sla1 lifetimes
140
\j ctrl F
120 * B Arch control AtxA
100 - *
*
@ 80 T Rvs161-GFP
: [
£ 60
T T
40 1 T
Rvs167-GFP
20 |
0
WT bmh14 bmh24

Figure 2. Rvs proteins are needed for the effect of AtxA on endocytosis. A Average Sla1-GFP patch lifetimes for different rvs deletion strains
and yap18024 deletion strain expressing AtxA from a single copy integrated in the genome, and corresponding control strains. B Localization of Sla1-
GFP in rvs1614, rvs1674, the rvs1614 rvs1674 double deletion strain and yap18024. C Effect of additional expression of either RVS161 or RVS167 on
average Sla1-GFP patch lifetimes for WT and rvs deletion strains expressing AtxA from a single copy integrated in the genome and corresponding

@ PLoS ONE | www.plosone.org 5 July 2012 | Volume 7 | Issue 7 | e40931



Neurotoxic sPLA, Impairs Amphiphysin Activity

control strains. D Average Sla1-GFP patch lifetimes for the wild-type and bmhi14 and bmh24 deletion strains expressing AtxA from plasmid, and
corresponding control strains. E Average lifetimes of Rvs161-GFP (left) and Rvs167-GFP (right) patches for the wild-type (ctrl) and AtxA-expressing
cells. F Localization of Rvs161-GFP and Rvs167-GFP in AtxA-expressing and control cells. The bars on graphs mark the standard deviation. To
determine the average patch lifetimes at least 100 patches from several cells were analyzed. Sla1-GFP movies were taken with a 1 frame/second and
Rvs161-GFP and Rvs167-GFP movies with a 4 frames/second interval. Scale bar on the micrographs is 4 pm. AtxA-expressing strains were compared
to the corresponding control strains, and p-values were calculated using the t-test at a 95% confidence interval. Statistically significant differences are

denoted with a star (*¥).
doi:10.1371/journal.pone.0040931.g002

the mechanism of AtxA to affect the dynamics of endocytosis, in
agreement with the difference in the effect of AtxA in different rus
deletion/additional expression strains, as described above.

To test whether AtxA functions by completely inhibiting the
activity of Rvs161 and thus mimicking its deletion, we analyzed
the internalization profile of Slal-GFP patches. In the AtxA-
expressing strain, among the patches that internalize (ze. 94%
patches), approximately 5% retract after the initial internalization
(example shown in Figure 1B), compared to the control strain
where we determined that the percentage of retracted vesicles is
below 1%, in accordance also with data in the literature [18]. The
increase in the percentage of retracted vesicles caused by AtxA is
still much lower than that determined for the rvs/674 and rvs1674
single deletion strains (26% and 29%, respectively) and the
1051614 151674 double deletion strain (24%). Expression of AtxA
increased the percentage of retracting vesicles by approximately
5% also in rvs deletion strains: to 31% in ros161A4, 34% in ros1674
and 27% in rvs1614 rvs1674. This result indicates that the effect of
AtxA does not mimic amphiphysin deletion, but rather that AtxA
inhibits a specific function of Rvsl161. In accordance with this
notion, we observed no differences in the localization of Rvs161-
GFP and Rvs167-GFP in the AtxA-expressing strain compared to
the localization in the wild-type background (Figure 2F).

To test the effect of AtxA in different ros deletion backgrounds
with a different method, we next determined the uptake rate of LY
in these strains (Figure 3). The uptake rate of LY in the rs/61A
strain that also expressed AtxA was comparable to the uptake rate
in the control rs/6IA strain, which again indicates that the
presence of Rvs161 is needed for the effect of AtxA on endocytosis.
Moreover, in the 1s/674 background, the uptake rate of LY was
significantly decreased after AtxA expression and the extent of this
effect was similar to the reduction observed in the wild-type strain.
In the rs1614 rvs1674 double deletion, the uptake rate of LY did
not change significantly after AtxA expression (Figure 3). These
results provided further proof that the function of Rvs161 rather
than Rvs167 is the primary target of AtxA for the reduction of
endocytosis.

Enzymatic Activity of AtxA is Membrane Curvature

Dependent

In endocytosis, Rvs161 exerts its activity on a highly curved
vesicle membrane [18]. It has previously been shown that sPLAgs
have higher enzymatic activity on substrates present in non-planar
membranes [38,39]. To determine whether the activity of AtxA is
also membrane curvature dependent, we determined its relative
PLA; enzymatic activity on phospholipid vesicles of different sizes
by monitoring displacement of a fluorescent fatty acid analogue
from the fatty acid-binding protein. The enzymatic activity was
measured on vesicles of 50 nm, 100 nm and 200 nm nominal
diameters and the results normalized to the activity on the 100 nm
vesicles. The relative enzymatic activity on the 50 nm vesicles was
approximately 27% higher, and on the 200 nm vesicles 25%
lower, than on the 100 nm vesicles (Figure 4). The differences
were relatively small, but statistically significant. This shows that
AtxA has a preference for hydrolysis of phospholipids within
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vesicles of smaller diameter that have higher membrane curvature,
which is comparable to those of the endocytic and synaptic
vesicles. Due to their instability, the enzymatic activity on 30 nm
vesicles could not be tested (Supporting Information S1).

Yeast 14-3-3 Proteins, Bmh1 and Bmh2, Bind to Several
Toxic sPLA,s and Phospholipid Vesicles

It has been shown previously that both mammalian and yeast
14-3-3 proteins physically interact with AtxA, and proposed that
AtxA inhibits the activity of Bmhl and Bmh2 [14,17]. Using
surface plasmon resonance (SPR) we determined that other tested
neurotoxic sPLAys, bee venom sPLAy (bvPLAy), B-bungarotoxin
(bButx), ammodytoxin B (AtxB), ammodytoxin C (AtxC) and
taipoxin (I'px), but not the nontoxic ammodytin I (Atnly) and
porcine pancreatic sSPLAy (ppPLAy), can bind to Bmh1 and Bmh2
(Figure 5). AtnL, which is not neurotoxic but becomes inhibitory
for yeast endocytosis upon the restoration of its PLAy enzymatic
activity (see above), can also bind to yeast 14-3-3 proteins. Binding
was generally stronger to Bmh2 than to the 96% identical Bmhl1.

Yeast 14-3-3 proteins have been found to localize to the plasma
membrane [40]. To test whether they can be recruited there even
without a physical interaction with another membrane associated
protein, such as Yapl801, and whether their binding capacity
depends on the membrane curvature, we determined the ability of
14-3-3 proteins to bind to phospholipid vesicles of different sizes.
Using SPR, we measured the binding of recombinant purified
Bmhl, Bmh2 and an equimolar mixture of both proteins, since 14-
3-3 proteins can form functional heterodimers in addition to
homodimers [34]. The average response of stably bound protein
after 180 seconds of dissociation is shown in Table 1, and
representative sensorgrams of the binding of Bmhl, Bmh?2 and the
Bmh1/Bmh2 mixture to phospholipid vesicles are presented in
Supporting Information S1. We determined that Bmhl and
Bmh2, as well as the Bmhl/Bmh2 mixture, are able to bind
directly to phospholipid vesicles. Bmh1 displayed a higher, but not
statistically significant (average p-value 0.81 at the 95% confidence
interval) binding than Bmh2 or the Bmh mixture. No significant
differences between bindings to 50 nm, 100 nm or 200 nm
vesicles were observed (Table 1). To confirm the direct interaction
between the yeast 14-3-3 proteins and phospholipid vesicles,
sedimentation experiments with Bmh2 were performed (Support-
ing Information S1). After 20 min incubation of the protein with
POPC vesicles, at least 30% of the protein was detected in the
retentate (lipid fraction) after centrifugation. Bmh2 protein can
thus bind directly to phospholipid membranes and vesicles
independently of membrane curvature.

Discussion

Neurotoxic sPLAys are components of animal venoms and their
major pharmacological effect is inhibition of endocytosis. In this
study we identified genetic interactions of a neurotoxic sPLA,
AtxA on a genome-wide level in the model organism budding
yeast. Genes coding for proteins involved in endocytosis were
enriched, and of the six genes with the highest confidence level
three (RVS161, YAP1802 and BMH]I) have paralogs which are not
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Figure 3. AtxA inhibits endocytosis in an Rvs161-dependent manner. Relative uptake rates of LY in AtxA-expressing and control strains with
wild-type and different rvs deletion backgrounds. The bars represent standard deviations of at least three independent measurements. AtxA-
expressing strains were compared to the corresponding control strains, and p-values were calculated using the t-test at a 95% confidence interval.

Statistically significant differences are denoted with a star (*).
doi:10.1371/journal.pone.0040931.g003

in genetic interaction with AtxA. We show that in yeast AtxA
inhibits the progression of endocytic vesicle formation, which does
not result in disruption of the formation and distribution of sites of
clathrin dependent endocytosis, but rather in changing vesicle
formation dynamics. Exocytosis, on the other hand, is apparently
not affected by AtxA since no significant changes in invertase
secretion were observed (data not shown). Among the genetic
interactors of AtxA, the most significant suppression of the effect of
AtxA on the dynamics of endocytic vesicle formation was observed
upon deletion of the RVS761 gene, however, such suppression did
not occur if the paralogous gene RVSI67 was deleted instead.

Rvs161 and Rvs167 proteins are recruited to the endocytic vesicle
site just before it is pinched off and they contain an N-BAR
domain which senses, induces and stabilizes membrane curvature
[41]. They have been shown to function as heterodimers in
endocytosis [32,33], and the stability of one isoform is diminished
if the other is not present [32]. Our results indicate that the role of
each isoform in endocytosis is however at least to a certain extent
independent on the other isoform: additional expression of each
protein individually stimulated endocytosis, whereas the inhibitory
effect on endocytosis by AtxA is significantly more potent if
Rws161 1s present, and Rvs167 cannot fully complement Rvs161
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Figure 4. AtxA enzymatic activity is membrane curvature dependent. Relative enzymatic activity of AtxA on phospholipid vesicles of
different diameters (50 nm, 100 nm and 200 nm) is shown. The measurements were normalized to the phospholipolytic activity on 100 nm vesicles.
The bars represent standard deviation of three independent measurements. The differences are statistically significant based on the unpaired t-test at

95% confidence interval.
doi:10.1371/journal.pone.0040931.g004
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Figure 5. Several neurotoxic sPLA,s bind to yeast 14-3-3 proteins. All tested neurotoxic sPLA,s as well as AtnL bind to both Bmh1 and Bmh2.
No binding was detected for the nontoxic Atnl, and ppPLA,. Responses in response units (RU) were corrected for surface density of Bmh1 and Bmh2
and molecular weight of Bmh1, Bmh2 and sPLA,. The bars represent standard deviations of at least three independent measurements. AtxA -
ammodytoxin A, AtxB — ammodytoxin B, AtxC - ammodytoxin C, bvPLA,— bee venom PLA,, bButx — B-bungarotoxin, AtnL — ammodytin L, Tpx —

taipoxin, Atnl,— ammodytin I, ppPLA,- porcine pancreatic PLA,.
doi:10.1371/journal.pone.0040931.g005

in this respect. Distinct behavior and functions of Rvs161/167
isoforms have been described previously. It has been shown that
Rvs161 and Rvs167 display different sensitivities to latrunculin A
treatment and different dependence upon F-actin for their
localization at the plasma membrane [18]. Also, only Rvsl61
has been shown to be required for cell fusion and this function was
shown to be independent of its endocytic function [42].
Differences in the effect of AtxA on endocytosis depending on
the presence and amount of Rvs161/167 proteins do not explain
the observed specific genetic interaction of AtxA with RVSI61,
which could therefore also be independent of the endocytic
function of Rvs161. Although interpretation of genetic interactions
on the molecular mechanism level is difficult [43], in the case of
BMH1/2 and YAP1801/1802 genes the results presented here and
published previously are in agreement with the proposed
explanation of the SDL data. While in this study we explained
the relation between AtxA and Rvs161/167 in the context of
endocytosis, which is important for understanding the molecular

Table 1. Binding of yeast 14-3-3 proteins to phospholipid
vesicles.

5 uM Bmh1 5 uM Bmh2 5 uM Bmh1+2

Av. s.d. Av. s.d. Av. s.d.
50 nm 69.4 246 441 5.5 48.5 2.0
100 nm 66.7 25.1 473 16.4 47.2 0.9
200 nm 70.2 220 46.7 7.1 54.8 0.8

Surface plasmon resonance was used to analyze binding of 14-3-3 proteins to
phospholipid vesicles. The response after 180 seconds of dissociation phase is
shown. Av. — average response in response units (RU), s.d. - standard deviation
in RU of at least three independent measurements.
doi:10.1371/journal.pone.0040931.t001
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mechanism of the neurotoxicity of AtxA, other contexts of the
interaction between AtxA and amphiphysin remain to be revealed.

It has previously been shown that sPLAys affect the actin
cytoskeleton when added to mammalian cells [28,44,45]. We
could not observe any differences in the actin cytoskeleton
between AtxA-expressing and control rhodamine-phalloidin
stained cells (data not shown). On the other hand, the genetic
interaction of AtxA with several actin cytoskeleton connected
genes and its effect on Sac6-GFP patch lifetime point to a potential
defect in bundling of actin filaments. This defect could explain the
lack of internalization of the 6% of the patches, but not the whole
extent of the reduction of endocytosis. The effect of AtxA on Sac6
and the partial recovery of the endocytic defect in the yap18024
and bmhl/24 strains indicate that the final endocytic defect caused
by AtxA is a combination of several effects, among which however
the modulation of Rvs161 function is the major contributor.

We addressed the question whether the reduction of endocytosis
is dependent on enzymatic activity, and if other characteristics of
AtxA may contribute to this effect. Atnl, the enzymatically
inactive structural paralog of AtxA sharing 74% amino acid
sequence identity [26] and capable of binding to 14-3-3 proteins,
had no effect on endocytosis. Substitution of three residues in the
calcium binding loop and one in the active site of AtnL renders the
protein enzymatically active, while preserving its structural
integrity [27]. The expression in yeast of two enzymatically active
mutants (LV an LW) of AtnL, differing only in one residue, had an
mhibitory effect on endocytosis implying that the observed effects
of AtxA on endocytosis are caused by its enzymatic activity. Both
mutants displayed a significantly lower effect than AtxA, which is
in line with their one (LW) to two (LV) orders of magnitude lower
enzymatic activity on PC-rich vesicles in comparison to AtxA,
further confirming the importance of PLA, enzymatic activity in
impairment of endocytosis. Additionally, the slightly more potent
effect on endocytosis observed in the case of LW mutant in
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comparison to LV is in accordance with its higher membrane
binding affinity and activity particularly on PC-rich membranes
[27]. Expression of the catalytically inactive H48Q mutant of
AtxA had no effect on the phenotype of yeast cells (data not
shown), but since neither this nor any other constructed mutant
affecting the active site His-Asp diad of AtxA could fold correctly
i vitro [46], we did not proceed working with these mutants. In
agreement with previous studies on mammalian cells, which
suggested the importance of binding to intracellular proteins for
the neurotoxicity of sPLAgs [16,17,47,48], we found that yeast 14-
3-3 proteins are conserved enough for AtxA and other neurotoxic
sPLAys to bind to them. Moreover, deletion of BMHI/2 genes
suppressed the reduction of endocytosis by AtxA. Suppression of a
similar extent was observed in the strain without the YAP1802
gene, and based on this result and the published physical
interaction between Bmh2 and Yap1801 [36] a possible interpre-
tation of our experimental data is that AtxA binds to and inhibits
the 14-3-3/AP180 complex. The observed effects of AtxA on
endocytosis in yeast are therefore most likely the consequence of
both localization to a specific part of the vesicle through protein-
protein interactions and its enzymatic activity. To further elucidate
the role of specific protein-protein interactions of AtxA, its i vivo
co-localization with 14-3-3 and/or AP180 proteins at membrane
invaginations should be examined.

On the basis of the data obtained in this study, the following
mechanism for the reduction of endocytosis by AtxA can be
proposed. In the first step in endocytosis, the vesicle coat proteins,
including the adapter proteins Yapl801 and Yapl802, start to
assemble, followed by 14-3-3 proteins that bind to both, the coat
proteins through the physical interaction of Bmh2 and Yap1801
[36], and the phospholipid membrane directly. After this step,
AtxA, in addition to non-specific interactions with intracellular
membranes, can specifically bind to the nascent vesicle directly
through binding to 14-3-3 proteins, which results in a localized
higher-than-elsewhere PLAy activity [49]. As the formation of the
endocytic vesicle progresses, the curvature of the vesicle mem-
brane increases, promoting the enzymatic activity of AtxA
(Figure 4). The resulting faster phospholipid hydrolysis in turn
promotes even more positive membrane curvature [11,12]. This
interferes with the activity of the membrane curvature sensing
amphiphysins (especially Rvs161) and consequently the dynamics
of vesicle formation and scission. The inhibition is manifested in a
longer before inward movement part of the lifetime of Slal and
doubled Rvs161-GFP patch lifetime.

All of the proteins that are involved in the formation and
scission of the vesicle from the plasma membrane are conserved
from yeast to mammals [50,51], therefore the proposed mecha-
nism of action of AtxA can be translated from yeast cells to the
presynaptic cell of neuro-muscular junctions, where AtxA inhibits
the release of the neurotransmitter acetylcholine into the synaptic
cleft. For example, the mammalian coat protein AP180, whose
homologs in yeast are Yapl801 and Yapl802, is a neuronal-
specific adaptor protein involved in the endocytic recycling of
synaptic vesicles that binds clathrin and promotes its assembly into
cages [52-56]. In mammalian cells, the morphological effects
accordant with the reduction of endocytosis by sPLAgs — Q-shaped
invaginations at the plasma membrane and reduced number of
synaptic vesicles — have been observed when these neurotoxic
enzymes were added extracellularly [8-10,13,57]. It has been
shown that AtxA can internalize within minutes into mouse
motoneuron-like cells m vitro [28], and into mammalian motor
nerve terminals wm viwo [58]. Intracellular activity of AtxA in
mammalian cells is therefore also likely and the yeast model
presented here suggests that AtxA, by reducing endocytosis after
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binding to a specific region of the endocytic vesicle and changing
membrane properties through the products of its hydrolysis, could
affect synaptic vesicle recycling and reduce the number of synaptic
vesicles and released neurotransmitter molecules. AtxA has been
found to bind to 14-3-3 proteins [17], whose homologs in yeast,
Bmhl and Bmh2, have been shown to localize to the plasma
membrane enriched fraction [41]. Here we show that both Bmh
proteins are capable of direct binding to phospholipid bilayers
independently of membrane curvature, and a similar phospholipid
binding ability has been shown for mammalian 14-3-3 proteins
[59,60]. This binding could aid in the specific localization of AtxA
at the site of vesicle formation early in the process, when
membrane curvature is not yet the driving force for the
recruitment of AtxA. Moreover, the interaction with 14-3-3
proteins is shown here for different neurotoxic sPLAgs. One major
difference between clathrin dependent endocytosis in yeast and
mammalian cells however is in the relative contributions of the
actin cytoskeleton, clathrin, amphiphysin and dynamin [61,62]. In
mammalian cells, clathrin and dynamin are essential [61,63,64],
whereas in yeast they play only a minor role. On the other hand,
the actin cytoskeleton is essential for vesicle formation in yeast cells
[18,25,65] while in mammalian cells it only plays a minor role.
According to the proposed mechanism, interference with amphi-
physin Rvs161 activity through modulation of membrane curva-
ture is crucial for the effect of AtxA on endocytosis. In mammalian
cells, amphiphysin stabilizes the neck of clathrin coated synaptic
vesicles [66,67] and is needed for recruitment of the pinchase
dynamin to the forming vesicle [68,69]. It has been proposed that,
similar to yeast, membrane curvature orchestrates the recruitment
of proteins and progression of vesicle formation in mammalian
cells [70]. This is in accordance with the observation that during
vesicle squeezing membrane curvature deviates from the optimal
dynamin binding curvature which leads to dissociation of dynamin
from the vesicle before the actual scission [71,72]. AtxA, and likely
also other neurotoxic sPLAgs, with their intracellular enzymatic
activity that changes membrane curvature thus affect conserved
components of endocytosis that are needed for vesicle scission
from the plasma membrane and depend on membrane curvature
for their proper activity both in yeast and in mammalian cells.
Further studies will however be necessary to identify the major
molecular targets of AtxA and other sPLAss in mammalian
neuronal cells.

Materials and Methods

Yeast Strains and Plasmids

Yeast strains used in this study for microscopy experiments were
DDY2734, DDY3069, DDY3070, DDY3096, DDY3097,
DDY3118, DDY3100 [18], DDYyap18024 (his3-4200 ura3-52
leu2-3,112 SLAI-GFP::HIS3 yapl802A4::kanMX), bmhiA (his3-4200
ura3-52 leu2-3,112 SLAI-GFP:natMX  bmhlA:kanMX), bmh2A
(his3-4200 wra3-52 leu2-3,112 SLAI-GFP:natMX bmh2A::kanMX).
For LY internalization experiments the strains used were BY4741,
rs1614 and rvs1674 (Euroscarf), BY4049, BY4063 and BY4395
[73] and for the SDL screen MMY1001 [74]. Additionally, for
microscopy experiments some of the above mentioned yeast
strains carrying the GALIpr-ATXA natMX cassette at the MFAI
locus used were constructed as described [74]. Plasmids used in
this study in the LY internalization experiments were pRD53 [75],
pYUPL.3 [14], pYUP2.1 (pYUPL.3 with LEU? instead of URA3
marker) and pGalL. (empty pYUP2.1). For recombinant yeast 14-
3-3 expression, plasmids pBM1.3 (for Bmhl expression) and
pBM2.4 (for Bmh2 expression) were used. Both plasmids were
constructed by PCR amplification of the BMH1 or BMH?Z2 genes
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from yeast genomic DNA and its insertion between Ndel and Clal
restriction sites of plasmid pT7-7 [76]. Plamids pCRGA
(expressing AtxA), pCRGL (expressing AtnL), pPCRGLV (express-
ing AtnL-H28Y/L31V/N33G/S49D = LV) and pCRGLW
(expressing AtnL-H28Y/L31W/N33G/S49D = LW) used in
microscopy experiments were constructed by inserting the genes
for Aix4, AinL, or the LV and LW mutants of AtnL [27] between
Bolll and Clal sites of plasmid pCRGU that was constructed by
inserting monomeric RFP into pCGGU [77,78]. For additional
RVS expression in the DDY s deletion strains carrying the
GALIpr-ATXA natMX cassette at the MFAI locus, plasmids
expressing either RVS167 or RVS167 under their native promoters
and corresponding empty plasmid from the MoBY-ORF collec-
tion were used [79]. Unless otherwise stated, yeast strains were
grown 1in appropriate synthetic drop-out media for plasmid
selection or in YPD media at 30°C. Growth of strains for
microscopy experiments is described below.

Systematic Identification of the Genetic Interactors of
AtxA

The detailed protocol for synthetic dosage lethality (SDL)
screens was described previously [74]. Briefly, the yeast strain
carrying the GALIpr-ATXA natMX cassette in the MFAI locus was
crossed to the non essential gene deletion collection and double
mutant haploids were selected and tested for growth rate on
glucose and galactose. To identify the genetic interactors in the
quantitative SDL screen, the threshold was set such that a relative
growth fitness lower than 0.4 in one biological repetition and lower
than 0.67 in the other biological repetition was required, or
alternatively a relative growth fitness below 0.6 was required in
both biological replicates. In the visually inspected screen, the
genetic interactors were identified as having an obvious growth
defect in at least one of the biological replicates.

Phospholipids and Vesicle Preparation

POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-line),
DOPC  (1,2-dioleoyl-sn-glycero-3-phosphocholine) and DPPS
(1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine) were from Avanti
Polar Lipids, USA. Unilamellar vesicles were prepared in
appropriate buffer by extrusion [80] through polycarbonate
membranes with pore diameters of 50 nm, 100 nm, or 200 nm
(Nucleopore Track-Etch Membrane PC, Whatman, USA). The
actual size of the vesicles was determined using dynamic light
scattering method and the measurements are represented in
Supporting Information SI.

PLA, Enzymatic Activity Measurement

The initial rate of hydrolysis of phospholipids by AtxA was
measured by monitoring the displacement of a fluorescent fatty
acid analogue (11-dansylundecanoic acid; Molecular Probes, USA)
from fatty acid-binding protein as described [49,81]. Assays were
performed in Hanks’ balanced salt solution with 0.9 mM Ca?* and
1.27 mM Mg”" (Invitrogen, USA) containing 30 uM POPC
vesicles (50 nm, 100 nm or 200 nm diameter), 1 uM 11-
dansylundecanoic acid and 10 pg recombinant fatty acid-binding
protein. Solutions with a final volume of 1.3 ml were assayed in
acrylic fluorometric cuvettes at 37°C with magnetic stirring, using
a Perkin-Elmer LS50B spectrofluorometer. Excitation was at
350 nm and emission at 500 nm, with 10 nm slit widths.
Reactions were started by adding 10 ng AtxA, typically in 1 pl,
which resulted in a slope of approximately 45 degrees. Three
independent replicates were performed. All dilutions were
prepared in buffer containing 1 mg/ml fatty acid-free BSA
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(Sigma) to prevent loss of enzyme due to adsorption to the walls
of the tube.

Confocal Microscopy

To determine the average number of endocytic sites per yeast
cell, Slal-GFP patches in wild-type and AtxA-expressing strains
were analyzed using confocal microscopy. Cells were grown to
early logarithmic phase in raffinose containing minimal media at
25°C, washed with water and grown in galactose containing
minimal media for 6 h to induce AtxA expression. The cell sample
was prepared on a thin agar layer on standard glass slide.
Microscopy was performed using a Leica TCS SP2 confocal
microscope (Leica Microsystems, Germany). A 100x oil immersion
objective (HCX PLAPO CS, NA: 1.40) was used. GFP fluores-
cence was excited at 488 nm and emission recorded at 500-
550 nm. Approximately 40 optical sections with 0.12 um thickness
per sample were imaged. Leica Confocal software was used for
microscope control and image acquisition. Deconvolution of
acquired image stacks was done with Huygens Professional
(Scientific Volume Imaging, the Netherlands). Image processing
and 3D reconstruction were done with Amira 4 (Mercury
Computer Systems, USA) and LAS AF Lite (Leica Microsystems,
Germany) software. Sites of endocytosis were counted both
manually and automatically from overlaid images of maximum
intensity projections of the GIP signal and DIC images. At least
100 cells per sample were analyzed.

Real-time Fluorescence Microscopy

Real time fluorescence microscopy was used to monitor the
dynamics of different GFP tagged endocytic proteins in strains
expressing sPLAy and corresponding control strains. Either the
effect of AtxA expression from a single copy of its gene inserted in
the genome (mfalA::GALI,~ATXA:natMX), prepared as described
in [74], or the effects of AtxA, AtnL and its enzymatically active
mutants expressed from plasmid clones were monitored. When
expressed from plasmid, the sPLA; were C-terminally tagged with
mRFP to monitor their presence in the cell. Yeast cells were grown
as described above. Cells were attached to concanavalin A-coated
coverslips, which were sealed to standard glass slides with vacuum
grease (Dow Corning). An inverted Olympus IX81 microscope
equipped with 100x/NA 1.4 immersion objective and Orca-II
CCD camera (Hamamatsu, Japan) was used. All images were
acquired at 25°C as described [18,25]. The Metamorph 7.1
software (Molecular Devices) was used to control the microscope
and acquire images. Images were acquired in continuous mode for
2—4 minutes at a rate of 1 frame/second for Slal-GFP and
4 frames/second for Rvsl61-GFP, Rvs167-GFP and Sac6-GFP.
Image analysis — background subtraction and photo bleaching
correction — was performed with Image], as described [25]. At
least 100 patches from several cells were analyzed per strain unless
otherwise noted. In samples expressing sPLA,-mRFP fusion
proteins only the cells with detectable RFP signal were analyzed.
The Particle tracking algorithm was written in OpenCV. To assess
the statistical significance of the effect of AtxA expression on patch
lifetimes compared to the corresponding control strains, p-values
at a 95% confidence interval were calculated using the #test.

Recombinant Yeast 14-3-3 Protein Expression and
Purification

Recombinant Bmhl and Bmh2 were expressed in BL21(DE3)
E. coli cells. The expression from plasmids pBM1.3 (BMH1 coding)
and pBM2.4 (BMH? coding) was induced with 0.1 mM IPTG for
5 h at 37°C. Cells were lysed in buffer A (0.25 M sucrose, 20 mM
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Tris/HCL, pH 7.5, 2 mM EDTA, 10 mM EGTA and 1 mM
dithiothreitol) containing protease inhibitor cocktail using sonica-
tion. Bmh1 and Bmh2 were purified from cell lysates as described
[82]. Western blot analysis, using rabbit anti-14-3-3f8 polyclonal
antibodies (Santa Cruz Biotechnology, USA) and N-terminal
amino acid sequencing were performed to verify the identity of the
purified recombinant 14-3-3 proteins. Moreover, the purified
recombinant Bmh proteins were able to form dimers, as
determined with dynamic light scattering measurements.

Surface Plasmon Resonance Measurements

Surface plasmon resonance (SPR) experiments were performed
at 25°C using a BiacoreX system (Biacore AB, Sweden).
BIAevaluation software was used for measurement analysis. For
the analysis of binding of sPLAgs to recombinant yeast 14-3-3
proteins, recombinant Bmhl and Bmh2 proteins in 50 mM Tris
(pH 7.5), 150 mM NaCl and 0.1 mM CaCl,; were immobilized to
CM5 sensor chips. 2 pM solutions of sPLA, (neurotoxic AtxA,
AtxB, AxC, B-bungarotoxin, taipoxin and bee venom PLA,, non-
neurotoxic AtnL. and Atnly, and porcine pancreatic PLAy) were
injected over the chip surface. The dissociation was monitored for
180 seconds. The sensor chip was regenerated with 5 mM NaOH
between consecutive injections. Sensorgrams were corrected to
account for the differences in molecular weight of different PLAys,
the amount of Bmh immobilized on the chip and the differences in
molecular weight of Bmh by the following equation, adapted from
[83]:

Scaled response (RU) =(RUpeasured X 700)/(MwWPLA,
X (RUBmh/MWBmh))v

where RU, casured 18 the signal measured during the test, MwPLA,
is the molecular weight of PLAy, RUg,,;, is the amount of Bmh
immobilized on the chip, and Mwg,,;, 1s the molecular weight of
Bmbh.

For the analysis of binding of recombinant yeast 14-3-3 proteins
to phospholipid vesicle, 75% DOPC/25% DPPS (mol/mol)
vesicles of different diameters (50 nm, 100 nm in 200 nm) were
used. All measurements were performed at 25°C. The working
buffer (140 mM NaCl, 20 mM NaH,PO,, | mM EDTA; pH 7.5)
was degassed and filtered through a 0.22 pm filter prior to use.
The L1 chip was prepared as described [27,84]. 5 uM solutions of
Bmhl, Bmh2 or an equimolar mixture of both were injected over
the chip surface at 40 pl/min. The running buffer contained 1%
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BSA in order to prevent non-specific interaction of the Bmh1/2
proteins with the sensor chip surface. The dissociation was
monitored for 180 seconds.

Endocytosis Assay

The uptake rate of the fluid-phase endocytosis marker Lucifer
Yellow (Lucifer Yellow CH dilithium salt, Sigma) in wild-type,
1ws1614, 1s1674 and rvs1 614 151674 strains expressing AtxA and
corresponding control strains was quantified as described [24,85].
Briefly, cells were grown to mid-logarithmic phase, harvested and
resuspended in fresh medium containing 4 mg/ml LY and 20 mM
NaNj; to prevent cell growth during LY staining. After 1 h
incubation at 30°C or 0°C, cells were washed eight times with ice-
cold buffer A (50 mM Na-succinate, pH 5.0, 100 mM NaCl,
10 mM MgCl,, 20 mM NaNj) containing 10% sorbitol to prevent
lysis of more fragile cells. The cells were collected by centrifuga-
tion. They were then resuspended in 1 ml buffer B (50 mM Tris-
HCI, pH 7.5, 10 mM 2-mercaptoethanol) and 100 U lyticase was
added. After 1 h incubation at 37°C (complete lysis), 50 ul of 10%
SDS was added to the lysed cells. LY fluorescence was excited at
426 nm and emission measured at 550 nm, both with 15 nm slit
widths, using a Perkin Elmer LS50B spectrofluorometer. To assess
the statistical significance of the determined differences in the
uptake rates of LY in AtxA-expressing strains compared to the
corresponding control strains, p-values at a 95% confidence
interval were calculated using the #test.

Supporting Information

Supporting Information S1
DOCX)

Acknowledgments

We thank Matej Usaj for the development of the Particle tracking
algorithm, Jernej Sribar for providing recombinant AtxA, Ji Young Youn
and Ashwini Jambhekar for yeast strains, Sasa Jenko-Kokalj for help with
DLS measurements, and Christoph F. Kurat, Julia Petschnigg and Jamie
Snider for fruitful discussions, useful comments and careful reading of the
manuscript.

Author Contributions

Conceived and designed the experiments: UP MM DGD GA SDK YS TP.
Performed the experiments: MM HW AB TP. Analyzed the data: MM UP
YS GA TP. Contributed reagents/materials/analysis tools: GA SDK DGD
IK UP TP. Wrote the paper: MM UP.

. Prasarnpun S, Walsh J, Harris JB (2004) Beta-bungarotoxin-induced depletion
of synaptic vesicles at the mammalian neuromuscular junction. Neuropharma-
cology 47: 304-314.

11. Rigoni M, Caccin P, Gschmeissner S, Koster G, Postle AD, et al. (2005)
Equivalent effects of snake PLAs neurotoxins and lysophospholipid-fatty acid
mixtures. Science 310: 1678-1680.

. Montecucco C, Rossetto O (2000) How do presynaptic PLA, neurotoxins block
nerve terminals? Trends Biochem Sci 25: 266-270.

. Lee CY, Tsai MC, Chen YM, Ritonja A, Gubensek F (1984) Mode of
neuromuscular blocking action of toxic phospholipases Ay from Vipera ammodytes
venom. Arch Int Pharmacodyn Ther 268: 313-324.

. Petrovi¢ U, Sribar J, Matis M, Anderluh G, Peter-Katalini¢ J, et al. (2005)
Ammodytoxin, a secretory phospholipase Ay, inhibits Gy cell-cycle arrest in the
yeast Saccharomyces cerevisiae. Biochem J 391: 383-388.

15. Petrovi¢ U, Sribar J, Pari§ A, Rupnik M, Krzan M, et al. (2004) Ammodytoxin, a

neurotoxic secreted phospholipase Ay, can act in the cytosol of the nerve cell.

Biochem Biophys Res Commun 324: 981-985.

Sribar J, Copit A, Paris A, Sherman NE, Gubensek F, et al. (2001) A high

affinity acceptor for phospholipase Ay with neurotoxic activity is a calmodulin.

J Biol Chem 276: 12493-12496.

. Sribar J, Sherman NE, Prijatelj P, Faure G, Gubensek F, et al. (2003) The

neurotoxic phospholipase Ay associates, through a non-phosphorylated binding

16.

July 2012 | Volume 7 | Issue 7 | e40931



20.

21.

22.

23.

24.

26.

27.

28.

38.

39.

40.

41.

42.

43.

44.

46.

motif, with 14-3-3 protein gamma and epsilon isoforms. Biochem Biophys Res
Commun 302: 691-696.

. Kaksonen M, Toret CP, Drubin DG (2005) A modular design for the clathrin-

and actin-mediated endocytosis machinery. Cell 123: 305-320.

. Burston HE, Maldonado-Baez L, Davey M, Montpetit B, Schluter C, et al.

(2009) Regulators of yeast endocytosis identified by systematic quantitative
analysis. J Cell Biol 185: 1097-1110.

van Heusden GP, Wenzel TJ, Lagendijk EL, de Steensma HY, van den Berg JA
(1992) Characterization of the yeast BMHI gene encoding a putative protein
homologous to mammalian protein kinase II activators and protein kinase C
inhibitors. FEBS Lett 302: 145-150.

van Heusden GP, Griffiths DJ, Ford JC, Chin AWTF, Schrader PA, et al. (1995)
The 14-3-3 proteins encoded by the BMH1 and BMH? genes are essential in the
yeast Saccharomyces cerevisiae and can be replaced by a plant homologue.
Eur ] Biochem 229: 45-53.

Wendland B, Emr SD (1998) Panlp, yeast epsl5, functions as a multivalent
adaptor that coordinates protein-protein interactions essential for endocytosis.
J Cell Biol 141: 71-84.

Ghaemmaghami S, Huh WK, Bower K, Howson RW, Belle A, et al. (2003)
Global analysis of protein expression in yeast. Nature 425: 737-741.

Riezman H (1985) Endocytosis in yeast: several of the yeast secretory mutants
are defective in endocytosis. Cell 40: 1001-1009.

. Kaksonen M, Sun Y, Drubin DG (2003) A pathway for association of receptors,

adaptors, and actin during endocytic internalization. Cell 115: 475-487.
Krizaj I, Bieber AL, Ritonja A, Gubensek F (1991) The primary structure of
ammodytin L, a myotoxic phospholipase Ay homologue from Vipera ammodytes
venom. Eur J Biochem 202: 1165-1168.

Petan T, Krizaj I, Pungercar J (2007) Restoration of enzymatic activity in a Ser-
49 phospholipase Ay homologue decreases its Caztindcpcndcnt membrane-
damaging activity and increases its toxicity. Biochemistry 46: 12795-12809.
Praznikar 7], Kovaci¢ L, Rowan EG, Romih R, Rusmini P, et al. (2008) A
presynaptically toxic secreted phospholipase Ay is internalized into motoneuron-
like cells where it is rapidly translocated into the cytosol. Biochim Biophys Acta
1783: 1129-1139.

. Adams AE, Botstein D, Drubin DG (1991) Requirement of yeast fimbrin for

actin organization and morphogenesis in vivo. Nature 354: 404-408.

. David C, Solimena M, De Camilli P (1994) Autoimmunity in stift-Man

syndrome with breast cancer is targeted to the C-terminal region of human
amphiphysin, a protein similar to the yeast proteins, Rvs167 and Rvs161. FEBS
Lett 351: 73-79.

. Ren G, Vajjhala P, Lee JS, Winsor B, Munn AL (2006) The BAR domain

proteins: molding membranes in fission, fusion, and phagy. Microbiol Mol Biol
Rev 70: 37-120.

. Lombardi R, Riezman H (2001) Rvsl6lp and Rvsl67p, the two yeast

amphiphysin homologs, function together in vivo. J Biol Chem 276: 6016-6022.

. Navarro P, Durrens P, Aigle M (1997) Protein-protein interaction between the

RVS161 and RVSI167 gene products of Saccharomyces cerevisiae. Biochim Biophys
Acta 1343: 187-192.

. van Heusden GP, Steensma HY (2006) Yeast 14-3-3 proteins. Yeast 23: 159

171.

. Gelperin D, Weigle J, Nelson K, Roseboom P, Irie K, et al. (1995) 14-3-3

proteins: potential roles in vesicular transport and Ras signaling in Saccharomyces
cerevisiae. Proc Natl Acad Sci U S A 92: 11539-11543.

. Krogan NJ, Cagney G, Yu H, Zhong G, Guo X, et al. (2006) Global landscape

of protein complexes in the yeast Saccharomyces cerevisiae. Nature 440: 637-643.

. Costanzo M, Baryshnikova A, Bellay J, Kim Y, Spear ED, et al. (2010) The

genetic landscape of a cell. Science 327: 425-431.

Grandbois M, Clausen-Schaumann H, Gaub H (1998) Atomic force microscope
imaging of phospholipid bilayer degradation by phospholipase Ay. Biophys ] 74:
2398-2404.

Wilschut JC, Regts J, Westenberg H, Scherphof G (1978) Action of
phospholipases Ay on phosphatidylcholine bilayers. Effects of the phase
transition, bilayer curvature and structural defects. Biochim Biophys Acta 508:
185-196.

Delom F, Szponarski W, Sommerer N, Boyer JC, Bruneau JM, et al. (2006) The
plasma membrane proteome of Saccharomyces cerevisiae and its response to the
antifungal calcofluor. Proteomics 6: 3029-3039.

Dawson JC, Legg JA, Machesky LM (2006) Bar domain proteins: a role in
tubulation, scission and actin assembly in clathrin-mediated endocytosis. Trends
Cell Biol 16: 493-498.

Brizzio V, Gammie AE, Rose MD (1998) Rvs161p interacts with Fus2p to
promote cell fusion in Saccharomyces cerevisiae. J Cell Biol 141: 567-584.
Hartman JLt, Garvik B, Hartwell L (2001) Principles for the buffering of genetic
variation. Science 291: 1001-1004.

Bazaa A, Pasquier E, Defilles C, Limam I, Kessentini-Zouari R, et al. (2010)
MVL-PLA,, a snake venom phospholipase Ay, inhibits angiogenesis through an
increase in microtubule dynamics and disorganization of focal adhesions. PLoS

One 5: ¢10124.

. Neco P, Rossetto O, Gil A, Montecucco C, Gutierrez LM (2003) Taipoxin

induces F-actin fragmentation and enhances release of catecholamines in bovine
chromaffin cells. J Neurochem 85: 329-337.

Pungercar J, Prijatelj Znidar3i¢ P, Petan T (2011) Structure-function relationship
studies of ammodytoxins and ammodytins by protein engineering. Acta Chim

Slov 58: 660-670.

@ PLoS ONE | www.plosone.org

12

47.

48.

49.

50.

51.

52.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

Neurotoxic sPLA, Impairs Amphiphysin Activity

Sribar J, Anderluh G, Fox JW, Krizaj T (2005) Protein disulphide isomerase
binds ammodytoxin strongly: possible implications for toxin trafficking. Biochem
Biophys Res Commun 329: 733-737.

Sribar J, éopié A, Poljsak-Prijatelj M, Kuret J, Logonder U, et al. (2003) R25 is
an intracellular membrane receptor for a snake venom secretory phospholipase
Ay. FEBS Lett 553: 309-314.

Petan T, Krizaj I, Gelb MH, Pungercar J (2005) Ammodytoxins, potent
presynaptic neurotoxins, are also highly efficient phospholipase A, enzymes.
Biochemistry 44: 12535-12545.

“onibear E (2010) Converging views of endocytosis in yeast and mammals. Curr
Opin Cell Biol 22: 513-518.

Engqvist-Goldstein AE, Drubin DG (2003) Actin assembly and endocytosis:
from yeast to mammals. Annu Rev Cell Dev Biol 19: 287-332.

Augustine GJ, Morgan JR, Villalba-Galea CA, Jin S, Prasad K, et al. (2006)
Clathrin and synaptic vesicle endocytosis: studies at the squid giant synapse.
Biochem Soc Trans 34: 68-72.

. Ford MG, Pearse BM, Higgins MK, Vallis Y, Owen DJ, et al. (2001)

Simultaneous binding of PtdIns(4,5)P2 and clathrin by AP180 in the nucleation
of clathrin lattices on membranes. Science 291: 1051-1055.

Merrifield CJ, Perrais D, Zenisek D (2005) Coupling between clathrin-coated-pit
invagination, cortactin recruitment, and membrane scission observed in live

cells. Cell 121: 593-606.

. Owen DJ, Collins BM, Evans PR (2004) Adaptors for clathrin coats: structure

and function. Annu Rev Cell Dev Biol 20: 153-191.

Zhang B, Koh YH, Beckstead RB, Budnik V, Ganetzky B, et al. (1998) Synaptic
vesicle size and number are regulated by a clathrin adaptor protein required for
endocytosis. Neuron 21: 1465-1475.

Harris JB, Grubb BD, Maltin CA, Dixon R (2000) The neurotoxicity of the
venom phospholipases Ay, notexin and taipoxin. Exp Neurol 161: 517-526.
Logonder U, Jenko-Praznikar Z, Scott-Davey T, Pungercar J, Krizaj I, et al.
(2009) Ultrastructural evidence for the uptake of a neurotoxic snake venom
phospholipase Ay into mammalian motor nerve terminals. Exp Neurol 219:
591-594.

Martin H, Rostas J, Patel Y, Aitken A (1994) Subcellular localisation of 14-3-3
isoforms in rat brain using specific antibodies. J] Neurochem 63: 2259-2265.
Roth D, Morgan A, Martin H, Jones D, Martens GJ, et al. (1994)
Characterization of 14-3-3 proteins in adrenal chromaffin cells and demonstra-
tion of isoform-specific phospholipid binding. Biochem J 301 (Pt 1): 305-310.
Merrifield CJ, Feldman ME, Wan L, Almers W (2002) Imaging actin and
dynamin recruitment during invagination of single clathrin-coated pits. Nat Cell
Biol 4: 691-698.

Perrais D, Merrifield CJ (2005) Dynamics of endocytic vesicle creation. Dev Cell
9: 581-592.

Marks B, Stowell MH, Vallis Y, Mills IG, Gibson A, et al. (2001) GTPase
activity of dynamin and resulting conformation change are essential for
endocytosis. Nature 410: 231-235.

Sever S, Damke H, Schmid SL (2000) Dynamin:GTP controls the formation of
constricted coated pits, the rate limiting step in clathrin-mediated endocytosis.
J Cell Biol 150: 1137-1148.

. Munn AL (2001) Molecular requirements for the internalisation step of

endocytosis: insights from yeast. Biochim Biophys Acta 1535: 236-257.

Takei K, Slepnev VI, Haucke V, De Camilli P (1999) Functional partnership
between amphiphysin and dynamin in clathrin-mediated endocytosis. Nat Cell
Biol 1: 33-39.

Wigge P, Kohler K, Vallis Y, Doyle CA, Owen D, et al. (1997) Amphiphysin
heterodimers: potential role in clathrin-mediated endocytosis. Mol Biol Cell 8:
2003-2015.

Shupliakov O, Low P, Grabs D, Gad H, Chen H, et al. (1997) Synaptic vesicle
endocytosis impaired by disruption of dynamin-SH3 domain interactions.
Science 276: 259-263.

Yoshida Y, Kinuta M, Abe T, Liang S, Araki K, et al. (2004) The stimulatory
action of amphiphysin on dynamin function is dependent on lipid bilayer
curvature. EMBO J 23: 3483-3491.

Liu J, Sun Y, Drubin DG, Oster GF (2009) The mechanochemistry of
endocytosis. PLoS Biol 7: ¢1000204.

Bashkirov PV, Akimov SA, Evseev Al, Schmid SL, Zimmerberg J, et al. (2008)
GTPase cycle of dynamin is coupled to membrane squeeze and release, leading
to spontaneous fission. Cell 135: 1276-1286.

Pucadyil TJ, Schmid SL (2008) Real-time visualization of dynamin-catalyzed
membrane fission and vesicle release. Cell 135: 12631275,

Youn JY, Friesen H, Kishimoto T, Henne WM, Kurat CF, et al. (2010)
Dissecting BAR domain function in the yeast Amphiphysins Rvs161 and Rvs167
during endocytosis. Mol Biol Cell 21: 3054-3069.

. Mattiazzi M, Jambhekar A, Kaferle P, Derisi JL, Krizaj I, et al. (2010) Genetic

interactions between a phospholipase Ay and the Rim101 pathway components
in S. cerevisiae reveal a role for this pathway in response to changes in membrane
composition and shape. Mol Genet Genomics 283: 519-530.

. Peter M, Neiman AM, Park HO, van Lohuizen M, Herskowitz I (1996)

Functional analysis of the interaction between the small GTP binding protein
Cdc42 and the Ste20 protein kinase in yeast. EMBO J 15: 7046-7059.

. Tabor S (2001) Expression using the T7 RNA polymerase/promoter system.

Churr Protoc Mol Biol Chapter 16: Unitl16 12.

. Campbell RE, Tour O, Palmer AE, Steinbach PA, Baird GS, et al. (2002) A

monomeric red fluorescent protein. Proc Natl Acad Sci U S A 99: 7877-7882.

July 2012 | Volume 7 | Issue 7 | e40931



80.

81.

. Petschnigg J, Wolinski H, Kolb D, Zellnig G, Kurat CF, et al. (2009) Good fat,

essential cellular requirements for triacylglycerol synthesis to maintain
membrane homeostasis in yeast. J Biol Chem 284: 30981-30993.

. Ho CH, Magtanong L, Barker SL, Gresham D, Nishimura S, et al. (2009) A

molecular barcoded yeast ORF library enables mode-of-action analysis of
bioactive compounds. Nat Biotechnol 27: 369-377.

Bayburt T, Gelb MH (1997) Interfacial catalysis by human 85 kDa cytosolic
phospholipase Ay on anionic vesicles in the scooting mode. Biochemistry 36:
3216-3231.

Bezzine S, Koduri RS, Valentin E, Murakami M, Kudo I, et al. (2000)
Exogenously added human group X secreted phospholipase Ay but not the

@ PLoS ONE | www.plosone.org

13

82.

83.

84.

Neurotoxic sPLA, Impairs Amphiphysin Activity

group IB, IIA, and V enzymes efficiently release arachidonic acid from adherent
mammalian cells. J Biol Chem 275: 3179-3191.

Toker A, Ellis CA, Sellers LA, Aitken A (1990) Protein kinase C inhibitor
proteins. Purification from sheep brain and sequence similarity to lipocortins and
14-3-3 protein. Eur J Biochem 191: 421-429.

Abdiche YN, Myszka DG (2004) Probing the mechanism of drug/lipid
membrane interactions using Biacore. Anal Biochem 328: 233-243.

Anderluh G, Beseni¢ar M, Kladnik A, Lakey JH, Macek P (2005) Properties of
nonfused liposomes immobilized on an L1 Biacore chip and their permeabiliza-
tion by a eukaryotic pore-forming toxin. Anal Biochem 344: 43-52.

. Waltschewa L, Kotyk A, Venkov P (1991) Increased endocytosis in the

Saccharomyces cerevisiae fragile mutant VY1160. Yeast 7: 211-217.

July 2012 | Volume 7 | Issue 7 | e40931



