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Viscotoxins are cationic proteins, isolated from different mistletoe species,
that belong to the group of thionins, a group of basic cysteine-rich peptides
of ~ 5 kDa. They have been shown to be cytotoxic to different types of
cell, including animal, bacterial and fungal. The aim of this study was to
obtain information on the cell targets and the mechanism of action of vis-
cotoxin isoform Aj; (VtAs). We describe a detailed study of viscotoxin
interaction with fungal-derived model membranes, its location inside spores
of Fusarium solani, as well as their induced spore death. We show that
VtAj; induces the appearance of ion-channel-like activity, the generation of
H,0,, and an increase in cytoplasmic free Ca®*. Moreover, we show that
Ca®" is involved in VtAs-induced spore death and increased H,O, concen-
tration. The data presented here strongly support the notion that the
antifungal activity of VtAj; is due to membrane binding and channel forma-
tion, leading to destabilization and disruption of the plasma membrane,
thereby supporting a direct role for viscotoxins in the plant defence mech-

anism.

Thionins are basic cysteine-rich proteins found in a
variety of plants. They have been classified into five
types according to their amino-acid sequence homol-
ogy [1]. They consist of a polypeptide chain of 45-50
amino acids with three to four internal disulfide bonds,
have similar 3D structures, and present a high degree
of sequence homology including similarity of the distri-
bution of hydrophobic and hydrophilic residues [2].
Thionins have different toxic activity to fungi, bacteria,
animal and plant cells, which may reflect a role in
plant defence, although their exact biological function
is unknown [1,2]. Tt is supposed that their toxicity is
exerted through either membrane destabilization and
disruption or by channel formation or both, but their
mechanism of action is not yet understood [3].
Viscotoxins are small proteins of ~5 kDa isolated
from leaves, stems and seeds of European mistletoe

Abbreviations

(Viscum album Loranthaceae). They belong to the thio-
nin family type III and are characterized by the pres-
ence of three disulfide bridges [4,5]. The homology of
viscotoxins to other thionins is restricted to the six
cysteines in conserved positions (although there are
also variants known from cDNAs that contain eight
cysteines [6]) as well as an aromatic residue at position
13 and an arginine at position 10. To date, seven vari-
ants, A;, A, Az, B, Cl1, 1-PS and U-PS, have been
described [5,7,8]; viscotoxin Az (VtAs; Fig. 1A) is the
most cytotoxic, whereas viscotoxin B (VtB) is the least
potent [9,10]. The overall shape of viscotoxins is very
similar to that found for the other members of the
thionin family, and is represented by the Greek capital
letter gamma (T'), with two antiparallel a-helices and a
short antiparallel B-sheet [7,11]. The disulfide pattern
of viscotoxins is suggested to be able to stabilize a

DPH, 1,6-diphenylhexa-1,3,5-triene; ROS, reactive oxygen species; SM, egg sphingomyelin; TMA-DPH, 1-(4-trimethylammoniophenyl)-
6-phenylhexa-1,3,5-triene; VtAgz, viscotoxin isoform Ag; ViB, viscotoxin isoform B.
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Fig. 1. (A) Sequence of VtAz with the conserved positions in the thionin family indicated in bold. (B) CF leakage data at 25 °C for large uni-
lamellar vesicles composed of (m) PtdEtn/PtdSer/SM/PtdCho at molar proportions of 70 : 11 : 15 : 4, (O) PtdCho/PtdEtn/PtdSer at molar
proportions of 45 : 45 : 10, and (OJ) lipids extracted from fungal spores in the presence of VtAz at different lipid/protein ratios. (C) Steady-
state anisotropy, <r>, of (—) DPH and () TMA-DPH incorporated into spores of F. solani in the absence of VtA; (W) and in the presence of
1.5 um VtAz (O) and 3 um VtAs (A). Insert in (B) shows the evolution of the scattering peak (membrane disruption) for (a) lipids extracted
from fungal spores, (b) PtdCho/PtdEtn/PtdSer at molar proportions of 45 : 45 : 10 and (c) PtdEtn/PtdSer/SM/PtdCho at a molar proportions
of 70 : 11 : 15 : 4 after addition of VtA3 to give a lipid/protein ratio of 10 : 1.

common structure occurring in various small proteins
able to interact with cell membranes [3,5,12]. In spite
of many reports on viscotoxins, their biological role is
still unclear. They have been considered to be storage
proteins as well as linked to plant defence as its high
expression gives enhanced resistance to pathogens [13].
Viscotoxins display different toxic activities towards a
number of tumour cell lines, suggesting that the differ-
ent observed cytotoxicity could reflect variations in
secondary structure and/or types of interaction
[5,9,10,14,15]. We have previously reported on the
antifungal activity of VtA; and VtB towards three
phytopathogenic fungi (Fusarium solani, Sclerotinia
sclerotiorum and Phytophtora infestans), showing mini-
mum inhibitory concentrations of the order of 1.5-
3.75 uM [16]. We have also reported the interaction of
VtA; and VtB with model membranes and suggested
that their biological activity may be ascribed to mem-
brane permeabilization [3]. It has also been found that
viscotoxins increase cell-mediated killing of tumour
cells, exert a strong immunomodulatory effect on
human granulocytes, alter membrane permeability,
generate ROS (reactive oxygen species), produce cell
death in human lymphocytes, and induce the genera-
tion of H,O, in spores [9,15-18].

In this work we have gained more information on
the cellular targets and the mechanism of action of vis-

cotoxins, by examining the interaction of VtA; with
fungal cells. We describe a detailed investigation of the
cellular and signalling characteristics of VtAs-induced
spore death in F. solani, its effect on fungal-derived
membranes, its location inside F. solani spores, as well
as its pore-forming ability. Our results strongly sup-
port the notion that the antifungal activity of VtAj is
due to membrane binding and subsequent pore forma-
tion, destabilization and disruption of the membrane,
leading to cell death.

Results

We have previously reported the interaction of both
VtA; and VtB with phospholipid model membranes as
well as the ability of VtA; to modify the permeability
of fungal membranes, suggesting that its biological
activity may be ascribed to membrane permeabilization
[3,16]. To further explore the interaction of the most
cytotoxic viscotoxin isoform, VtAsz, with biological
membranes and obtain information on its mechanism
of action, we have applied different techniques as
shown below. The exact composition of the lipid mem-
branes of F. solani has not previously been reported,
but using TLC we observed that the major lipids are
PtdCho, PtdEtn and PtdSer in the approximate molar
proportions 45 : 45 : 10. Here we studied the effects of
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VtA; on liposomes, both constituted from the natural
lipids extracted from spores of F. solani and artificial
liposomes resembling either general fungal spore
plasma membranes or F. solani-specific plasma mem-
branes [33,34], i.e. liposomes composed of PtdEtn/
PtdSer/SM/PtdCho (SM, sphingomyelin) and PtdCho/
PtdEtn/PtdSer at molar proportions 70 : 11:15:4
and 45 :45:10, respectively (Fig. 1B). Leakage was
found to depend on lipid composition, as the extent of
leakage from liposomes composed of lipids extracted
from F. solani spores is greater than in fungi-like lipo-
somes. It is interesting to note that, for liposomes com-
posed of spore lipids, an approximate concentration of
10 pM VtAj3 induced 100% leakage (= 65% for VtB,
results not shown). Significantly, a decrease in scatter-
ing (increase in membrane rupture) was also observed
on addition of VtAj; (insert Fig. 1B). The increase in
leakage and decrease in scattering elicited by VtA;
demonstrate the capacity of the protein to destabilize
and disrupt membranes at low lipid/protein ratios.

We also studied the dynamics of the F. solani spore
membrane lipids in the presence of VtA; by measuring
fluorescence anisotropy of 1,6-diphenylhexa-1,3,5-tri-
ene (DPH) and TMA-DPH [l-(4-trimethylammonio-
phenyl)-6-phenylhexa-1,3,5-triene] inserted in living
spore suspensions (Fig. 1C). The diphenylhexatrienyl
moiety of DPH is distributed about a central position
in the bilayer (inner probe), whereas its charged deriv-
ative, TMA-DPH, extends into the lipid bilayer
between the C5 and CI11 carbons of the phospholipid
acyl chains (interfacial probe), reporting essentially
structural information on this region of the bilayer
[35]. As observed in Fig. 1C, both DPH and TMA-
DPH fluorescence anisotropies increased at increasing
concentrations of VtAj;, indicating that VtA; interacts
with fungal membranes, increasing its rigidity at all
temperatures. These results provide evidence that VtAj
is incorporated into the spore membrane as well as
modulating its biophysical properties.

The next experiments were designed to analyze whe-
ther VtA; was able to enter intact F. solani cells. VtAj
was labelled with Texas Red and monitored by confo-
cal microscopy (see Experimental procedures). The
antifungal activity of Texas Red-labelled VtA; was
previously shown to have the same toxicity as wild-
type VtAs;, as 10 um Texas Red-labelled VtA; com-
pletely abolished the germination of F. solani spores
(results not shown). As observed in Fig. 2A, the pro-
tein seemed to accumulate inside the cells, demonstra-
ting for the first time that VtA; can enter and
accumulate inside fungal cells. In addition we analyzed
whether Texas Red-labelled VtA;, like the unlabelled
form, was capable of modifying the permeability of
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fungal membranes [16]. We used the fluorescent probe
Sytox® Green, which only enters cells with a damaged
membrane, binding subsequently to nucleic acid and
emitting fluorescence. Figure 2B shows that fungal
cells incorporated the fluorescent probe, indicating that
membrane damage was produced when the cells where
incubated with Texas Red-labelled VtA;. We also
examined the possibility that Texas Red-labelled VtA;
could enter giant liposomes, composed of Ptd-
Cho/PtdEtn/PtdSer at molar proportions 50 : 25 : 25,
as the theoretical composition of F. solani membrane
phospholipid  (PtdCho/PtdEtn/PtdSer, 45 :45:10)
would not form stable multilamellar giant liposomes.
Figure 2D shows that VtA; was not capable of trans-
locating through the phospholipid bilayer of lipo-
somes, as we could only see the protein bound to the
external monolayer.

A possible explanation for the effect of VtAz on fun-
gal cells could be that this protein would form ion
channels or pores in cell membranes, as reported for
other members of the thionin family [36,37]. We inves-
tigated this possibility by using patch-clamp methods
to study the effects of VtA; added to the bath solution
on excised, inside-out membrane patches from asolec-
tin giant liposomes. Such liposomes have been used
previously to explore the channel-forming ability of
other thionins [37]. Control experiments in the absence
of added VtAj; showed no electrical activity whatsoever
in the excised asolectin membrane patches (not
shown). Moreover, no activity was found when VtAj
(up to 3 uMm, n = 8) was added to the bath solution of
membrane patches held at a membrane potential of
0 mV. In contrast, when the membrane patches were
subjected to the potential pulse protocol described in
Experimental Procedures after VtA; addition, electrical
activity was detected at different toxin concentrations
in 85% (n = 23) of the patches assayed, suggesting
that, under our experimental conditions, triggering of
the channel formation requires a membrane potential
different from zero. Indeed, the activity begins to be
observed mostly when the membrane is subjected to a
positive voltage, and, from there on, it continues being
present at any of the voltages assayed in the pulse pro-
tocol. In the 0.1-1 uM range of added VtA; (n = 12;
44% of the active patches), we found ion-channel-like
activity in the form of square pulses of current
(Fig. 3A). Such activity was always preceded by an
increase in the recording’s baseline, suggesting that
toxin incorporation induced an increase in the
membrane conductance. Single-channel current vs.
voltage (I/V) plots of the activity recorded at concen-
trations of 1 pM VtA; (n = 7) (Fig. 3C) shows a signi-
ficant open-channel rectification. Also, under the
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Fig. 2. Confocal laser scanning images of Texas Red-labelled VtAz bound to (A, B, C) F. solani spores and (D) giant liposomes composed of
egg PtdCho/egg PtdEtn/brain PtdSer at molar proportions of 50 : 25 : 25. F. solani spores and giant liposomes were incubated with 10 pum
Texas Red-VtAz for 5 min, and then viewed under a confocal laser scanning microscope. When spores were used, Sytox® Green was
added just before being viewed under the microscope. Spore image is split into two fluorescence channels, 543 nm excitation for VtAs—
Texas Red (A), 488 nm excitation for Sytox® Green (B) and the overlay image of the two excitation wavelengths (C). Giant liposomes were
viewed with 543 nm excitation (D). Images are representative of five different experiments. The scale bar represents 5 um.

asymmetrical ionic conditions used in these experi-
ments, i.e., using a KCl concentration gradient, a
reversal potential value of +27.6 £ 6 mV (n = 7) was
estimated, which is quite different from the equilibrium
potential for K* under these conditions (+ 59.2 mV).
The latter observation suggests that the putative chan-
nels formed by the toxin are only moderately selective
for cations, which is similar to previous reports on
others member of the thionin protein family [36,37].
Interestingly, the observed channel-like gating activity
was always found to be transient and, depending on
the VtA; concentration, lasted from a few seconds up
to five minutes, after which, an abrupt increase in
membrane leakage occurred, indicating membrane dis-
ruption (Fig. 3A; the histogram with the distribution
of current amplitudes is also shown in Fig. 3B). This
disruption process was practically instantaneous (n =
11, 41% of the cases) when higher concentrations (up
to 3 um) of toxin were used in the experiments. In an
attempt to mimic the lipid composition of the physio-
logical target more closely, we also tried to obtain
inside-out membrane patches from giant liposomes
made of PtdCho/PtdEtn/PtdSer mixtures at molar

proportions 50 : 25 : 25 and 45 : 45 : 10. However, the
resulting liposomes did not allow a proper high resist-
ance seal with the patch pipette, and this possibility
was discarded.

We have previously shown that spores, in the pres-
ence of VtA; at a concentration of 10 um and after
8 h of treatment, produce H,O, [16], suggesting that it
may be an intermediate in VtAj cytotoxicity. This fact,
together with the observed location of VtAs in living
spores, prompted us to study the relationship between
the presence of VtA; and H,O, production. We
improved the previous experiments [16] by using a
highly H,O,-sensitive probe, Amplex Red, and correla-
ted H,O, production with spore viability as shown in
Fig. 4. When VtA; concentration was increased, H,O,
production increased concomitantly (Fig. 4A). Interest-
ingly, the insert in Fig. 4A shows that H,O, produc-
tion is dependent on the incubation time and the
concentration of VtAs;. In a similar manner, spore
death (detected as propidium iodide stain) increased in
a dose-dependent way as observed in Fig. 4B. The
direct correlation between spore death and H,O,
production is observed in the insert of Fig. 4B. We
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Fig. 3. (A) Representative patch clamp recordings from a series of membrane potential pulses from positive to negative voltage illustrating
the effects of addition of 1 um VtAz to the bath solution in excised patches from asolectin giant liposomes. The zero current level at each
voltage is indicated by a dotted line. Typically, 30 s after the addition of the toxin to the bath solution, an increase in the membrane baseline
conductance was observed (a), followed by the appearance of channel-like openings in the form of square currents (b), which covered one
or two open-channel states of the same amplitude (O; and O,). Eventually, an abrupt increase in membrane leakage took place (c), which
led to membrane rupture (d) and to the disappearance of ion channel activity. (B) Amplitude histograms calculated from the single-channel
trajectories for recordings shown in (A). (C) Average single-channel current vs. voltage plot of the VtAsz-induced ion-channel-like activity in the
excised asolectin membranes patches. A KCI gradient (10 and 100 mm KCl in the bath and pipette solutions, respectively) was used in these
experiments. Current amplitudes at each voltage were calculated by averaging the single square current amplitudes. The arrow indicates the

reversal potential under these asymmetrical conditions.

observed an enhanced accumulation of Rhodamine
123 in fungal cells (not shown for briefness), indicating
that VtAj; provokes either hyperpolarization of the
inner mitochondrial membrane or swelling of mito-
chondria or both [9,38].

Cytosolic Ca®>" plays a crucial role in cell signalling
and can regulate a wide range of physiological func-
tions in diverse organisms [39]. To determine if the
different biological effects elicited by VtA; in fungal
spores are related to changes in internal Ca®>" concen-
tration, we measured the concentration of free cytoso-
lic Ca?™ at different VtA; concentrations and different
incubation times as shown in Fig. 5. At increasing
VtA; concentrations and incubation times, free cytoso-
lic Ca®" increased, showing that either directly or indi-
rectly cytosolic Ca>™ is indeed related to the biological
effects elicited by VtAj; (vide supra). With the aim of

determining if the increase in free cytosolic Ca®* con-
centration induced by the presence of VtA; is related
to either cell viability or H,O, production or both, we
treated the spores with VtAj in the presence of the
Ca®" chelator Bapta-AM. The results are shown in
Fig. 6. The increase in Bapta-AM concentration, i.e.
decrease in free Ca’" availability, abolished both
H,0, production and spore death induced by VtA;
(Fig. 6A and 6B, respectively). To determine the origin
of this cytosolic Ca2+, we incubated the spores with
the voltage-dependent Ca>* channel blocker verapamil
at various concentrations in the presence of 10 pum
VtAj3, but no effect was observed on either spore viab-
ility or H,O, production (not shown for brevity). On
the other hand, depletion of Ca®" caused by external
EGTA in the millimolar range did not reduce H,O,
production by VtAj. All these data suggest that the
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Fig. 4. Effect of VtAz on H,O, production (A) and spore viability (B)
after incubation for 2 h. Insert in (A) shows H,0, production as a
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Fig. 5. Increase in intracellular free Ca?* measured in F. solani
spores incubated with different concentrations of VtAz for 5 min
(white), 15 min (grey) and 45 min (black).

increase in Ca®>" concentration in the cytosol after
VtA; incubation originates from internal Ca®" stores
(vacuoles, endoplasmic reticulum, etc.).

Discussion

It has been known for many years that thionins inhibit
the growth of fungi in vitro [40]; furthermore, we have

Analysis of the fungicidal effect of viscotoxin Az

shown very recently that viscotoxins have potent anti-
fungal activity affecting both spore germination and
hyphal growth of phytopathogenic fungi, reinforcing
the idea that viscotoxins would be useful compounds
for controlling fungal pathogens in plants [16]. We
used for the first time model membranes with a lipid
composition derived from intact spores in order to
observe the capability of destabilization and/or disrup-
tion of bilayer membranes by VtA;. We show that
VtAj; had a significant effect on integrity and permeab-
ility of liposomes composed of fungal-extracted lipids.
We also show the modulation of the biophysical prop-
erties of fungal membranes by VtA; by the increase in
the fluorescence anisotropy of both inner and interfa-
cial probes inserted in spore membranes. The change
in fluidity of fungal membranes may be explained by
the insertion of the protein and modulation of the lat-
eral pressure, as has been reported for other proteins
[41]. Moreover, these results confirm that VtAj affects
the whole structure of the membrane and demonstrate
that it inserts into the membrane palisade. These
results are consistent with previous observations that
suggested that the perturbations induced by viscotox-
ins were related to alteration of membrane fluidity [3].

Even though the order of events leading to cell
death provoked by viscotoxins are not exactly known,
membrane permeabilization should be an early effect.
Indeed there is a relationship between spore viability,
H,0, production and VtAj concentration as shown in
this work, which would indicate that the H,O, produc-
tion and subsequent cell death may be a consequence
of membrane perturbation. It is interesting to note
here that VtAs concentrations ranging from 3 to
10 uM induced membrane disruption as well as giving
rise to H>O, production and spore death. These con-
centrations are higher than those previously reported
[16], as we used short incubation times (ICsy for VtAj;
was found to be about 1.5-3.75 um after 48 h of incu-
bation time).

It has been previously shown that thionins mediate
transient fluxes of Ca’>" in Neurospora crassa hyphae
[42]. We found that VtAj induced an increase in internal
Ca®" concentration, this Ca>" probably being liberated
from internal stores. We were able to detect cytoplasmic
free Ca®" in the presence of both VtA; and EGTA, and,
in addition, labelled VtAj; inside spore cells. The cyto-
plasmic Ca>™ increase elicited by VtA; may therefore be
related to permeabilization of those organelles. Visco-
toxins, apart from disturbing and rupturing membranes
(vide supra), can induce the generation of ROS interme-
diates as well as apoptosis-related changes in different
types of cell [9,16]. We have not detected VtA;-induced
apoptosis, although necrosis could not be ruled out. As
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noted previously, the major functional impact of cell
necrosis would be the loss of mitochondrial inner-mem-
brane potential, excess of ROS intermediates, and a
decrease in ATP production [43]. As mentioned above,
VtA; induces either hyperpolarization of the inner
mitochondrial membrane or mitochondrial swelling or
both; cells in which mitochondria are destabilized and
finally broken down suffer a decrease in the coupling
efficiency of the electron-transport chain and therefore
can generate ROS intermediates, which can lead to oxi-
dative stress [43].

VtA; cannot span the bilayer because the two antipar-
allel a-helices are much shorter than the bilayer thick-
ness, so that a single VtA; molecule cannot form an
ion-channel-like structure. Therefore, we have to assume
that individual VtA; molecules must somehow assemble
as a transmembrane complex for ion-channel-like activ-
ity to appear. This has been shown to be the case for
the channel-forming antibacterial protein sapecin [44].
Moreover, it has been reported that viscotoxins can
form complexes in both solution and crystals [45,46],
supporting the notion that such a complex may also be
formed inside the membrane to account for the observed
ion-channel-like activity [47]. Therefore, the lag time
observed between the increase in membrane conduct-
ance and the appearance of channel activity may be rela-
ted to the assembly of the putative complex into the
bilayer. Whatever the case might be, channel formation
does not preclude the existence of additional mecha-
nisms of bilayer breakdown. In fact, we have been able
to observe channel formation, but only at relatively low
viscotoxin concentration as concentrations greater than
1 uMm always led to seal breakdown. Pyrularia thionin

and B-purothionin are also capable of lysing cell mem-
branes, indicating that thionins in general have lytic
capabilities [36,48]; B-purothionin is also capable of
forming channels in membranes [36]. In a similar way,
melittin is also highly lytic. It has been proposed to act
via a two-step mechanism in killing cells [49], initially
acting as an ion channel to depolarize cells and, if pre-
sent at a sufficient concentration, lysing cells directly.
Viscotoxins may behave in a similar way.

We also observed that incorporation of the toxin into
the membrane bilayer appears to be dependent on the
existence of a membrane potential established between
the two sides of the bilayer. It is interesting to note that
membrane permeabilization induced by plant defensins
appears to require a polarized membrane [42]. It may be
that, like defensins, viscotoxins require a polarized
membrane for channel formation, as indicated in this
work. This is consistent with previous suggestions made
for other thionins [3,36,42,50], in which the electrostatic
interaction of these positively charged proteins play an
essential role as a first step in their interaction with
membranes. It is interesting to note the absence of trans-
location of VtAj; through the liposome bilayers com-
pared with the translocation observed in vivo in F. solani
spores. This difference in translocation may be related
not only to differences in bilayer composition but also
to the existence of a polarized membrane, as mentioned
above. However, membrane disruption would not
depend on the presence of a polarized membrane but on
membrane composition [51,52].

It is unclear why amphipathic polypeptides such as
thionins from mistletoe and other plants with close
structural identity show quite different biological
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behaviour. The toxicity of B-purothionin may be due
to its ability to form ion channels in cell membranes
[36], whereas the toxicity of a-hordothionin and
wheat o-thionin originates through binding to the
membrane surface and disturbance of its organization
[42,50]. VtA; may have both properties. Viscotoxins
in general may bind to membranes and form ion
channels or pores at low concentrations, but at higher
concentrations they may directly lyse the membrane,
i.e. they would behave like a detergent [3]. Further-
more, the interaction of viscotoxins and fungal cells
may also lead to other secondary effects, such as
H,0O, production and Ca’" liberation. This mem-
branotropic effect may explain the high toxicity of
viscotoxins in particular and thionins in general. In
conclusion, our results strongly support the notion
that the antifungal activity of VtAs is due to the
occurrence of a number of processes, including initial
membrane binding and subsequent pore formation,
followed by destabilization and disruption of both
plasma and inner membranes.

Experimental procedures

Reagents

Trans-esterified egg L-a-phosphatidylethanolamine (PtdEtn),
egg L-a-phosphatidylcholine (PtdCho), bovine brain phos-
phatidylserine (PtdSer), and egg sphingomyelin (SM) were
obtained from Avanti Polar Lipids (Alabaster, AL, USA).
CHAPS {3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonate}, S-carboxyfluorescein (> 95% by HPLC),
2-(6-amino-3-imino-3 H-xanthen-9-yl)benzoic acid methyl
ester (Rhodamine 123), asolectin type II, ampicillin and
horseradish peroxidase were obtained from Sigma-Aldrich
(Madrid, Spain). DPH, TMA-DPH, PBFI-AM {1,3-ben-
zenedicarboxylic acid 4,4'-[1,4,10,13-tetraoxa-7,16-diazacy-
clo-octadecane-7,16-diylbis(5-methoxy-6,2-benzofurandiyl)]
bis-tetrakis[(acetyloxy)methylester}, Fluo3-AM {1-[2-amino-
5-(2,7-dichloro-6-hydroxy-3-ox0-9-xanthenyl)phenoxy]-2-(2-
amino-5-methylphenoxy)ethane-N,N,N’,N'-tetra-acetic acid,
pentaacetoxymethyl ester}, Bapta-AM [0,0’-bis(2-amino-
phenyl)ethyleneglycol-N,N,N’,N’-tetra-acetic acid, tetra-acet-
oxymethyl ester], Amplex Red (N-acetyl-3,7-dihydroxy
phenoxazine), Sytox® Green, Texas Red sulfonyl chlor-
ide [1H,5H,11H,15H-xantheno(2,3,4-i:5,6,7-I'{")diquinolizin-
18-ium,9-(2(or4)-(chlorosulfonyl)-4(or2)-sulfophenyl)-2,3,6,7,
12,13,16,17- octahydro-, hydroxide] were obtained from
Molecular Probes (Eugene, OR, USA). Propidium iodide
was obtained from BD Biosciences (Madrid, Spain). All other
reagents used were of analytical grade from Merck (Darms-
tad, Germany). Water was deionized, twice-distilled and
passed through a Milli-Q equipment (Millipore Ibérica,
Madrid, Spain) to a resistivity better than 18 MQ cm.
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Biological materials

Fusarium solani f. sp. eumartii, isolate 3122 (EEA-INTA,
Balcarce, Argentina), was grown at 25 °C on potato dex-
trose agar plates supplemented with 100 pgmL™" ampicil-
lin, and spores were collected from 8-day-old cultures by
suspension in sterile water.

Protein purification

Viscotoxins were prepared and extracted as described pre-
viously [3,10]. Briefly, fresh plant material (leaves and
stems) from V. album L. was homogenized in 2% acetic
acid, diluted with distilled water, and passed through a
cation-exchange After a washing step, the
adsorbed proteins were eluted with 0.1 M HCI, neutralized
with NaHCO; and fractionated by HPLC. Individual vis-
cotoxins were finally isolated by HPLC on a Cj4 reverse-
phase column [3]. The proteins were dissolved in 0.1% tri-
fluoroacetic acid, loaded on to the column equilibrated
with 20% acetonitrile in 0.1% trifluoroacetic acid and
eluted by linear gradient from 20% to 50% acetonitrile in
0.1% trifluoroacetic acid over 30 minutes at a flow rate of
1 mL'min~'. The protein concentration was measured as
described [19].

column.

Lipid extraction from spore cells

Lipid extraction from spore cells was performed according
to the Bligh and Dyer procedure using the proportions
1:1:09 (v/v/v) between chloroform/methanol and the
corresponding aqueous sample [20]. Polar lipids were
fractionated by 1D TLC on activated 0.2-mm layers of
high-performance 10 x 10 cm plates (LHP-K, Whatman
Brentford, UK). Aliquots containing 70 pg total lipid were
developed using chloroform/methanol/concentrated ammo-
nia (65 :25:4, v/v). Lipid spots were visualized by expo-
sure to an iodine-saturated atmosphere. The phospholipid
concentration was measured as described [21].

Assay of plasma membrane fluorescence
anisotropy

Fungal cells were incubated at 25 °C in 10 mm Hepes,
pH 7.4, for 30 and 60 min with either 6.6 x 10™* mm
TMA-DPH or 85x 107* mm DPH, respectively [22].
Afterwards cells were incubated for 1 h with different con-
centrations of VtAj3 as stated in the figures. Fluorescence
measurements were carried out using a SLM 8000C spec-
trofluorimeter with a 450-W Xe lamp, double-emission
monochromator, and Glan-Thompson polarizers. Correc-
tion of excitation spectra was performed using a Rhodam-
ine B solution. Typical spectral bandwidths were 4 nm for
excitation and 2 nm for emission. All fluorescence studies
were carried out using 5 mm X 5 mm quartz cuvettes. The
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excitation and emission wavelengths were 360/425 and
362/450 nm for observation of the fluorescence of DPH
and TMA-DPH, respectively. Fluorescence anisotropies
were determined as described [3].

Assay for leakage of liposomal contents

Aliquots containing the appropriate amount of lipid in
chloroform/methanol (2 : 1, v/v) were placed in a test
tube, the solvents removed by evaporation under a
stream of O,-free nitrogen and finally traces of solvents
were eliminated under vacuum in the dark for more than
3h. Then, 1 mL buffer containing 10 mm Tris/HCI,
20 mM NaCl, pH 7.4, and 5-carboxyfluorescein at a con-
centration of 40 mMm was added, and multilamellar vesi-
cles were obtained. Large unilamellar vesicles with a
mean diameter of 90 nm were prepared from multilamel-
lar vesicles by the extrusion method [23] using polycar-
bonate filters with a pore size of 0.1 um (Nuclepore
Corp., Cambridge, CA, USA). Non-encapsulated 5-carb-
oxyfluorescein was separated from the vesicle suspension
on a Sephadex G-75 filtration column (Pharmacia,
Uppsala, Sweden) eluted with buffer containing 10 mm
Tris/HCI, 0.1 M NaCl and 1 mm EDTA, pH 7.4. Leak-
age was assayed by treating the probe-loaded liposomes
(final lipid concentration 0.1 mM) with the appropriate
amounts of VtA; in a fluorimeter cuvette stabilized at
25 °C. Changes in fluorescence intensity were recorded on
a Varian Cary spectrofluorimeter interfaced with a Peltier
element for temperature stabilization, with excitation and
emission wavelengths set at 492 and 516 nm, respectively.
Data were acquired using excitation and emission slits
at 5 nm. Complete release was achieved by adding to the
cuvette Triton X-100 to
0.1% (w/w). Leakage was quantified on a percentage
basis according to the equation: % release =
[(F¢ = Fo)/(Fio0 — Fo)] x 100. Fy is the equilibrium value
of fluorescence 10 min after protein addition, F, the ini-
tial fluorescence of the vesicle suspension, and Fjy, the
fluorescence value after addition of Triton X-100.

a final concentration of

Light scattering measurements

The ability of VtAs to change large unilamellar vesicle scat-
tering was used as an indicator of liposome integrity.
Right-angle light scattering was measured using a Varian
Cary spectrofluorimeter with both excitation and emission
monochromators set at 400 nm [24]. Data were acquired
using excitation and emission slits at 2.5 nm. Samples con-
taining liposomes (final lipid concentration 0.1 mM) and
the appropriate amount of VtAs; were placed
S mm x 5 mm fluorimeter cuvette stabilized at 25 °C under
constant stirring. No scattering was achieved by adding
Triton X-100 to the vesicle suspension to give a final con-
centration of 0.1% (w/w).

in a
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Measurement of intracellular K*

Spores were resuspended in 10 mm Hepes, pH 7.4, and incu-
bated with the cell-permeant form of the K " -binding fluores-
cent dye benzofuran isophthalate, PBFI-AM (final
concentration, 5 um PBFI-AM) for 2 h at 25 °C, washed
twice and resuspended in 10 mm Hepes, pH 7.4, to a final
density of 2.2 x 107 sporesmL™". Variations in intracellular
K™ content were expressed as a fraction of PBFI-AM max-
imal fluorescence intensity [25]. Fluorescence measurements
were carried out at 25 °C using a SLM 8000C spectrofluo-
rimeter with a 450-W Xe lamp, double-emission monochro-
mator, and Glan-Thompson polarizers using quartz cuvettes
with continuous stirring of the suspension, bandwidths of
2 nm for excitation and 4 nm for emission, and excitation
and emission wavelengths of 360 and 500 nm, respectively.

Mitochondrial transmembrane potential

Mitochondrial transmembrane potential was assayed by
adding the cationic fluorochrome Rhodaminel23 in 10 mMm
Hepes, pH 7.4, to cultured cells for 10 min at 37 °C in the
dark (final concentration 50 nm) as previously described
[26]. Fluorescence was detected with a Leica inverted micro-
scope with a digital camera.

Viability assay

Spores were incubated for 10 min with 100 pgmL™" propi-
dium iodide in buffer containing 10 mm Hepes/NaOH,
140 mMm NaCl, and 2.5 mm CaCl,, pH 7.4, as described pre-
viously [27]. Spores were quantified using a Neubauer cam-
era in a Fluorescent microscopy Leica DMIRB, acquisition
camera Leica DC 250 and Qfluoro V 1.2.0 software.

Detection of H,0,

H,0, was determined enzymatically as described [27]; sam-
ples contained 2 x 107 sporesmL™!, 1 U'mL™" horseradish
peroxidase and 7.5 pm Amplex Red in 10 mMm Hepes,
pH 7.4, buffer. Fluorescence measurements were performed
using a Varian Cary spectrofluorimeter interfaced with a
Peltier element for temperature stabilization. The emission
and excitation slits were 5 nm.

Cytosolic Ca®* measurements

Cytosolic Ca?* measurement in spores was made by
using the fluorescent Ca>™ indicator Fluo3-AM. The final
concentration of Fluo3-AM was 10 pM prepared from a
5 mM Me,SO stock solution. Final Me,SO concentration
was 0.2% or less, a concentration that had no discernible
effect on spore viability. The buffer used was 10 mm
Hepes, pH 7.4. Samples were observed with an Axiovert
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200 Zeiss inverted microscope with a Mercury light
source. Images were processed using Aquacosmos 2.5
software [28]. In some experiments either the Ca2™ chela-
tor Bapta-AM, prepared from a 13 mM stock solution in
Me,SO, or 2 mm EGTA was used. Spores were preincu-
bated with either Bapta-AM or EGTA for 30 min and
then incubated with VTAj; for different incubation times
before the measurement of cytosolic Ca’™.

Preparation of giant liposomes

Large unilamellar vesicles of asolectin (soybean lipids, type
I1-S; Sigma) or from mixtures of PtdCho/PtdEtn/PtdSer at
45:45:10 and 50 : 25:25 molar proportions were pre-
pared at 25 mg'mL™" in 10 mM Hepes (pH 7.5)/100 mM KClI
and stored in liquid N, [29]. Giant liposomes (20-100 pm)
were prepared by submitting asolectin vesicles to a cycle of
partial dehydration/hydration, as reported previously [29].

Patch-clamp measurements

Asolectin giant liposomes (1-3 plL) were deposited on to
3.5-cm Petri dishes and mixed with 2 mL of a solution con-
taining 10 mM KC1/10 mm Hepes (potassium salt), pH 7, for
electrical recording (bath solution). Giga seals were formed
on giant liposomes with microelectrodes of 7-10 MQ resist-
ance. Standard inside-out patch-clamp recordings [30] were
performed using an Axopatch 200A (Axon Instruments,
Union City, CA, USA), at a gain of 50 mV-pA~'. Recordings
were filtered at 1 kHz with an 8-pole Bessel filter (Frequency
Devices, Haverhill, MA, USA). The holding potential was
applied to the interior of the patch pipette, and the bath was
maintained at virtual ground (V' = Viamn — Vpipette): An
Ag/AgCl wire was used as the reference electrode through an
agar bridge. The data were analyzed with pClamp9 software
(Axon Instruments). Patch electrodes were filled with a solu-
tion containing 100 mM KCI and 10 mM Hepes (potassium
salt), pH 7 (pipette solution). After seal formation, VtA; was
added to the bath solution at a concentration from 0.1 uM to
S uM. VtA; was added with the pipette tip at a distance of
10-15 mm, with brief stirring. The recording was started
immediately after addition. A pulse protocol (from +80 to
—80 mV at 20-mV steps; 2 s of recording at each voltage)
and/or a voltage ramp (from +80 to —80 mV during 3 s)
were applied repetitively in these experiments. All measure-
ments were made at room temperature.

Texas Red labelling of VtA;

Conjugation of VtA; with Texas Red was performed in
20 mM Na,HPO4 buffer, pH 7. Texas Red was dissolved
in anhydrous dimethylformamide at a concentration of
100 mgmL™", and an aliquot of 10 uL was immediately
added to the protein solution (1 mg in 380 pL buffer) while
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stirring. The reaction mixture was incubated at 4 °C for
60 min. Conjugated protein was separated from unreacted
dye by size-exclusion chromatography using Sephadex
G-25. The degree of labelling was determined as the ratio
of fluorophore to protein as previously described [31].

Permeabilization of spores

The Sytox® Green nucleic acid stain (Molecular Probes,
Eugene, OR, USA) was used to evaluate the integrity of
the plasma membrane of spore cells; Sytox® Green has
already been used to demonstrate changes in membrane
integrity induced on incubation with antimicrobial peptides
[32]. Whereas it cannot cross the membrane of live cells, it
readily penetrates disrupted plasma membranes before
binding to nucleic acid, where it induces an intense fluores-
cence emission when excited under blue light illumination.
Spores were incubated in 10 mMm Hepes, pH 7.4 (control
experiments) or exposed to 10 pM Texas Red-labelled VTA;
for 5 min. After treatment, 10 puL of spore suspensions were
mixed with a Sytox® Green solution (1 puMm final concentra-
tion) and immediately viewed with an inverted confocal
laser scanning microscope.

Confocal laser scanning microscopy

Fluorescence images were recorded using an inverted laser
scanning microscope (Zeiss LSMS5 Pascal) with a Plan-
Apochromat 63x/1.4 oil-immersion objective and a HFT
488/543/633 dichroic mirror (Carl Zeiss Instruments, Zur-
ich, Switzerland). A 488-nm Ar laser was used to excite the
Sytox® Green (filtered with a 505 530-nm band pass),
whereas a 543-nm He/Ne laser was used for excitation of
Texas Red-labelled VtAj (filtered with a long pass filter
< 560 nm). Optical sections of 1.8 pm through the centre
of the spores or 4 pm for the liposomes were used for loca-
lization of the fluorescent signal. The protein concentration
was 10 uM. When spores were visualized, nucleus locali-
zation was confirmed with Sytox® Green nuclear stain.
Neither cells nor liposomes revealed autofluorescence.
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