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Abstract

The a-toxin from Clostridium perfringens is a phospholipase C which is active towards
phospholipids in eukaryotic cell membranes. At high concentrations of the toxin cell lysis occurs
but at sub-Iytic concentrations there are subtle effects on cell metabolism because the cleavage
of eukaryotic membrane phospholipids generates a number of secondary messengers within the
cells. Two key messengers are diacylglycerol and inositol triphosphate. Diacyiglycerol is able to
activate the arachidonic acid pathway and protein kinase C. We have shown that «-toxin binds to
the outer leaflet of cells and causes subsequent changes in intracellular calcium concentration.
Our results suggest that initial changes in intracellular calcium concentrations were a
consequence of calcium influx from the extracellular medium, with subsequent changes involving
intracellular calcium stores.

Voies de signalisation activées par la toxine alpha de Clostridium
perfringens

La toxine alpha de Clostridium perfringens posséde une activité phospholipase C qui est active sur
les phospholipides des membranes cellulaires eucaryotes. A forte concentration de toxine la lyse
cellulaire se produit alors qu'a des concentrations sub-lytiques des effets subtils sur le
métabolisme cellulaire apparaissent du fait de la libération de nombreux messagers secondaires a
I'intérieur de la cellule suite au clivage des phospholipides de la membrane cellulaire. Les deux
seconds messagers clés sont le diacylglycérol et I'inositol triphosphate, le diacylglycérol étant
capable d’activer la voie de I'acide arachidonique et de la protéine kinase C. Nous avons montré
que la toxine alpha se lie sur le feuillet externe de la cellule et provoque des changements de la
concentration intracellulaire en calcium. Nos résultats suggerent que les premiéres étapes de ce
changement sont la conséquence d’'un influx calcique a partir du milieu extracellulaire entrainant
des modifications du stockage du calcium intracellulaire.

Keywords : Clostridium perfringens, a-toxin, phospholipase C, calcium signalling.

Introduction

Clostridium perfringens is a Gram positive anaerobe which is found where decaying organic matter is present.
The bacterium is found in virtually all soils and in the gut of almost all animal species and may be the most
widely distributed pathogen known (Songer, 2002). The ability of the bacterium to cause disease is ascribed
mainly to the production of a range of protein toxins. The differential production of the major toxins (a-, B-, y-
and i-toxins) is used to assign strains into 1 of 5 biotypes (types A-E). These biotypes are associated with
different diseases of humans and animals. Of the major toxins C. perfringens type A strains produce only the a-
toxin. Type A strains are especially associated with gas gangrene, which usually arises as the result of the
contamination of a traumatic injury site with bacteria. Over the past decade or so conclusive evidence has been
presented that C. perfringens a-toxin is the major virulence determinant in gas gangrene (Awad et al., 1995;
Williamson and Titball 1993). It has also been suggested that o-toxin might play a role in non-gangrenous
diseases of man and animals including necrotic enteritis in chickens (Heier et al., 2001; Zekarias et al., 2008)
and a fatal enteritis in calves (Manteca et al., 2001).

The a-toxin is a phospholipase C, and the preferred substrates are phosphatidylcholine and sphingomyelin

(Krug and Kent 1984). Phospholipid hydrolysis yields a charged head group and a water-insoluble diacylglycerol
group (or a ceramide group in the case of sphingomyelin). Unlike many bacterial phospholipases C, a-toxin is

active towards phospholipids in eukaryotic cell membranes (Titball, 1998). It is believed that the ability of
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a-toxin to interact with membrane phospholipids is a consequence of surface exposed hydrophobic amino acids
and loops and the ability of the toxin to form calcium bridges with the phosphate groups of the phospholipids
(Naylor et al., 1998; Naylor et al., 1999). When sufficient concentrations of a-toxin are incubated with
eukaryotic cells, such as erythrocytes, fibroblasts and lymphocytes, obvious cytotoxicity occurs (Flores-Diaz et
al., 1998; Ochi et al., 1996; Titball et al., 1993). In the case of erythrocytes damage to the cell membrane can
be quantified as haemolysis.

At sub-lytic concentrations of the toxin there are much more subtle effects on cell metabolism. These effects
often involve the perturbation of cell signalling pathways and the modulation of these pathways may be of
significance in the pathogenesis of disease. We review here the pathways which have been reported to be
modulated in cells exposed to a-toxin, focussing especially on evidence that calcium ion fluxes occur.

Effect of a—toxin on signalling pathways in host cells

The cleavage of eukaryotic membrane phospholipids by o-toxin could potentially generate a number of
secondary messengers within the cells. In addition, the effects of o-toxin on mammalian cells might be
potentiated as a consequence of the activation of endogenous membrane phospholipases A, C and D
(Gustafson and Tagesson, 1990; Ochi et al., 1996; Sakurai et al., 1993, 1994). In rabbit erythrocyte
membranes treated with a-toxin it has been shown that endogenous phospholipase C is rapidly activated,
followed later by the activation of endogenous phospholipase D. The mechanisms by which these membrane
phospholipases are activated is not clear. It may involve activated protein kinase C (PKC), either directly or
indirectly (Exton, 1990). Alternatively, a-toxin may mediate this effect via activation of guanine triphosphates
(GTP) -binding proteins, which in turn activate mammalian phospholipases (Sakurai et al., 1994).

Eukaryotic cells exposed to sub-lytic quantities of a-toxin have been shown to activate the arachidonic acid
cascade (Fujii and Sakurai 1989; Gustafson and Tagesson 1990). The activation of the arachidonic acid cascade
is dependent on the generation of diacylglcerol which is then converted by diacylglcerol lipase into arachidonic
acid. The diacyglycerol might be generated directly as a consequence of the action of a-toxin on the cell
membrane, or as a consequence of the activation of endogenous phospholipases. Diacyglycerol is then
converted into prostaglandins, thromboxanes and/or leukotrienes in the arachidonic acid cascade (Samuelsson
1983). These compounds are able to regulate inflammatory processes. The production of thromboxanes is
associated with platelet aggregation and significantly the aggregation of platelets occurs after the
administration of a-toxin (Sugahara et al., 1977). In vivo aggregates of platelets formed after the
administration of a-toxin into mice occlude blood vessels and their formation is associated with a reduction in
blood supply to tissues (Bryant et al., 2000). This might enhance the anoxic state of tissues and allow the
multiplication of C. perfringens. It is possible that platelet aggregation caused by a-toxin is due to the
activation of the arachidonic acid cascade in these cells.

The diacylglycerol generated after the hydrolysis of phospholipids could also activate PKC which would then
have short and long term effects on cellular metabolism (Bunting et al., 1997; Nishizuka 1992; Ochi et al.,
2002). The activation of PKC in neutrophils exposed to a-toxin has been shown to be associated with the
binding of cells to fibrinogen and fibronectin (Ochi et al., 2002). This finding might explain the molecular basis
of the observation that neutophils bind to endothelial cells lining blood vessels surrounding the site of gas
gangrene infection. It is also clear that activated PKC plays a key role in the response of endothelial cells to -
toxin. Treated cells respond with the generation of the vasoactive lipids platelet-activating factor (PAF) and
prostacyclin (Bunting et al., 1997). The binding of neutrophils was also enhanced in a-toxin-treated cells,
mediated by the upregulation of PAF receptor and P-selectin (Bunting et al., 1997). Thus the binding of
neutrophils to endothelial cells lining blood vessels might be dependent on PKC-mediated changes in both
neutrophils and endothelial cells.

There is also good evidence that the secondary messenger inositol triphosphate is generated indirectly in
cells exposed to a-toxin. Activated mammalian phospholipases C are able to hydrolyse phosphatidylinositol
diphosphate (PIP,), generating inositol triphosphate (IP;) (Sakurai et al., 1993). One of the key events
triggered by IP5 is the opening of calcium gates in the cell membrane (Fujii et al., 1986). Elevated intracellular
calcium levels would contribute to the activation of endogenous membrane phospholipases described above. It
has previously been shown that muscle cells exposed to a-toxin become inexcitable (Boethius et al., 1973) and
the opening of calcium gates might explain the cardiotoxic effects of the a-toxin (Asmuth et al., 1995).

Labelled a-toxin binds to the cell surface

Alpha-toxin with a sequence derived from the CER89L43 strain of C. perfringens was expressed in E. coli,
purified as described previously (Titball et al., 1991), and chemically labelled on its sole cysteine residue (169)
using either Alexxa-Fluor 488 or Oregan Green maleimide (Molecular Probes). Cysteine 169 is both on the
protein surface and distant from the active site and membrane-interaction surface, and was therefore not
expected to affect the enzyme’s fold or activity. Protein and label were mixed in a 1:20 molar ratio, in 0.1M
Tris-HCI, pH 8.0, and stirred on ice for 2 hours. Unconjugated label was removed by size exclusion
chromatography with Sephadex G-25 column. The procedure resulted in 70-80% of cysteine residues being
modified, as assessed by absorbance. Unlabelled toxin was not removed as it would not affect the experiments.
Retention of the enzymatic activity of the toxin (data not shown) was confirmed by measuring hydrolysis of p-
nitrophenolphosphoryl choline (Stevens et al., 1987) or egg yolk (Jepson et al., 1999; Titball et al., 1991), or
by assessing cytotoxicity using neutral red cell viability assays (Borenfreund and Puerner, 1985).
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A431 skin carcinoma or bovine pulmonary aortic lung endothelial (BPAE) cells were seeded at a density of
20,000 cells/ml in all experiments. The cell lines were shown by neutral red and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) cell viability (Denizot and Lang, 1986) assays to be susceptible to lysis
by a-toxin in a dose-dependent manner (data not shown).

The cell lines were monitored by epifluorescence (Nikon Eclipse TE200 inverted microscope linked to an
intensified Cairn CCD), or confocal microscopy (Olympus Fluoview FV200) and were continually perfused with
HBBSS (HEPES-buffered balanced salt solution) medium to which labelled or unlabelled a-toxin was added as
required at concentrations between 0.1 and 10 pg/mL. Subsequent image processing utilised the Axon Imaging
Workbench or Olympus Fluoview software. The images show toxin binding strongly and immediately to the
outer cell membranes, with no significant intracellular fluorescence observed. After a time period of between 20
min and several hours, dependent on toxin dose, intense fluorescence across what is apparently the entire
volume of the cell is observed (Figure 1). This fluorescence can be attributed to loss of dead cells from the
surface and subsequent binding of the toxin to debris. Further evidence that the toxin binds to the outer
membrane but is not internalised can be observed by phase contrast light microscopy: images show that after a
5 hr exposure to 0.3 pg/mL a-toxin, the endothelial cell monolayer is highly disrupted and cells are rounded
(not shown). If the toxin was removed and fresh medium is applied, 24 hr later the cells can clearly be seen to
have recovered and their morphology returned to normal.

A ; = =4

Fig 1. Confocal microscopy images of A431 skin carcinoma cells exposed to 10 pg/mL Alexa-488 labelled
CER89L43 a-toxin. The left-hand image shows the cells shortly after toxin addition, and shows intense
fluorescence on the outer cell membranes. The right-hand image shows the cells after 2 hours with some toxin
having apparently entered the cells. Closer inspection reveals this actually corresponds to toxin binding to cell
debris after a cell has died and detached from the coverslip surface.

Fig. 1. Images en microscopie confocale de cellules A431 de carcinome de peau exposées a 10 pg/mL de toxine
a CER89L43 marquée avec I'Alexa-488. Sur I'image de gauche, qui montre les cellules peu aprés I'addition de
toxine, une fluorescence intense peut étre observée au niveau de la membrane plasmique des cellules. L'image
de droite montre, qu’aprés 2 heures, quelques molécules de toxine ont apparemment pénétré dans les cellules.
Une observation plus attentive de cette image révele qu’il s’agit en fait de molécules de toxine s’étant fixées
aux débris cellulaires résultant de la mort dune cellule et de son absence d’adhésion au fond de la boite de
culture.

These experiments established that at concentrations of between 0.1 and 1 pug/ml, the toxin bound strongly
to the outer membrane of mammalian cell lines, but did not cause death for at least 6 hr, while between 1 and
10 pg/ml cell death occurred more rapidly. Therefore, a concentration of 1 pg/mL was selected to study
intracellular calcium flux within cells caused by the presence of a-toxin bound to external cell membranes.
Monolayers of A431 cells on 25 mm coverslips were incubated with 2.5 uM Fura-2/AM (Molecular Probes) for 30
min followed by a 10 min perfusion with PBS. Intracellular free calcium ion concentration variation in individual
cells was then monitored by measuring the ratio of fluorescence at 340, 360 and 380 nm. Ratiometric
measurements reduce the effects of uneven dye-loading, leakage and photobleaching and thus increase the
sensitivity of the technique. Cells exposed to a-toxin showed alterations in the intracellular calcium ion
concentration ([Ca®*]), evidenced as changes in fluorescence (Figure 1). Following a 10 minute perfusion with
PBS to establish a base line, A431 cells were perfused with varying concentrations of a-toxin in HBBSS. A
variety of response times and behaviours were observed. These induded a sudden and sustained increase in
the 340/380 nm ratio (and therefore in intracellular calcium concentration, [Ca®*];), but also [Ca**]; oscillations
more typically associated with normal cell signalling in response to external stimuli. Both the time to the first
peak in [Ca*] entry and that to the highest [Ca®*]; were dependent on a-toxin concentration, with the time to
the first response being 34 min 41 sec (+ 82 sec) and that to the peak response being 104 min 52 sec (+ 187
sec) at 1 ug/mL toxin. Similar experiments performed in BPAE cells showed that this cell line was slightly more
reactive with the first response after 27 min 7 sec (+ 72 sec) and the peak response after 55 min 59 sec (+ 453
sec) at the same a-toxin concentration.

In order to establish whether the source of the increase in [Ca®*]; was from intracellular calcium stores or
the extracellular medium, monolayers of Fura-2 incubated cells were perfused with a-toxin in a calcium-free
buffer. No change in [Ca®?*]; was seen over the time course of the experiment, 1 hr 7 min. Calcium was then re-
introduced into the external medium and there was an immediate increase in [Ca®*].. This result suggested that
a-toxin had bound to the outer cell membrane as previously shown, but that the initial source of the [Ca?*];
increase following toxin exposure is due to influx of calcium from the extracellular medium, rather than release
from intracellular calcium stores as previously postulated (Bryant et al., 2003). However, if extracellular
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calcium was withdrawn following initiation of an oscillatory [Ca®*]; response, though on some occasions the
response did stop, on others the response was unaffected or only slightly dampened (Figure 2b), suggesting
some involvement of intracellular stores. We have also shown that the a-toxin binds Ca®* (Naylor et al., 1999)
via its C-terminal domain, which is important for membrane interaction. This C-terminal domain is a C2-like
domain that probably utilises Ca?* to mediate membrane interactions (Naylor et al., 1998). To confirm that the
initial change in [Ca?*] was due to an influx from the extracellular medium we further observed Fura-2
fluorescence in the presence of manganese ion in the extracellular medium: this ion powerfully quenches Fura-
2 fluorescence. In the presence of Mn?*, the initial increase in 360/380 nm ratio on each occasion coincided
with a significant drop in fluorescence intensity (at 360 nm excitation) indicating that the initial increase in
[Ca%*] is due to influx from the extracellular medium.
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Fig. 2. Ratiometric measurement of free calcium concentration in individual A431 cells. Each curve represents
the change in 340 or 360/380 nm fluorescence intensity ratio over time for a single cell that had been
previously incubated with Fura-2/AM. The change in this ratio is an accurate indicator of the change in
intracellular free calcium concentration. Bars represent the time period during which cells were perfused with
the indicated substances. (a) After cells were perfused with a-toxin, a number of different responses were seen,
including oscillations in calcium concentration, and a sharp and sustained rise in intracellular free calcium. (b)
Cells initially perfused with a-toxin, and shown to respond were then perfused with calcium-free media. This
reduces but does not eliminate the intensity of the signal. (c) Cells perfused with o-toxin in a calcium-free
medium do not respond. Upon addition of calcium to the extracellular medium, an instantaneous response is
observed. When calcium is replaced by manganese (upper graph), the response is accompanied by a drop in
fluorescence intensity (lower graph) caused by quenching of Fura-2/AM fluorescence by manganese ions.

Fig. 2. Mesures ratiométriques de la concentration de calcium libre dans des cellules A431 individuelles.
Chaque courbe représente les variations du rapport des intensités de fluorescence entre 340 ou 360nm et 380
nm, en fonction du temps, pour une cellule donnée qui a été préalablement mise a incuber avec du Fura-2/AM.
La variation de ce rapport est un indicateur adéquat du changement de la concentration intracellulaire de
calcium libre. Les barres représentent les périodes durant lesquelles les cellules ont été perfusées avec les
substances indiquées. (a) Apres que les cellules aient été perfusées avec de la toxine «, un certain nombre de
réponses a été observé, incluant des oscillations dans la concentration de calcium ainsi que des augmentations
transitoires et soutenues du calcium libre intracellulaire. (b) Les cellules initialement perfusées avec de la
toxine « et ayant montré une réponse ont ensuite été perfusées avec un milieu dépourvu de calcium, ce qui a
pour conséquence de réduire mais pas d’éliminer I'intensité du signal. (c) Les cellules perfusées avec de la
toxine adans un milieu dépourvu de calcium ne répondent pas. Suite a l'addition de calcium au milieu
extérieur, une réponse immédiate est observée. Quand le calcium est remplacé par du manganése (en haut), la
réponse est accompagnée d’une chute de I'intensité de fluorescence (en bas), provoquée par I’extinction de la
fluorescence du Fura-2/AM par les ions manganeése.

Finally, we observed variation in [Ca’'] resulting from toxin perfusion and initiation of an oscillatory
response. After removal of toxin from the perfusion medium, as indicated above, cells, observed by phase-
contrast light microscopy, were able to return to normal. In contrast, our ratiometric imaging results indicate
that an oscillatory response continues for sometime after toxin withdrawal and that the resting calcium
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concentration is higher than that prior to exposure (Figure 2b). It should be noted, however that the time
course of this experiment (3.5 hr) is considerably shorter than that for the light microscopy (24 hr) and that an
eventual retumn to resting [Ca**] is likely.

Conclusion

The membrane damaging toxins are often assumed to elicit their effects as a consequence of profound damage
to cell membranes which results in cell lysis. However, it is increasingly apparent that subtle damage to the cell
membrane can result in profound changes to cell metabolism which contribute to disease pathology. In this
study we have monitored changes in calcium levels in cells exposed to Clostridium perfringens a-toxin. Our use
of Fura-2/AM allowed the intracellular concentration of calcium to be monitored in real time following exposure
to a-toxin. The treatment of cells with a-toxin resulted in changes in the level of intracellular calcium which
were broadly proportional to the concentration of toxin applied. However, the intracellular calcium levels in cells
exposed to sub-lethal doses of toxin typically showed an oscillatory response. We do not currently have a
molecular explanation for this effect.
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Abstract

The large clostridial lethal toxin (LT), from C. Sordellii, possesses a glucosyltransferase
activity that glucosylates and thus inactivates small GTPases including Rac, Ras, Rap and Ral.
As a consequence of inactivation of these small GTPases, cells rounded up and actin is
depolymerized. We have observed that several signalling pathways are sequentially inactivated
downstream of small GTPase glucosylation, including alteration of phosphoinositide
metabolism, disorganization of focal adhesions and adherens junctions that precedes actin
depolymerization, decrease of phospholipase D activity and finally cell death by apoptosis
starting at the mitochondrial level. Moreover, upon intoxication with LT from strain I1P82 (LT-
82) other cellular signalling pathways, the MAPK pathways, are modified as a consequence of
the cytosolic entry of the N-terminal domain of LT-82. Activation of SAPK/INK pathway
facilitates glucosylation of LT-82 targets, however, independently of the toxin intrinsic
catalytic activity. Here we summarize the main observations concerning the cellular signalling
pathways modified by LT-82.

La toxine létale de Clostridium sordellii modifie, séquentiellement ou
indépendamment, plusieurs voies de signalisation cellulaire

La toxine létale (LT) de C. sordellii, une grande toxine clostridiale, posséde une activité
glucosyltransférase qui glucosyle et, ainsi, inactive les petites GTPases, Rac, Ras, Rap et Ral.
L’'inactivation de ces petites protéines G conduit & un arrondissement des cellules et a la
dépolymérisation de l'actine. En aval de la glucosylation des petites GTPases, plusieurs voies
de signalisation sont inactivées séquentiellement. Elles incluent une altération du
métabolisme des phosphoinositides, une désorganisation des points focaux d’adhésion et des
jonctions adhérentes qui précédent la dépolymérisation de I'actine ainsi qu’une diminution de
I'activité de la phospholipase D et finalement la mort cellulaire par apoptose par voie
intrinséque. De plus, lors de I'intoxication des cellules par la LT purifiée a partir de la souche
IP82 (LT-82) de C. sordellii, d’autres voies de signalisation sont modifiées lors de I’'entrée du
domaine catalytique de la toxine dans le cytosol, les voies MAPKs. L’activation de la voie
SAPK/INK facilite la glucosylation des cibles de la toxine LT-82 ; elle est cependant
indépendante de l'activité enzymatique elle-méme. Le présent travail résume I'’ensemble des
données connues sur les principales voies de signalisation modifiées par LT-82.

Keywords : Lethal toxin, actin, apoptose, SAPK/JINK.

Introduction

Clostridium sordellii is an anaerobic, gram-positive, spore-forming rod. This bacterium is commonly found in
the soil and in the intestines of animals and humans. Many strains are nonpathogenic, however, virulent
strains produce toxins, amongst which the major pathogenic factor, lethal toxin (LT) also called edema-
producing toxin (Arseculeratne et al., 1969). These strains are responsible for lethal infections in several
animal species, such as enteritis and enterotoxemia in sheep, lamb and cattle (Al-Mashat and Taylor, 1983 ;
Popoff, 1984 ; Richards, 1982) and myonecrosis and gangrene (Pfeifer et al., 2003 ; Rupnik et al., 2005)
often accompanied by a toxic shock syndrome in humans. Recently, several fatal toxic shocks due to C.
sordellii LT were reported that occurred postpartum and after spontaneous or medical abortion with RU-486
(Bitty et al., 1997 ; Cohen et al., 2007 ; Fischer et al., 2005 ; Rorbye et al., 2000 ; Sinave et al., 2002).

LT from C. sordellii has been shown to be closely related to the large clostridial toxin B from C. difficile
(Bette et al., 1991) as their amino acid sequences are 88 % identical and both toxins cross react
immunologically (Martinez and Wilkins, 1992). Large clostridial toxins are single chain proteins with a MW of
250-300 kDa, which are active intracellularly and contain at least three functional domains (Just et al.,
2000 ; Thelen et al., 1994). The C-terminal (C-ter) domain possesses multiple repeated sequences. It is
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involved in the cell surface receptor recognition. The central part mediates the translocation into the cytosol
of the N-terminal (N-ter) part across the endosomal membrane related to its hydrophobic segment. Recently,
cleavage by autocatalysis of the N-ter part of the large clostridial toxin, ToxB, and its release into the
cytosol have been well studied (Egerer et al., 2007 ; Reineke et al., 2007). The N-ter part contains the
enzymatic site, a glucosyltransferase activity allowing glucosylation at threonin 35/37 of small G-proteins of
the Ras superfamily by direct inhibition of effector binding (Popoff, 1987). Glucosylated small GTPases, i.e.
inactivated by LT from strain 82 (LT-82), include Ras, Rap and Ral involved in signal transduction, and Rac
implicated in actin cytoskeleton remodeling but also in a variety of cell functions such as cell cycle
progression and gene transcription (Symons, 2000 ; Van Aelst and D'Souza-Schorey, 1997). The cellular
effects of LT-82 have been studied using cell-lines of various origins and all cell-lines tested appeared
sensitive to this toxin. After intoxication with LT-82 of adherent cells, cell rounding, assessing the
depolymerization of actin cytoskeleton, was easily observed.

In the present report, we review the cellular signalling pathways modified by LT-82 downstream,
upstream or concomitantly with the actin depolymerization, and we discuss their interconnection or
independency.

Signaling pathways involved in cell death by apoptosis
LT-82 induces apoptosis by disruption of mitochondrial homeostasis and involves a cascade of events

After an overnight intoxication with 10® M LT-82, around 50 % of HL-60 cells exhibited nuclear
fragmentation, a typical hallmark of apoptosis. Further confirmation was given by studying DNA
fragmentation (not shown). As shown in Figure 1, after overnight intoxication with 10® M LT-82, the
percentage of apoptotic cells was evaluated. Indeed, apoptotic cells exposed phosphatidylserine (PS) at
their surface in the absence of cellular permeability to propidium iodide (Figure 1A). Mitochondria damages
were assessed by measuring mitochondrial membrane potential (Aym) that decreased upon LT-82
intoxication and caspase 3 activity that increased in apoptotic cells (Figure 1B). The pathway by which LT-82
induced apoptosis was further identified by studying the time-course of activation of caspase 8 first
activated via the extrinsic pathway and caspase 9 via the intrinsic pathway. Clearly, caspase 9 was activated
prior to caspase 8 indicating that LT-82 induced apoptosis via the intrinsic pathway (not shown ; Petit et al.,
2003).
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Fig. 1. LT-82 intoxication leads to apoptosis. (A) The importance of apoptosis was estimated by the percentage of
cells exposing phosphatidylserine at their surface in the absence of plasma membrane permeability. HL-60 cells treated
or not with a 16 h LT-82 exposure (108 M) were labeled with Annexin-V-FITC (filled bars) and Pl (stripped bars) (Petit
et al., 2003). LT-82-treated cells labeled with Annexin-V represent the total dead cells (apoptotic and necrotic cells)
amongst which cells labeled with Pl were in secondary necrosis. Data, expressed in % =+ SD of positive cells, are from
duplicate measurements made in 3 independent experiments. (B) Apoptosis occurs by disruption of mitochondrial
homeostasis. After a 16 h treatment of HL-60 cells with LT-82 (10® M), the percentage of cells with high mitochondrial
membrane potential using DIOC6(3) (A¥Ym high, spotted bars) and caspase 3-like activity using Phiphilux (empty bars)
was measured by flow cytometry analysis (Petit et al., 2003).

Fig. 1. L’intoxication cellulaire par LT-82 conduit a une mort par apoptose. (A) L’apoptose dans les cellules a été
mesurée par le pourcentage des cellules ayant de la phosphatidylsérine exposée a la surface de leur membrane
plasmique qui reste imperméable. Les cellules HL-60 sont intoxiquées ou non pendant 16 heures avec LT-82 (108 M)
puis marquées avec de I’Annexine-V-FITC (colonnes pleines) et de I'iodure de propidium (PI, colonnes rayées) (Petit et
al., 2003). Les cellules traitées par LT-82 marquées par I’Annexine-V représentent le total des cellules mortes parmi
lesquelles celles marquées avec Pl ont subit une nécrose secondaire. Les données sont exprimées en % + SD de
cellules positivement marquées, et proviennent de 3 expériences différentes faites en duplicate. (B) L’apoptose débute
au niveau mitochondrial. Aprés une intoxication de 16 heures avec LT-82 (10® M), le pourcentage des cellules ayant
un haut potentiel de membrane mitochondriale (4¥m haut) a été estimé par cytométrie de flux en utilisant du
DiOC6(3) (colonnes en pointillés) et I'activité de la caspase 3 a été mesurée avec du Phiphilux (colonnes vides ; Petit et
al., 2003).

Cell-death induced by LT-82 is also referred as the cytotoxic effect of this toxin. The early events leading
to cell apoptosis upon LT-82 intoxication have been investigated. Indeed, Voth and Ballard have shown that
this toxin was responsible for a rapid and strong decrease of phosphorylated Akt that required the enzymatic
activity of the toxin. Downstream of Akt dephosphorylation, they observed a decrease of phosphoglycogen
synthase kinase-3p (GSK-3p), the first characterized substrate of Akt (Voth and Ballard, 2007). These two
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events occurred upstream of obvious signs of apoptosis such as caspase activation and were part of the
cascade leading to apoptosis. Dreger et al. have also reported that LT induced a major decrease of phospho-
Akt and showed that it led to an increase in RhoB exression, a protein with proapoptotic activity. In
investigating which small GTPase family inactivated by large clostridial toxin (Ras or Rac) could be
responsible for the cytotoxic effect of this toxin, they showed that only LT that inactivated Ras proteins,
such as LT-82 or LT 6018, would induce apoptosis (Dreger et al., 2009). This is in agreement with the role of
Ras in the regulation of cell survival via the PI3K/Akt pathway (Cox and Der, 2002).

LT-82 inhibits phospholipase D activity and decreases the level of its cofactor, P14,5P2

Phospholipase D is known to be regulated by many small GTPases under their GTP-bound form. Amongst the
small GTPases that activate PLD, some are inactivated by LT-82: Rac implicated in the regulation of actin
polymerization (Exton, 1997) and the oncogene p2lRas via RalA (Jiang et al., 1995a ; Jiang et al., 1995b).
Thus, the effect of LT intoxication on PLD activity in HL-60 cells was investigated as detailed by Ben El Hadj
et al. (Ben El Hadj et al., 1999). These cells can be easily permeabilized by streptolysin O and thus are a
good model to study PLD activity stimulated as well by small GTPases as by PKC. Although human cells
possess two PLD isoforms, only PLD1 has been shown to be activated via small GTPases and PKCa 1.

As shown in Figure 2, activity of PLD1 - stimulated either via small GTPases in their active form with
guanosine 5’0-(3-thiotriphosphate) (GTPyS) in permeabilized cells or via PKCal in the presence of phorbol
12-myristate 13-acetate (PMA) in intact cells - was inhibited in a dose-dependent manner.
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Fig. 2. Dose-dependent effect of LT-82 on GTPyS- or PMA-stimulated PLD activity. GTPyS-stimulated activity was
measured in [*H]choline-labeled cells intoxicated or not overnight with various concentrations of LT-82. PLD activity was
determined in cells permeabilized with streptolysin O by measuring choline formation in the presence of 25 uM GTPyS as
detailed elsewhere (Ben El Hadj et al., 1999). PMA-stimulated PLD activity was measured in intact cells intoxicated
overnight or not with various concentrations of LT-82. After intoxication, cells were labeled with [*H]lyso-PAF for 30 min
and after washing were re-suspended in a medium containing 1.5 % ethanol. After a pre-incubation of 10 min, PLD
stimulation was started by adding PMA (10°7 M final). After 30 min, the reaction was stopped with chloroform/methanol,
and samples were analyzed for phosphatidylethanol (Pet) content as detailed elsewhere (Ben El Hadj et al., 1999). Data
are expressed as the percentage of total incorporated radioactivity and represent means + S.D.

Fig. 2. Effet dose-dépendant de LT-82 sur l'activité PLD stimulée soit par le GTPyS soit par le PMA. L'activité
stimulée par le GTP)S a été mesurée sur des cellules HL-60 intoxiquées ou non pendant une nuit par différentes doses
de LT-82 et marquées avec de la choline tritiée. Aprés lavage, les cellules ont été perméabilisées avec de la
streptolysine O puis stimulées avec 25 M de GTPyS. La formation de choline libre représente I'activité PLD (Ben El
Hadj et al., 1999). L’activité PLD stimulée par le PMA a été mesurée dans des cellules intactes intoxiquées on non
pendant la nuit avec différentes doses de LT-82. Apres intoxication, les cellules ont été marquées pendant 30 min avec
du lyso-PAF tritié puis lavées. Elles ont ensuite été re-suspendues dans un milieu contenant 1,5% d’éthanol. Aprés 10
min de pré-incubation la mesure a été initiée par I'addition de PMA (107 M final). Aprés 30 min, la réaction a été
arrétée avec un mélange chloroforme/méthanol et les échantillons ont été analysés pour leur contenu en
phosphatidyléthanol (Pet) comme décrit précédemment (Ben El Hadj et al.,, 1999). Les données sont exprimées en
pourcentage de la radioactivité totale incorporée dans les cellules et représentent les moyennes + S.D.

P14,5P2 (PIP2) which has been shown to be an essential cofactor for PLD activation (Liscovitch et al.,
1994) was markedly decreased upon an overnight LT-82 intoxication. Indeed, after overnight intoxication
with 10° and 10® M LT-82, PIP2 level represented only 43+18 % and 27+7 %, respectively, of the PIP2 level
observed in control cells. In contrast, its precursor PIP was decreased to a lesser extent. After intoxication
with 10° and 10® M of LT-82, the amount of PIP corresponded to 82+27 % and 57+2 % of PIP measured in
control cells. The effect of LT-82 on phosphoinositide metabolism and on different pathways modified by LT-
82 will be discussed later.

Possible link between PLD activity and apoptosis

Although both apoptosis and inhibition of PLD activity occurred downstream of actin depolymerization, they
did not appear to be its direct consequence. Indeed, actin depolymerization induced by an overnight
treatment with 1uM cytochalasin D did not modify basal (0.51 *+ 0.08 in control cells versus 0.50 = 0.1 in
cytochalasin D treated cells) and GTPyS-stimulated PLD activity (1.13 % 0.8 in control cells versus 1.10 = 0.4
in cytochalasin D treated cells). Moreover, another LT from Clostridium sordellii, strain 9048, and iota toxin
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from Clostridium perfringens, both induced also actin depolymerization but not cell death by apoptosis (Ben
El Hadj et al., 1999).

Induction of apoptosis and decrease of PLD activity were both reported to be dependent of small GTPase
inactivation by LT-82. Inactivation of RalA was proposed as the possible small GTPase responsible for the
disturbance in these two pathways. As modifications in cell apoptosis and in PLD activity by LT-82 were both
prevented by the overexpression of the anti-apoptotic mitochondrial protein, Bcl-2, it can be assumed that
these effects are interrelated. As reported in Figure 3, time-course studies of these signalling pathways
showed that LT-82 effect on PLD activity and apoptosis occurred simultaneously. Analysis of PLD1 has shown
that an apoptotic motif, DEVD, is present near the N-terminal part of its sequence. A putative DEVD motif
was also found in the middle of PLD1 sequence (Figure 4A). Therefore, proteolysis of this protein by a LT-82-
activated caspase could be at the origin of PLD1 cleavage and thus induced its inactivation (Figure 4B).
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Fig. 3. Interrelationship between inhibition of PLD activity and apoptosis generated by LT-82. HL-60 cells were
treated with LT-82 (1078 M) and after various times, GTPyS-stimulated PLD activity was measured in SLO permeabilized
cells as in Figure 1 (circles). The percentage of apoptotic cells with PS exposure was determined as in Figure 2A
(triangles).

Fig. 3. Interrelation entre I'inhibition de I'activité PLD et I'apoptose générée par LT-82. Les cellules HL-60 ont
été intoxiquées ou non avec LT-82 (10® M) pendant différents temps, I'activité PLD stimulée par le GTP)S a été
mesurée dans les cellules perméabilisées par la streptolysine O comme dans la Figure 1 (cercles) et le pourcentage de
cellules apoptotiques exposant la phosphatidylsérine sur la face externe de leur membrane plasmique a été déterminé
comme dans la Figure 2A (triangles).

Signaling pathways involved in cell morphology changes and actin
depolymerization

LT-82 is well known to lead to cell rounding and actin depolymerization. This effect is sometimes reported as
the cytopathic effect of this toxin. In two recent studies we have investigated the cascade of events leading
to changes in cellular morphology. We have showed that in LT-treated cells, alterations of cell-cell
interaction (adherens junctions) and cell substratum attachment (focal adhesions) occurred rapidly,
concomitantly or upstream of actin depolymerization. These modifications can be assessed to LT-82
inactivation of Rac.

Sublocalization of adherens junction proteins and actin polymerization are modified simultaneously
upon LT-82 intoxification

E-cadherin and catenins are the major proteins maintaining intercellular adherens junctions of epithelial and
endothelial cells. As adherent cells loose their intercellular contacts and thus round up upon LT-82
intoxication, the toxin effect on polymerized actin and on E-cadherin and pB-catenin was studied in epithelial
cells (Boehm et al., 2006). It was observed that apical cell membranes were not modified for at least 4 h
upon intoxication with 10® M LT-82 (not shown). In contrast lateral and basal membranes were disorganized.

As shown in Figure 5, polymerized actin detected with fluorescent phalloidin was decreased (Figure 5A,
left panel) and E-cadherin (and B-catenin, not shown) labeled with fluorescent specific antibodies exhibited a
reduced, discontinuous and diffuse staining in lateral membranes (Figure 5A, right panel). Both alterations
occurred with a similar time-course and were obvious in cells treated for 2 h with LT-82 at 10®M. Further
investigations showed that whole E-cadherin-catenin complexes forming adherens junctions were
redistributed from the plasma membrane into the cytosol (not shown). Studying how LT-82 kills animals
(Geny et al., 2007), we observed that the early major pathophysiology modification visualized by electron
microscopy was a disappearance of well-organized adherens junctions of lung endothelial cells.
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Immunofluorescent experiments showed that VE-cadherin was disorganized in lung vessel endothelium cells

(Figure 5B).
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Fig. 4. Presence of a caspase 3 cleavage site in hPLD1 proteolysed during LT-induced apoptosis. Upon LT-82
intoxication, PLD1 cleavage is a consequence of caspase 3 activation. (A) Schematic representation of PLD1 isoform that
contains a consensus motif for caspase 3 at its N-terminal part (arrow) and a putative motif in the middle part of the
protein. (B) Western blot analysis of the two PLD isoforms upon LT-82 intoxication over time. PLD1 cleavage was
observed after 4 h, and PLD2 was not modified for at least 8 h.

Fig. 4. Présence d’un site de clivage par la caspase 3 dans la PLD1 et lyse de la protéine lors de I'intoxication
par LT-82. (A) Représentation schématique de la PLD1 qui contient un motif consensus de clivage par la caspase 3 a
son extrémité N-terminale (fleche) et un second site putatif dans la partie centrale de la protéine. (B) Analyse par
western blot des 2 isoformes de PLD apres différents temps d’intoxication par LT-82.

Such modification of adherens junctions induced major vascular permeability at the origin of massive lung

oedema, hemoconcentration and shock syndrome responsible for animal cell death (Geny et al., 2007).

A Cultured cells B Mouse lung vessels

Actin E-cadherin VE-cadherin

Yk 1

Control

Intoxication
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Fig. 5. LT-82 effect on actin and adherens junctions. LT modified actin polymerization and intracellular localization
of E-cadherin, in vitro and in vivo. (A) Confluent MCCD cell monolayers grown on Transwell filters were incubated at
37°C with 10 M of LT82 for 2 h. After cell fixation with 4 % PFA, actin filaments were labeled with TRITC-phalloidin.
(left panel) and E-cadherin, a protein from adherens junctions, was labeled using the relevant antibody (right panel).
These structures were visualized by confocal microscopy. (B) After overnight intoxication of mice with LT-82, VE-
cadherin decoration in lung vessels was analysis by immunohistology followed by confocal microscopy.

Fig. 5. Effet de LT-82 in vitro et in vivo sur I'actine et les jonctions adhérentes. LT modifie la polymérisation de
I'actine et la localisation intracellulaire de I’'E-cadherine, une protéine des jonctions adhérentes. (A) Des monocouches
de cellules MCCD cultivées sur filtres Transwell ont été intoxiquées pendant 2 heures a 37°C avec 10° M de LT-82.
Apres fixation des cellules avec 4 % de PFA, les filaments d’actine ont été marqués avec de la phalloidine-TRITC
(photos de gauche) et I'E-cadherine a été marquée en utilisant des anticorps appropriés (photos de droite). Ces
structures ont été visualisées par microscopie confocale (B) Apreés intoxication de souris pendant une nuit avec LT-82,
la VE-cadherine des vaisseaux pulmonaires a été étudiée par immunohistologie et observée en microscopie confocale.
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Actin depolymerization and modifications of adherens junctions are likely to be interrelated. Indeed,
disruption of actin filaments by iota toxin or cytochalasin D led to similar alteration of adherens junctions
with cytosolic relocalization of E-cadherin-catenin complexes.

Small GTPase glucosylation resulting from LT-82 intoxication occurred rapidly, it was almost complete
after a 30-60 min intoxication with a 10® M toxin concentration. Therefore we addressed the question of
which early signalling pathways could lead to actin depolymerization observed after 2 h.

LT-82 disorganizes focal adhesions upstream of actin depolymerization

Adherent cells intoxicated with LT-82 round up and also become less adherent to the plastic dish. Therefore,
we investigated alterations of focal adhesions and their possible causes induced by this toxin.

One of the earliest events observed so far in LT-treated Hela cells was a decrease of phosphopaxillin
starting after 30 min of intoxication in the absence of a change in the protein level (Figure 6A). Using
specific antibodies to phosphopaxillin, a marked decrease of total cellular fluorescence was also observed in
LT-82 intoxicated cells (Figure 6B). Paxillin is a multidomain adapter focal adhesion protein that functions as
scaffold protein recruitment to focal adhesions and, thereby, facilitates protein networking and efficient
signal transmission (Turner, 2000). Paxillin phosphorylation was recently reported to be regulated by Racl
(Birukova et al., 2008). Amongst the small GTPases inactivated by LT-82, Racl seems to be a good
candidate as it is an essential protein in the regulation of the cytoskeleton and thus, of cell morphology.
Indeed, in cells overexpressing constitutively active Racl (Rac'*?), no obvious decrease of phosphopaxillin
upon LT-82 intoxication was observed (Figure 6C), indicating that paxillin dephosphorylation is a
consequence of Racl inactivation.
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Fig. 6. LT-82 effect on phosphopaxillin, a protein regulating focal adhesion is a consequence of Racl
inactivation. (A) HelLa cells were intoxicated with LT-82 for various times. After washing, cells were lysed with boiling
Laemmli buffer and analyzed by western blot for their content in paxilin (empty bars) and phosphopaxillin (Y118 ; filled
bars) with specific antibodies. (B, C) Cells were transfected either with the empty vector expressing eGFP (control cells)
or with a vector expressing Rac''? fused to c-myc. After 24 h expression, cells were intoxicated or not with LT-82
(3x10°8 M). After washing, cells were lysed with Laemmli buffer. The level of phosphopaxilin was determined in cells
expressing the empty vector (B) and in cells expressing Racl'? (C). Results are the mean + SD of 3 different
experiments.

Fig. 6. L’effet de la LT-82 sur la phosphopaxilline, une protéine régulant les points focaux d’adhésion, est
une conséquence de I'inactivation de Racl. (A) Les cellules Hela ont été intoxiquées pendant différents temps avec
LT-82. Aprés lavage, les cellules ont été lysées avec du tampon Laemmli et analysées par western blot pour leur
contenu en paxillin (colonnes vides) et en phosphopaxilline (Y118 ; colonnes pleines) en utilisant des anticorps
spécifiques. (B, C) Les cellules ont été transfectées soit avec un vecteur vide exprimant I’eGFP soit avec un vecteur
(cellules contrdles) soit avec un vecteur exprimant Rac''? fusionné a c-myc. 24 heures aprés transfection, les cellules
ont été intoxiquées ou non avec LT-82 (3x10® M). Aprés lavage, les cellules ont été lysées avec du tampon Laemmli.
Le contenu cellulaire en phosphopaxilline a été déterminé dans les cellules exprimant le vecteur vide (B) et dans les
cellules exprimant Rac1Y*? (C) traitées ou non avec la toxine. Les résultats sont la moyenne + SD de 3 différentes
expériences.

LT-82-induced changes in phosphoinositide metabolism are likely to play an important role in the toxin
effects at various stages. Indeed, as indicated above, the decrease of PIP2, an essential cofactor for
Phospholipase D, plays its part in the decrease of this enzyme activity. Moreover, PIP2 is an important
regulator of the actin system dynamics and plays an important role in the interactions between the
membrane and the cytoskeleton, which are critical for cell adhesion and morphology. Therefore, changes in
membrane phosphoinositide content are likely related to Racl inactivation. Indeed, this small GTPase has
been shown to interact with and activate a PI4P5-kinase, an enzyme responsible for PIP2 generation. Finally,
the levels of phosphoinositides play also a role in lipid microdomain (raft) organization. Rafts are particularly
important for scaffolding of focal adhesion protein complexes. A substantial decrease of PIP2 and PIP3 raft
content is likely to modify the relationship between proteins forming adherens junction and/or focal adhesion
complexes, and thus to destabilize these complexes. It is also noticeable that interaction between a protein
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from focal adhesion, paxillin, and one from adherens junction, B-catenin, has been evidenced by co-
immunoprecipitation experiments, linking these two structures (Birukova et al., 2007).

LT-82 activates the three MAPK pathways prior to actin depolymerization and
the SAPK/JNK pathway plays a role in enzymatic efficiency of this toxin
specifically

In a recent work, we have reported that cell intoxication with LT-82 induced an activation of the three MAPKs
with slightly similar time-course of activation (Geny and Popoff, 2009 ; see Figure 7A).
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Fig. 7. A role for SAPK/JNK pathway in the glucosylation of small GTPases by LT-82. HelLa cells were intoxicated
or not with LT-82 (3x10°® M) for various times. (A) After cell lysis with boiling Laemmli buffer, protein contents were
analyzed by western blot using antibodies detecting total MAPK proteins and their active phosphorylated forms. (B)
HelLa cells were either pretreated for 1 h with JNK inhibitor Il (25 uM) or not. Then, as indicated, they were intoxicated
for 2 h with LT-82 (3x10°® M) and photographed under phase microscopy.

Fig. 7. Un rdle pour la voie de la SAPK/JINK dans la glucosylation des petites protéines G, cibles de la LT-82.
Les cellules HeLa ont été intoxiquées ou non avec LT-82 (3x10® M) pendant différents temps. (A) Aprés la lyse des
cellules avec du tampon Laemmli bouillant, leur contenu a été analysé par western blot en utilisant des anticorps
spécifiques des différentes MAPKs et de leurs formes actives phosphorylées. (B) Les cellules HeLa ont été pré-traitées
ou non pendant 1 heure avec I'inhibiteur Il de JNK (25 uM). Par la suite, les cellules ont été intoxiquées ou non
pendant 2 heures avec LT-82 (3x10® M) et photographiées au microscope en contraste de phase.

However, only a permeable and specific JNK inhibitor, JNK inhibitor Il, prevents toxin-dependent actin
depolymerization and cell rounding (Figure 7B).
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Fig. 8. Diagram of the signalling pathways modified by LT-82 : their cause and effects in cells.
Fig. 8. Diagramme des voies de signalisation modifiées par LT-82 : leurs cause et effets dans les cellules.
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In this study, JNK activation was shown to be dependent on entry of the toxin N-terminal domain into the
cytosol as bafilomycin Al, that prevents acidification of endocytic vesicles and subsequent cytosolic
translocation of the toxin N-terminal domain, prevented JNK activation. Moreover, JNK inhibition was shown
to delay small GTPase glucosylation generated by the N-terminal domain catalytic activity. Thus, activation
of the SAPK/INK pathway appears to facilitate the catalytic efficiency of LT-82 but not that of another large
clostridial toxin such as ToxB from C. difficile. Interestingly, using a cell line mutant deficient in UDP-
glucose, we observed that activation of JNK occurred even in the absence of small GTPase glucosylation and,
thus, was independent of the toxin glucosyltransferase catalytic activity.

Conclusion

As summarized in Figure 8, most LT-82-induced cellular modifications involving the cytotoxic pathway leading
to apoptosis and the cytopathic pathway leading to actin depolymerization and change in cell morphology
were shown to require the enzyme activity and subsequent inactivation of small GTPases. Interestingly,
through investigations from different laboratories, it appears that apoptosis and cell rounding are the
consequence of the inactivation of the Ras GTPases and Rac GTPase respectively.

Moreover, LT-82 was also shown to activate the three MAPK pathways in relationship with the cytosolic
release of the N-terminal part of the toxin from the endocytic vesicle. This effect appears to be independent
from the toxin glucosyltransferase activity although activation of the SAPK/INK pathway facilitates
glucosylation of small GTPases by LT-82.
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Résumeé

Les leucotoxines de Staphylococcus aureus sont une famille de toxines formant des pores, dont
I’action activatrice et lytique est principalement dirigée contre les leucocytes. Cette courte
revue se propose de prendre du recul par rapport aux connaissances accumulées et aux
problématiques actuelles posées par ces toxines. Nous aborderons les relations
structure/fonction des leucotoxines, et leurs interactions avec leurs cellules cibles, posant la
question de I'existence de récepteurs. Des mécanismes d’activation des leucocytes a travers
des voies de signalisation seront discutés. Le role des leucotoxines sur la modulation et
I'altération du systéme immunitaire inné de I’'héte est a considérer au regard du cours de
I'infection.

From the interacting molecular surfaces of staphylococcal leucotoxins
with membranes, to their different impact on innate immunity

Staphylococcal leukotoxins are a family of pore forming toxins, which mainly exert their
activating and lytic activity against leukocytes. This short review intends to take a step back
from the accumulated knowledges and current issues raised by these toxins. We discuss the
structure-function relationships of leukotoxins, and their interactions with their target cells,
raising the question of the existence of receptors. The mechanisms of leukocyte activation
through signaling pathways will be discussed. The role of leukotoxins on the modulation and
alteration of the host innate immune system is also to be considered regarding the course of
infection.

Keywords : Staphylococcus aureus, innate immunity, leucotoxins, PVL, receptor.

Introduction

Staphylococcus aureus reste l'une des bactéries pathogénes les plus impliquées en clinique. Elle
exerce sa virulence a travers la production d'un arsenal de facteurs, dont les leucotoxines qui
activent et attaquent le systéme immunitaire de [I'hdte. Les leucotoxines sont une famille de
toxines formant des pores, composées en pathologie humaine de I'alpha-toxine et d'une série de
toxines bipartites (association d'une protéine dite de classe S et d'une protéine de classe F) : les
gamma-hémolysines (couples HIgA / HIgB et HIgC / HIgB), la leucocidine de Panton et Valentine
ou « LPV » (LukS-PV / LukF-PV), et le couple LUkE / LukD (Tableau 1).

Tableau 1. Liste des leucotoxines de S. aureus impliquées en pathologies humaines (M.M. = masse moléculaire).
Table 1. List of staphylococcal leucotoxins involved in human diseases (M.M. = Molecular weight).

Leucotoxine Protéine Classe M.M. (Da) EMBL PDB
Toxine alpha (= alpha- - - 32.200 BA000033.2 7AHL
hémolysine)

HigA S 31.921 L01055 -
Gamma-hémolysine HigB F 34.049 LO1055 1LKF

HIgC S 32.565 L01055 -
Leucocidine de Panton et LukS-PV S 32.314 BAD89438 1T5R
Valentine LukF-PV F 34.445 BAD89439 1PVL

LukE S 32.302 CP000255.1 -
LUkE /7 LukD

LukD F 34.204 CP000730.1 -
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L’alpha-toxine est produite par presque toutes les souches de S. aureus, et forme des homo-heptameéres
dans une série de cibles cellulaires comprenant des fibroblastes, des plaquettes, des érythrocytes et des
lymphocytes T (Menestrina et al., 2001). Elle est hémolytique (Prévost, 2005) et suggérée comme un facteur
important de sévérité des sepsis (Grimminger et al., 1997). Les gamma-hémolysines sont produites par 99%
des souches de S. aureus (Prévost et al., 1995) et sont décrites comme un facteur aggravant de la sévérité
de l'infection. LUKE-LukD est sécrétée par environ un tiers des souches, et est associée a des infections
dermonécrotiques. Enfin, la leucocidine de Panton et Valentine est produite selon les pays par 1,6 - 12% des
souches isolée en routine (Prévost et al., 1995 ; Holmes et al., 2005; Tristan et al., 2007 ; Jahamy et al.,
2008). Elle est associée a des infections primaires nécrosantes de la peau, telles que les furoncles,
I'anthrax, les panaris (Pia, 2006 ; Badiou et al., 2008), et joue un role important dans les pneumopathies
nécrosantes (Gillet et al., 2002 ; Labandeira-Rey et al., 2007 ; Diep et al., 2008). Ces derniéres surviennent
principalement chez des patients jeunes et immunocompétents, et peuvent étre aussi bien communautaires
(Gonzalez et al., 2005 ; Davis et al., 2007) que contractées a I'hopital (Webster et al., 2007 ; Zilberberg,
Shorr, 2009). La mortalité des pneumopathies nécrosantes peut approcher 75%, et le pronostic reste
mauvais méme en employant des traitement dédiés (Morgan, 2007).

Toutes les leucotoxines, comme leur nom le suggere, ciblent les leucocytes. Presque toutes les cellules
immunitaires peuvent étre ciblées : principalement les granulocytes (neutrophiles, basophiles, éosinophiles)
et monocytes (macrophages, cellules dendritiques), mais aussi, pour certaines leucotoxines, les lymphocytes
T (Figure 1). Bien qu’ayant des spectres d’action et des affinités variables, le méme mode d’action est mis
en ceuvre : fixer les membranes des cellules cibles, s’oligomériser et former un pore dans les membranes des
cellules cibles. Au site de I'infection, les leucotoxines provoquent une lyse des cellules de I'inmmunité et
liberent des chémokines, dont des facteurs pro inflammatoires.
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Fig. 1. Spectre d’action cellulaire des leucotoxines de S. aureus.

Fig. 1. Cell spectrum of staphylococcal leucotoxins.

Interaction avec les cellules cibles

Pour pouvoir exercer leur pouvoir toxique, et ce sur la bonne cible, la premiére étape cruciale de I'action des
leucotoxines est la reconnaissance et la fixation aux membranes des cellules cibles.

Relations structure / fonction des leucotoxines

Les structures tridimensionnelles de la toxine alpha (Song et al., 1996) et des composés de leucotoxines
LukS-PV (Guillet et al., 2004) (Figure 2), LukF-PV (Pédelacq et al., 1999), et HIgB (Olson et al., 1999) ont
été résolues par cristallographie aux rayons X. Les protéines de classe F partagent 70% d’identité de
séquence en acides aminés, les protéines de classe S entre 59 et 75%, alors gqu’entre classes, l'identité
n'est que de 26 a 30%. Les leucotoxines, qui dérivent probablement d'un ancétre commun, ont toutes
adopté une méme configuration structurale en 3 domaines pour répondre aux contraintes imposées par leur
double existence soluble (sécrétion, transport, accés aux cibles) et membranaire (formation de pore). Le
domaine central est un beta-sandwich constituant plus de la moitié de la séquence de la protéine. Le «
Stem » est un domaine déployable qui formera le pore transmembranaire. L’état soluble est facilité par son
repliement rendant cryptique ses régions hydrophobes. Enfin le domaine « Rim » constitue la région
probablement responsable de I'interaction des leucotoxines avec les membranes. Cette région posséde une
conformation assez souple, une organisation et une séquence variée selon les leucotoxines, probablement a
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I'origine des spécificités cellulaires différentes pour chaque leucotoxine. L’organisation spatiale de ces
domaines entre les monomeres et sur les membranes lors de la formation du pore, a particulierement été
éclaircie par la résolution de la structure de I’heptamére de I'alpha-toxine (Figure 2).

Notre équipe a récemment étudié le domaine de fixation de LukS-PV. Une stratégie d’Ala-scanning a été
choisie, en produisant des mutants recombinants de LukS-PV dans Escherichia coli. L’activité biologique et la
capacité de fixation aux membranes des mutants ont été évaluées en cytométrie en flux. Une compétition
avec un LukS-PV fluorescent a permis d’évaluer des constantes de dissociation apparentes (kg app) des
mutants, permettant de délimiter une région de quelques acides aminés entre T244 et Y250, plus le résidu
Y184, essentiels a la fixation de LukS-PV aux neutrophiles. Ces acides aminés définissent une surface
moléculaire dans la partie distale du « Rim ». Il est intéressant de noter que cette région partage une forte
identité avec HIgC, qui partage la méme cible membranaire que LukS-PV, mais correspond a un « gap » sur
la séquence de HIgA. HIgA a un spectre cellulaire plus éloigné et large que celui de LukS-PV et HIgC.
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Fig. 2. Structure tridimensionnelle de I'heptameére de l'alpha-toxine (& gauche, PDB : 7AHL), de LukS-PV (au milieu, PDB :
1T5R), et un détail du « Rim » de LukS-PV (a droite) ou est représenté en rouge des positions ciblées par mutagénese dirigée
et en vert la surface moléculaire d’interaction responsable de la fixation de cette protéine.

Fig. 2. Tridimensional structure of alpha-toxin (left), LukS-PV (center), and LukS-PV “Rim” domain detail (right) with its
interacting molecular surface.

Cibles membranaires des leucotoxines

Un réle proéminant de la protéine de classe S (LukS-PV, HIgA, HIgC, LukE) semble acquis, dans la mesure ou
cette protéine assure la spécificité de reconnaissance de la cible, et parfois méme conditionne la fixation
secondaire de la protéine de classe F (e.g. : HIgB ne fixe les membranes qu’aprés ajout préalable d'un
composé de classe S). Un récepteur représente une solution d’arrimage pour une toxine. Dans le cas des
leucotoxines, cette interaction est probablement transitoire, et plus ou moins nécessaire selon les
leucotoxines. Pour I'alpha-toxine, quelques acides aminés pourraient directement étre ancrés dans
I’environnement lipidique (Vecsey-Semjen et al., 1996 ; Valeva et al., 1997). Le couple HIgA / HIgB, plutdt
sensible a une composition lipidique, peut se fixer sur une bicouche lipidique artificielle et y former des
pores (Ferreras et al., 1998). Il en est autrement dans le cas de la LPV et du couple HIgC /7 HIgB. LukS-PV, le
composé de classe S de la LPV, est décrit comme ayant le kg le plus faible des leucotoxines (k4 = 0,07 nM),
représentant une tres forte affinité pour les membranes de ses cellules cibles, une fixation saturable
(Gauduchon et al., 2001), et le spectre cellulaire le plus étroit (neutrophiles, monocytes, macrophages). Ceci
suggere I'existence d’un récepteur, qui reste a identifier. HIgC est décrit comme entrant en compétition avec
LukS-PV a la surface des membranes, et partagerait le méme site de fixation que LukS-PV (Gauduchon et al.,
2001), qui se situerait dans les radeaux lipidiques riches en glycosphingolipides et cholestérol (Nishiyama et
al., 2006), par ailleurs bien connus comme siege des interactions de protéines synthétisées par des
pathogénes (Montecucco, 1986 ; Brown, 1998). Des travaux suggerent un role de la protéine MD-2 dans
I'activité de HIgC, mais sans démontrer son rdle direct sur I'’étape de fixation (Nishiyama et al., 2006).
Globalement, les capacités de fixation et spectres cellulaires des leucotoxines sont relativement bien
connues ; en revanche I'existence de récepteurs ou de ligands reste trés peu documentée.

Activités des leucotoxines et conséquences sur les cellules cibles

La fixation des composés de classe S et F sur les membranes, qui peut étre simultanée (Meyer et al., 2009)
ou séquentielle (Finck-Barbancon et al., 1993), est suivie d’'une étape d'oligomerisation des monomeéres.
L’alpha-toxine forme un heptamétre comme le montre la Figure 1. Les leucotoxines bipartites forment des
hétéro-oligoméres de stcechiométrie toujours débattue SzF; ou S;F4, avec une alternance des 2 composés
(Sugawara et al., 1999 ; Miles et al., 2002 ; Joubert et al., 2006 ; Viero et al., 2006). Une fois I'oligomére
formé, les domaines « Stem » se reconfigurent pour former le pore transmembranaire. L'ouverture du pore,
spécifiquement perméable aux cations monovalents, entraine la fuite de potassium et I’entrée de sodium et
d’eau, déséquilibrant I’homéostasie ionique et osmotique de la cellule. L’'ajout d’éthidium dans le milieu
permet par conséquent de suivre la formation des pores en cytométrie en flux. Une dose suffisante de toxine
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(ordre de la nM) va conduire a la lyse de la cellule. Ce mécanisme a longtemps été considéré comme le
mécanisme d’action principal des leucotoxines.

Mais il semble qu'un autre mécanisme a jusque la été sous estimé : en effet, indépendamment de la
formation du pore, l'oligomére ou « prépore » provoque trés rapidement une augmentation de la
concentration en calcium intracellulaire, dépendante de la présence de calcium extracellulaire (Staali et al.,
1998). Le pic d’entrée de calcium et les études des changements morphologiques des cellules montrent leur
activation, méme a des concentrations sublytiques de toxines. Ceci a pour effet la sécrétion des granules
chez les neutrophiles, la libération d’IL8 (Kdnig et al., 1995), IL6 et I1L12 (Prévost et al., 2001), leucotriene
B4 (Hensler et al., 1994), NO (Colin et Monteil, 2003), et d’histamine (Konig et al., 1995). Des
concentrations sublytiques de leucotoxines auraient une activité sur les mitochondries et déclencheraient
I'apoptose des cellules (Genestier et al., 2005).

La bibliographie est quasi inexistante sur les mécanismes conduisant a I'entrée de calcium dans les
cellules cibles. Il est décrit une modulation de I'entrée de calcium par la PKC, restaurée par son inhibiteur :
la staurosporine. La nature du canal calcique reste inconnue malgré les nombreux essais de pharmacologie
calcique, et suggérent une voie d’activation complexe. Jover et collaborateurs ont récemment décrit I'activité
de HIgC / HIgB sur des neurones, et ont proposé une voie de signalisation conduisant a cette entrée de
calcium (Jover, en préparation). Notre équipe teste actuellement cette voie sur des neutrophiles, avec des
résultats préliminaires encourageants. Le dynasore, un inhibiteur de I’endocytose dépendante de la
dynamine, réduit fortement le flux calcique provoqué par HIgC / HIigB sur des neutrophiles. Il est intéressant
de noter qu'il est sans effet sur les flux calciques entrainés par le couple HIgA / HIgB et la LPV. Le Thio-
NADP, un inhibiteur du NAADP qui permet le fonctionnement des canaux calciques TPC dans les membranes
des vésicules d’endocytose, réduit également fortement le flux calcique. Ces résultats, bien qu’a compléter,
viennent appuyer l'utilisation de la voie décrite par Jover et ses collaborateurs.

L’existence de tels mécanismes montre bien que les leucotoxines sont bien plus que de simples toxines
formant des pores entrainant une lyse cellulaire. Elles sont capables, indépendamment de leur activité de
formation de pores, d’activer les cellules cibles par le jeu de voie de signalisation qui restent a décrire.

Impact sur I'immunité innée

En tant que pathogéne, S. aureus a évolué de maniere a exploiter I'abondance de nutriments fournis par
I’hdéte. En contrepartie, S. aureus doit pour survivre faire face au systéme immunitaire qui a co-évolué avec
les bactéries. Les bactéries peuvent utiliser pour cela des mécanismes d'échappement (bactérie
intracellulaire, zones cryptiques, ..), de dévoiement du systéme immunitaire, .. Dans ce contexte, les
leucotoxines sont un moyen d’agir directement contre les cellules du systeme immunitaire (Figure 3).
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Fig. 3. Cellules du systeme immunitaire adaptatif (lignée lymphoide,
a gauche) et inné (lignée myéloide, a droite) (Todar, 2008).

Fig. 3. Cells of the immune system (Todar, 2008).

La présence de la bactérie en elle-méme va initier une réponse innée inflammatoire, via la
reconnaissance de structures bactériennes spécifiques : les PAMPs (pour Pathogen-Associated Molecular
Patterns). Cette reconnaissance se fait par l'intermédiaire de récepteurs au niveau des macrophages et des
cellules dendritiques: les PRRs (pour Pattern Recognition Receptors) tels que les TLRs (pour Toll-Like
Receptors) et les protéines de la famille des Nod-like receptors (NLRs). L'infection est marquée par une
infiltration leucocytaire, principalement de neutrophiles (Wagner et al., 2006). Bien que l'infiltration soit un
processus trés étudié (Melnicoff et al., 1989 ; Savill, 1997 ; Kaplanski et al., 2003), le devenir des
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neutrophiles ayant migré est moins bien connu. Des études histomorphologiques, des infections induites
expérimentalement, des expériences in vitro ont permis de déduire que la phagocytose des bactéries, ou
méme la stimulation de récepteurs impliqués dans la phagocytose, initie la mort cellulaire programmée des
neutrophiles (Watson et al., 1996 ; Kobayashi et al., 2003 ; Zhang et al., 2003). Subséquemment, les
macrophages infiltrés « nettoient » le site en phagocytant les neutrophiles apoptotiques, et ce phénomeéne
est un pré-requis pour la résolution de I'inflammation associée a I'infection.

Les leucotoxines peuvent faire pencher la balance en faveur de S. aureus. Au site de l'infection, ces
toxines activent et détruisent les cellules immunitaires résidentes (macrophages, cellules dendritiques) et
provoquent la libération de chémokines pro-inflammatoires telles que l'interleukine-8 et le leucotriéne B4,
qui sont de puissants chémoattractants des neutrophiles. Les leucotoxines accroissent l'inflammation et le
recrutement de leucocytes circulants au site d'infection (neutrophiles principalement, quelques lymphocytes
T, de rares lymphocytes B et monocytes) (Wagner et al., 2006). La LPV en particulier est décrite comme
étant sécrétée en quantité toxique dans des abcés de la peau (Badiou et al., 2008) et associée a une
augmentation dans un premier temps de la numération leucocytaire au site d’infections cutanées
superficielles La LPV pourrait ainsi grandement contribuer a la sévérité de I'infection et moduler I'efficacité
de la réponse immunitaire locale (Mertz et al., 2007).

Tout au long du cours de linfection, les leucotoxines lysent les cellules présentatrices d’antigenes
(neutrophiles, macrophages, cellules dendritiques). Dans les cas les plus sévéres, comme les pneumopathies
nécrosantes, en quelques jours les patients souffrent de leucopénie. L’échec des neutrophiles a entrer dans
un processus controlé d’apoptose crée une situation pathologique (Savill, 1993 ; Watson et al., 1996 ;
Kobayashi et al., 2003 ; Zhang et al., 2003). Le relargage non contrélé de molécules cytotoxiques (e.g. :
monoxide d’azote (Grimminger et al., 1997) et protéolytiques (protéases des granules de sécrétion) par les
granulocytes lysés peut détruire les tissus environnants. Le relargage de médiateurs pro-inflammatoires
produits par les neutrophiles ayant échappé a I'apoptose pourrait soutenir une réaction inflammatoire et
participer a sa progression vers la chronicité, aussi bien qu'au développement d'un sepsis, une défaillance
multiviscérale (SDMV) et une destruction des tissus environnants (Savill, 1993 ; Haslett, 1999 ; Harter et al.,
2003).

Mais I'impact sur le systéme immunitaire pourrait étre plus subtil. Récemment, notre équipe a étudié
I'impact d’autres facteurs de virulence de S. aureus (Zhang et al., 2009) sur la maturation de précurseurs de
peptides antimicrobiens, tels que les chromogranines. Un réle des leucotoxines est a I’étude. Ce dévoiement
entrainerait le systéeme immunitaire inné vers une réponse antifongique inadaptée contre la bactérie S.
aureus.

Conclusion

Les leucotoxines constituent une famille de facteurs de virulence de S. aureus connus depuis plus de 50 ans,
et surtout étudiés depuis 30 ans avec l'essor de la biologie moléculaire et cellulaire. Ainsi, leur mode
d’action et leurs cibles cellulaires ont pu étre décrits en grande partie. Néanmoins, I'’étude de récepteurs
membranaires reste difficile et n'a donné que peu de résultats pour les leucotoxines. Aujourd’hui, de
nouvelles cibles cellulaires et I'importance de leur effet activateur des leucocytes doivent étre reconsidérés.
La compréhension de leurs interactions et de leurs effets sur le systéme immunitaire, inné en particulier,
bien au-dela de la simple formation de pore, est la clef de I'étiologie des pathologies staphylococciques et
en méme temps une opportunité de créer des moyens d’agir dans l'intérét du patient. Il s’agit notamment
d’élaborer des drogues dirigées directement contre les leucotoxines, ce qui s’inscrit naturellement dans la
recherche de nouveaux médicaments alors méme que l'industrie pharmaceutique est a la recherche de
nouvelles classes d’antibiotiques et que les souches de S. aureus de plus en plus résistantes (SARM, GISA)
se répandent.
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Abstract

The SNARE protein complex that helps vesicles to fuse and deliver neurotransmitters into the
synaptic cleft are now clearly identified as specific targets for the clostridial toxins TeNT and
BONTs. The proteolytic activity of these toxins is so precise that, from the eminent position of
the most potent poisonous toxins, their status is moving to that of powerful tools for basic cell
biology research and for medical therapeutic purposes. However, as basic work continues to
grow, other actions due to their intracellular transfer are coming to light. This review intends to
focus the attention on settled and recent data concerning behindhand actions of TeNT and
BoNTs. The first part presents a reminder of the covered way from distant diseases to the
identification of closely related structures and activity. Then, we review recent data on the
effect of clostridial toxins on the transport to the membrane of neurotransmitter receptors.
Moreover, examples showing that ionic conductances can be disrupted by the interactions
between cleaved SNARE proteins and channels are reviewed. Finally, observations that suggest
a disturbance of the actin network due to TeNT or BoNTs are also mentioned. Overall, some of
these effects could shed light on the cellular mechanism of unexplained clinical advantages
observed with the increasing use of BoNTSs.

Effets intracellulaires des toxines botuliques et tétanique : le clivage
des SNARES, mais pas uniquement !

Les protéines SNARE, qui facilitent la fusion des vésicules et la libération des neuromédiateurs
dans la fente synaptique, sont bien identifiées comme la cible spécifigue des toxines
clostridiales TeNT et BoNTs. L’activité protéolytique de ces toxines est tellement particuliére
qu’elles sont passées du statut des toxines les plus puissantes a celui d’outils éminents pour la
recherche fondamentale en biologie cellulaire et a celui de médicament. Néanmoins, de
nouvelles données sur des effets intracellulaires de ces toxines continuent d’émerger. Cette
revue tente d’attirer I'attention sur des données établies et récentes a propos des effets de
BoNTs et TeNT restés au second plan. Une premiéere partie rappelle le chemin parcouru depuis
la description déja ancienne des pathologies provoquées par les toxines et I'identification de
leurs analogies de structure et d’activité. Il est ensuite fait état des données récentes sur
I'effet des toxines sur le transport a la membrane de récepteurs de neuromédiateurs. Des
exemples sont aussi apportés qui illustrent le fait que des conductances ioniques peuvent étre
perturbées du fait des interactions entre des SNAREs clivées et des canaux ioniques. Enfin, on
rappelle des observations montrant que les TeNT et BoNTs peuvent aussi perturber le réseau
des neurofilaments d’actine. En définitive, certains de ces effets peuvent clarifier les
mécanismes moléculaires a la base de plusieurs observations cliniques positives obtenues
grace a l'utilisation médicale croissante des BoNTs.

Keywords : Botulinum neurotoxins, Tetanus toxin, unconventional intracellular activity.

Introduction

Most bacterial proteins with demonstrable “toxic” activity interact with various cell types. More than one
third of all bacterial toxins are pore-formers which recognize ubiquitous membrane components as
receptors, such as cholesterol, gangliosides, and proteins. Others have developed various internalization
processes, therefore specifically modifying an intracellular target. This comprises several bacterial protein
toxins produced by members of the Clostridium genus. Among them, two unique classes of neurotoxins, the
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botulinum (BoNTs) and tetanus toxin (TeNT), have evolved as specific inhibitors of the neuroexocytosis
machinery, the former appearing specific for cholinergic transmission in the peripheral nervous system ; the
latter proposed to be specific of GABA- and glycinergic transmission in the central nervous system. The
specificity of these toxic proteins has enabled them to become useful tools in therapeutics and basic
sciences. Indeed they were helpful to elucidate and characterize crucial processes for eukaryotic cells, which
include neurotransmitter release, physiological signaling pathways, and constitutive cellular mechanisms.
However, it is very intriguing that toxins produced by environmental bacteria as the Clostridia possess such
specific and highly sophisticated tools directed against certain types of chemical synaptic transmission.
Since the “screening” leading to assignation of these bacterial protein toxins as neurotoxins was based on
the initial observations of potent neurological disorders, a bias has been introduced in the way we think their
actions. We here investigate the limits of their selectivity and specificity and review evidences supporting
the notion that these neurotoxins have a broader spectrum of action than usually believed, not only in terms
of cellular targets but also, more importantly, in their intracellular mechanisms.

Distinct diseases led to identification of toxins, initially thought very different

The botulinum toxins and tetanus toxin have been identified upon unraveling the etiology of two diseases,
botulism and tetanus, which are characterized by severe neurological components. Botulism is characterized
by dysautonomia and flaccid paralysis of peripheral origin, while tetanus comprises dysautonomia and
spastic paralysis, both of central origin (for comprehensive reviews, see Bleck, 1989 ; Tacket and Rogawski,
1989 ; Niemann et al., 1991 ; Popoff and Poulain 2005 ; Popoff et al., 2009).

Botulism has been recognized at the beginning of the 19th century and described as a particular form of
food-born poisoning due to ingestion of ‘sausage poison’. The term botulism has been coined from the Latin
word botulus = ‘sausage’ (for an historical perspective, see Schantz and Johnson, 1992 ; Erbguth and
Naumann, 1999 ; Erbguth, 2008). The microorganism producing botulinum toxin has been identified at the
end of the XIXth century as an anaerobic sporulating bacillus, initially named bacillus botulinus (van
Ermengem, 1897), then renamed Clostridium botulinum. The strains of Clostridia producing botulinum toxin
also synthesize other proteins -as botulinolysin-, however they have not been established participating in
the etiology of botulism. Pure botulinum toxin type A was obtained in 1946 (Lamanna et al., 1946), but
fractionation studies allowed establishing it as a multi-protein complex comprising a neuroactive moiety -
termed botulinum neurotoxin (BoNT), which is closely related to tetanus toxin (see below) - and several
associated non-toxic proteins (ANTPs, with or without hemagglutinin activity ; DasGupta et al., 1966). The
associated non-toxic proteins play a role in the passage of the intestinal barrier, and may display some
cytotoxicity (Matsumura et al., 2008 ; Jin et al., 2009) ; however, they do not participate in the neurological
aspects of botulism. Existence of several distinct botulinum toxin serotypes (A through G) and the
corresponding BoNT toxinotypes have been revealed all along the XXth century. Extensive sequencing of the
genes from C. botulinum and other Clostridia producing botulinum toxin revealed the existence of more than
40 sub-types of botulinum neurotoxin (Smith et al., 2005b, 2007 ; Arndt et al., 2006). A major progress in
understanding the prominent symptoms of botulism has been the discovery that the botulinum toxins block
acetylcholine (ACh) release at the neuromuscular junction (Burgen et al., 1949), reviewed by Molgé et al.
(1990). This effect is at the origin of the use of botulinum toxins as well as neurotoxins in human therapy.

Tetanus is derived from the Greek word tetanos that means rigidity or tension. Hippocratos (— 470-360
BC, in Kos island) was first to describe a disease in which the main physical manifestation was a general
spasm. It is only at the end of the XIXth century that Carle and Rattone (1884) proposed the neurological
origin of the manifestations of the disease. Later, Kitasato (1889) isolated Clostridium tetani from necrotic
wounds in Man (for historical considerations, see Prevot, 1967 ;Hatheway, 1990 ; Niemann et al., 1991 ;
Popoff and Poulain, 2005). Tetanus neurotoxin (TeNT), also called tetanospasmin, is produced by C. tetani
and is responsible for all the neurological disorders of tetanus caused by this bacterium. Only one toxinotype
of TeNT is known, and those bacteria producing TeNT display homogeneous bacteriological characteristics
that uniformly form C. tetani. At variance of the botulinum toxins, TeNT is produced without other proteins
aimed to form a complex. However, C. tetani produces also tetanolysin O (a cholesterol-dependent pore-
forming toxin) together with several additional virulence factors. They may participate in the C. tetani
invasion into host tissues (Briiggemann et al., 2003), but not in the neurological disorders.

Botulinum and tetanus neurotoxins are closely related and share similar
molecular and cellular mechanisms

Determination of the amino acid sequences and the corresponding genes of the tetanus and different
botulinum neurotoxin serotypes started with TeNT (Eisel et al., 1986 ; Fairweather and Lyness, 1986),
followed by BoNT/A (Binz et al., 1990 ; Thompson et al., 1990) and the other BoNT toxinotypes (Arndt et
al., 2006). A very close homology between TeNT and the BoNTs was revealed. Both toxin types share a
common tri-dimensional structure (Lacy et al., 1998 ; Hanson and Stevens, 2000 ; Swaminathan and
Eswaramoorthy, 2000 ; Breidenbach and Brunger, 2005 ; Kumaran et al., 2008, 2009 ; see also reviews by
Chaddock and Marks, 2006 ; Singh, 2006) and a cellular/molecular mode of action that ultimately leads to
inhibiting vesicular neurotransmitter release. According to the heuristic model initially proposed by Simpson
(1981), the cellular mode of action of the clostridial neurotoxins can be depicted according to a multi-step
model. The toxin’s heavy chain mediates binding to specific receptors comprising a ganglioside moiety and a
protein.
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Binding implicates a subdomain of the neurotoxin localized into its C-terminus fourth. The BoNTs are well
known binding to gangliosides (Kitamura et al., 1980) and to a protein. The protein receptor for most of the
BoNTs has been identified: BoNT/A, /C, /E, /F exploit the three isoforms of the vesicle protein SV2 as
specific receptors, while BONT/B and /G bind to synaptotagmin | or Il (Nishiki et al., 1994 ; Rummel et al.,
2004, 2009 ; Dong et al., 2006, 2007, 2008 ; Mahrhold et al., 2006 ; for a recent review, see Binz and
Rummel, 2009). The identity of TeNT receptor still remains elusive. Van Heyningen (1961) reported early
that TeNT binds to gangliosides in the nervous tissue, and several recent studies show that TeNT can bind
simultaneously to two gangliosides (Chen et al., 2009). However, as pinpointed early by Montecucco et al.
(1988), the ubiquitous distribution of the gangliosides cannot explain the high neuroselectivity of TeNT.
Critchley et al. (1986) were first to suggest that TeNT binds both to ganglioside and protein receptors.
Consistent with the localisation of TeNT binding in lipid raft, the GPlI-anchored membrane protein Thy-1 has
been proposed to act as a TeNT receptor (Herreros et al., 2001 ; Munro et al., 2001), but this idea is now
abandoned. Thus, unravelling the protein receptor of TeNT remains elusive and needed. Overall, whatever
the considered Clostridial neurotoxin, the identified protein receptors are not neurospecific and are
expressed on several cell types including crypt epithelial cells in the intestine (Couesnon et al., 2008). The
distribution of the gangliosides is distinct from that of the protein receptors. Thus, co-presence of the ad hoc
ganglioside(s) and protein receptors identifies a set of target cells against which TeNT and the BoNTs display
a higher affinity than for other cell types (Chai et al., 2006 ; Jin et al., 2006 ; Rummel et al., 2007 ; Binz
and Rummel, 2009 ; reviewed by Binz and Rummel, 2009), these comprise numerous neurons but not all
(see Tables 1-3).

Table 1. The BoNT block release of many different small neurotransmitter molecules.

Tableau 1. Le blocage induit par les BoNTs de la libération de nombreuses et différentes petites molécules de
neurotransmetteurs.

Neurotransmitter

Model system

References

Skeletal neuromuscular junction

Burgen et al., 1949

ACh Torpedo electric organ Dunant et al., 1987
Aplysia CNS Poulain et al, 1988
Brain synaptosomes Sanchez - Prieto et al., 1987
Hind paw / Mass spectrometry Cui et al., 2004
Glutamate . . .
Cultured rat cerebellar neurons/radioactive evaluation Foran et al., 2003
Cultured rat cerebellar neurons/enzymatic ev aluation Khairallah et al., 2008
Aspartate Brain synaptosomes McMahon et al., 1992
GABA Brain synaptosomes Ashton and Dolly, 1988 ; McMahon et al., 1992
Glycine Spinal cord neurons (culture) Neale et al., 1999
DA, A, NA Brain synaptosomes Ashton and Dolly, 1988 ; Maisey et al., 1988
5-HT Brain synaptosomes Najib et al., 1999

ATP (co -release with ACh)

Torpedo synaptosomes
Rat bladder urothelium
Guinea pig stellate neurons

Marsal et al., 1989
Khera et al., 2004 ; Smith et al., 2005a
Tompkins and Parsons, 2006

NAD

Canine mesenteric artery
Human urinary bladder detrusor muscle

Smyth et al., 2006b
Breen et al., 2006

Table 1 summarizes some of small neurotransmitter molecules which release or co-release is blocked by
the BoNTs. Table 2 summarized a large body of literature indicating, even though indirectly, the inhibition of

peptide secretion.

Table 2. BoNT/A can inhibit release of CGRP and Substance P.
Tableau 2. La BoNT/A peut inhiber la libération de CGRP et de la Substance P.

Transmitter

Toxin (A type) effect Concentration/amount

Model system (References)

Substance P

Inhibition of KCI

Cultured DRG neurons (Purkiss et al.,

1 M
SsP) evoked SP release 0on 1997 ; Welch et al., 2000)
Cultured DRG neurons
BONT/A
ONT/. (Welch et al., 2000)
Cultured DRG neurons
R BONT/A
etagged BoNT/ (Duggan et al., 2002)
Inhibition of release CGRF.’ secritloz ek\_/o_kei l;y KCI,_or 4
1.6 to 3.1 units BTXA/well capsaicin, or bradykinin istamine
(3-24 hrs) 5HT + PGE2, pH5,5 in cultured rat
CGRP trigeminal nerve cells; (Durham et al.,
2004)
6 hrs, 50 pM ! Isolated rat bladder (Rapp et al., 2006)

Upregulated synthesis,
retention ; increased
immunoreactivity

Intra-muscle injection

Ventral horn of spinal cord and
neuromuscular junction (mouse, rat)
(Hassan et al., 1994 ; Meunieret al.,

1996 ; Salaet al., 1995 ; Tarabal et al.,
1996)

Table 3 lists several examples of non-neuronal cell types, targeted by the toxins, and whose release

process is depressed by BoNTs. Note that in the case of the chromaffin cells, high extracellular concentration
of toxin is required, but incubation with gangliosides increases by 2 order of magnitude their susceptibility
to the neurotoxins (Marxen et al., 1989).
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Table 3. At high concentrations, BoNTs can target non-neuronal cells.
Tableau 3. A de fortes concentrations, les BoNTs peuvent cibler les cellules non neuronales.

Cell type References

Chromaffin cells Penner et al., 1986 ; Ahnert-Hilger et al., 1989a ; Ahnert-Hilger et al., 1989b
Glial cells : astrocytes or Schwann cells Abdipranoto et al., 2003 ; Araque et al., 2000 ; Verderio etal., 1999
Exocrine pancreas (100 nM) Rosado et al., 2005b

Platelets Redondo et al., 2004

We also provide in Table 4 examples of release of neuroactive substances that are not affected by BoNTSs.
These include neurotransmitters that in other neuron/cell types are blocked by the BoNTs. This highlights
the notion that distribution of receptors determines susceptibility to the toxins. However, as discussed
below, this may also relate to the absence of appropriate intracellular targets.

Table 4. Examples of neurotransmitter release resistant to BoNTs.
Tableau 4. Exemples de libération de neurotransmetteur résistante aux BoNTs.

Transmitter Published data References / Comments
No change in immunoreactivity 3 months after
VIP, CGRP BTX-A. Periglandular innervations in sweat Swartling et al., 2004
gland
Neuropeptide Y Vasoconstricto_r neurons afferent_ to ve_na cava Morris et al., 2002
and uterine artery from guinea pig
SP Capsaicin evoked release from cultured DRG Welch et al., 2000
NO Non vesicular Jones etal., 2004 ; Morris et al., 2001
ACh Fraction of 5-HT evoked ACh release at Moffatt et al.l, 2004
bronchiolar smooth muscle Hypothesis: ACh release by epithelial cells

Verderio et al., 2004

GABA Cultured inhibitory hippocampal interneurons BoNT-resistant SNAP-25 related isoform 2

The binding of BONT or TeNT is followed by the endocytotic internalisation of the neurotoxin/receptor
complex (step a in Figure 1). When the neurotoxin is sorted into endocytotic vesicle that acidifies, the heavy
chain N-terminus half inserts into the vesicle membrane to make a pore through which the unfolded light
chain of the neurotoxin can translocate into the cytosol (Boquet and Duflot, 1982 ; Koriazova and Montal,
2003 ; Fischer and Montal, 2007). When the neurotoxin (TeNT as well as BoNT) is sorted in neutral vesicles,
it undergoes retroaxonal ascent (step b in Figure 1), followed by its release in the central nervous system
(step c in Figure 1) and secondary recapture, i.e. transcytosis (Bohnert and Schiavo, 2005 ; Deinhardt et al.,
2006 ; Verderio et al., 2007 ; Antonucci et al., 2008 ; review by Caleo and Schiavo, 2009). Note, however,
that transcytosis of TeNT is by far more intense than that of BoNTs, and that within BoNTs, susceptibility
varies with the toxinotype (Antonucci et al., 2008).

BoNTs and TeNT sequences have revealed the presence of a consensus amino-acid motif characteristic of
the catalytic site of zinc-metalloproteases leading to demonstration that TeNT and BoNT/A are indeed
metalloproteases (Schiavo et al., 1992b, 1992c ; but see also below). Their targets are the SNARE proteins
(for example, see Blasi et al., 1993a, 1993b ; Schiavo et al., 1992a, 1992b), which have been assigned as
the key actors governing synaptic vesicle fusion and thus neurotransmitter release (Sollner et al., 1993 ;
Jahn and Scheller, 2006). To summarise, VAMP-synaptobrevin is the target of TeNT, and the BoNT/B, /D, /F
and /G. SNAP-25 is that of BONT/A, /C and /E, and syntaxin is targeted by BoNT/C. Since SNAP-25, VAMP-
synaptobrevin and syntaxin play a major role in regulated fusion of synaptic vesicles with the plasma
membrane at the release sites, their cleavage induces blockade of neurotransmitter exocytosis (step din
Figure 1). Since the BONT and TeNT receptors and their intracellular targets are present at all nerve
terminals, neither BoNTs nor TeNT are specific for a given type of molecule or cell type (see Tables 1-2).
Note that in most of the examples listed in these tables, susceptibility to the toxins (when applied
extracellularly) is determined by presence of the ad hoc membrane receptors and appropriate SNAREs.
Several examples of neurotransmission resistant to the BoNTs have been reported (see Table 3). In the case
of the release of nitric oxide (NO), resistance to BoONT (Morris et al., 2001 ; Jones et al., 2004) is due to the
fact that NO release is mediated by diffusion through the membrane, independently of vesicular exocytosis.
More interesting is the resistance of GABA release to BoONT observed in certain brain structures, although
SNARE-mediated, quantal GABA release seems to implicate neither SNAP-25 nor a related isoform (Verderio
et al., 2004).

With the refinement of the understanding of the role played by the SNAREs in exocytosis, the question
has arisen of how their cleavage may result in neurotransmitter exocytosis blockade. Moreover, cleaving the
SNAREs does not prevent synaptic vesicle tethering to the release site. Two scenarios have emerged
(reviewed by Poulain et al., 2008) : (i) Proteolytic attack of VAMP by TeNT or the BoNT/B, /D, /F, /G,
Syntaxin by BoNT C, or SNAP-25 by BoNT/E does allow formation of either a SNARE complex disconnected
of the synaptic vesicle or the plasma membrane, or unstable, thus compromising the priming of the synaptic
vesicles at the active zone ; (ii) Cleaving SNAP-25 by BoONT/A or /C deeply alters the coupling between
detecting Ca®* and synaptic vesicle triggering (for example, see Sakaba et al., 2005). Since the synaptic
vesicles docked with unproductive complexes cannot fuse or undock, they stay at the fusion sites (with
slightly increased numbers) irreversibly plugging the fusion sites that would normally accommodate intact
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vesicles. This progressively reduces the number of release sites to which exocytosis can occur as recently
demonstrated for TeNT at identified Aplysia cholinergic synapses (Humeau and Luthi, 2007).

Pre-synaptic neuron Other cells

Post-synaptic neuron

Fig. 1. The multiple intracellular effects of the BoNTs and TeNT. Upon vesicle fusing with plasma
membrane, neurotoxin receptors are exposed at the surface of the neuron nerve ending or other target cell
neurons (a@). Then neurotoxin (red) is entrapped inside endocytotic vesicle. Its traffic into acidic vesicles (light
orange) allows L chain translocation into the cytosol. When sorted into neutral vesicles, the neurotoxin can
undergo retrograde transport (b), eventually followed by release (c). Inside the cytosol, the neurotoxin L chain
cleaves one among the SNARE proteins (VAMP, SNAP-25 or Syntaxin). Following SNARE cleavage, synaptic
vesicles containing neurotransmitter (d) as well as other cargo implicated in incorporation of integral proteins
to plasma membrane, as ionic channels, ionotropic or metabotropic receptors, aquaporins (e) can no longer
fuse with plasma membrane. Since Syntaxin and SNAP-25 are directly regulating a variety of voltage
dependent ionic channels, their cleavage alters the functioning of the latter ). Modification of actin-based
cytoskeleton (either following non-proteolytic activation of TGAse type Il by TeNT, or other mechanism) may
impact traffic of both synaptic vesicle and receptors (g). Moreover, binding of TeNT can activate a PKC
signaling pathway, resulting in changes in the activity of certain transporters (h).

Fig. 1. Les multiples effets intracellulaires des toxines BoNTs et TeNT. Suite a la fusion des vésicules a
la membrane plasmique, le récepteur protéique des neurotoxines se trouve exposé a la surface de la
terminaison axonale ou du neurone cible (a). La neurotoxine (en rouge) peut se trouver ainsi piégée a
I'intérieur de la vésicule d’endocytose. Son passage dans une vésicule qui devient acide (orange clair) facilite
la translocation de la chaine L vers le cytosol. Lorsque la toxine est maintenue dans une vésicule restant a pH
neutre, elle peut faire I'objet d’'un transport rétrograde (©), qui pourra éventuellement étre suivi de fusion
vésiculaire et de libération (c). La chaine L de la neurotoxine transférée au cytosol peut cliver I'une des
protéines SNARE (VAMP, SNAP-25 ou Syntaxine). En conséquence du clivage des SNARE, les vésicules
synaptiques chargées de neuromédiateur (d), comme toute vésicule cargo impliguée dans I'incorporation a la
membrane de protéines telles que des canaux ioniques, récepteurs métabotropiques ou aquaporines (e), sont
empéchées de fusionner. Par ailleurs, la Syntaxine et la SNAP-25 peuvent réguler directement I'activité de
canaux ioniques dépendant du potentiel, le clivage de ces SNARE pouvant altérer le fonctionnement normal
des canaux (f). Des modifications du cytosquelette actinique (entrainées par une action non protéolytique de
TeNT sur la TGase de type IlI, ou par un autre mécanisme) peuvent avoir des conséquence sur le trafic des
vésicules synaptiques ou des récepteurs (g). Enfin, la fixation a la membrane de la sous-unité H de TeNT peut
activer la voie de signalisation de la PKC, avec la possibilité d’aboutir & des variations dans l'activité de
certains transporteurs de neuromédiateurs (h).

By cleaving the SNARE, the TeNT and BoNTs can alter cell mechanisms other
than neurotransmitter release

Exocytosis is a general mechanism that is exploited not only to secrete molecular products, but also to
incorporate both lipids and integral membrane proteins to the plasmalemma (step e in Figure 1). It has
arise that some of the SNARE proteins susceptible of proteolysis by TeNT or the BoNTs are implicated in the
trafficking of many different membrane proteins resulting in the alteration of mechanisms unrelated to
neurotransmitter release. Table 5 provides several examples of membrane receptors and channels affected
by clostridial toxins on their trafficking or their recycling.
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These initially unexpected actions of the BoNTs and TeNT may explain some of the new potential
applications of these toxins in therapy. Notably, BONT/A can decrease neurogenic inflammation (Cui et al.,
2004) and reduce pain (Favre-Guilmard et al., 2009). During neurogenic inflammation, release of CGRP and
SP induces dilatation of small arteries and small veins and BoNT can inhibit CGRP release (see refs in
Table 2). Of interest, protein kinase C induced membrane incorporation of TRPV1 channels in DRG neurons is
prevented by BONT (Morenilla-Palao et al., 2004) which suggest an explanation to the anti-nociceptive
properties of BONT. Indeed, in response to activation of TRPV1 receptors, non-myelinated axons can release
CGRP (Bernardini et al., 2004 ; Fischer and Reeh, 2007). Moreover, in trigeminal ganglionic neurons only a
recombinant chimera of BoNT/A and BoNT/E is able to overcome the elevation of CGRP release induced by
the activation of the capsaicin receptor TRPV1 channel (Meng et al., 2009).

Table 5. Examples on the sensitivity of receptors or channels trafficking to TeNT or BoNTSs.
Tableau 5. Exemples de sensibilité du trafic des récepteurs ou canaux a la TeNT ou aux BoNTs.

Receptor

BONT effect

Remarks

Model system (References)

Glu R (AMPA-R)

Decrease in LTP
amplitude
Decrease in AMPA-R
insertion

BoNT/B LC intra-pipette

LTP in CA1 (Lledo et al., 1998);
Cerebellar NO-induced PF-LTP
(Kakegawa and Yuzaki, 2005) ; L-type
channel driven insertion of AMPA-R in
mouse CA1 (Baxter and Wyllie, 2006)

NMDA-R (NR1)

Decrease insertion

BONT/A intra-pipette

mGIuR1 driven insertion of NR1 in
Xenopus oocyte membrane (Lan et al.,
2001)

Gephyrin (Glycine-
Receptors)

Decrease in
immunoreactivity

Inhibition of inhibitory
potentials on motor neurons,
but reduction of synaptic
covering due to silencing.

2 month injection in cat abducens
motoneurons (Moreno-Lopez et al.,
1998)

a7-nAChR

Reduced activity
driven trafficking

BoNT/C1 or /D

Somatic spines in cultured chick ciliary
ganglion (Liu et al., 2005)

H*-ATPase

Reduced trafficking

BoONT/A or/E (25-50 nM)
extracellular, 45 min.

SNAP-23 dependent trafficking of H*-
ATPase in cultured inner medullary
collecting duct cells of the rat (Banerjee
et al., 2001)

Transferrin-R
synaptic vesicle

Reduced recycling

TeNT

(Knight, 2002 ; Salem et al., 1998)

Aquaporin 2

Inhibition of the
membrane insertion
of water channels

Rabbit renal cortical collecting tubule
(Quigley et al., 2005)

TRPV1 channels

Membrane
incorporation in DRG

(Morenilla-Palao et al., 2004)

neurons

Block of membrane
resealing in sea
urchin eggs and

embryos

Reduction of the

store operated Ca?*

entry (SOCE)

Membrane resealing (Bi et al., 1995 ; Steinhardt et al., 1994)

Orail (Woodard et al., 2008)

Overall, the above mentioned examples are consistent with the current notion that the SNAREs control
fusion of cargo vesicles with plasma membrane. Likewise, several step of the synaptic vesicle cycle are
altered by the toxin action. For example, VAMP cleavage abolishes the interaction of VAMP with the adaptor
protein AP3 and affect synaptic vesicle recycling via early endosomes (Salem et al., 1998).

The SNARE cleavage products have also the potential to interfere with fusion processes (Cornille et al.,
1995 ; Tucker et al., 2004). Truncated SNAP-25 can behave as a dominant negative mutant upon the
exocytotic process suggesting that after BONT/A, the block of release is due to both functional elimination of
SNAP-25 and the accumulation of the cleavage product which competitively inhibits exocytosis (Gutierrez et
al., 1997 ; Keller and Neale, 2001 ; Apland et al., 2003). Consistent with synaptophysin-1 controlling
specifically the targeting of VAMP2 but not VAMP1 to synaptic vesicles, is the observation that the cytosolic
cleavage product of VAMP2 but not VAMP1, released upon TeNT or BoNT/B activity, blocks neurotransmitter
release (Cornille et al., 1995). This result suggests an alteration of the exocytosis due to a disturbance of
the synaptophysin-1/VAMP2 interaction.

Action of toxins on calcium dynamics

The SNAREs are able to interact, directly or indirectly, with other proteins present in the plasma
membrane ; their cleavage would indirectly affect the functioning of their partners. For example, syntaxin
promotes inactivation of N- or P/Q-, R-, L-types Ca®" channels, and this inactivation is removed when
proteins of the fusion complex (SNAP-25, VAMP, synaptotagmin ...) bind to syntaxin and/or Ca®*-channels
(Wiser et al., 1999 ; Degtiar et al., 2000 ; Stanley et al., 2003 ; Cohen and Atlas, 2004). In this line, SNAP-
25 has been reported to control calcium responsiveness to depolarization (Verderio et al., 2004 ; step fin
Figure 1). Syntaxin cleavage may indirectly alter Ca®"-channel functioning : slow Ca®" influx has been found
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potentiated after BoNT/C (Bergsman and Tsien, 2000), while in Torpedo preparations, Ca®" entry was
reported to be significantly decreased by BoONT/C (Aleu et al., 2002). Moreover, BoNT/C abolishes the
regulation of Ca?*-channel by heterotrimeric G-proteins (Stanley and Mirotznik, 1997). SNAP-25 modulates
L-Type channels (Ji et al., 2002), and entry of Ca®" mediated by store operated-channels in pancreatic acini
secreting amylase, or human platelets. In these cells, Ca®" influx is strongly depressed after SNAP-25
cleavage by BoNT, possibly contributing to the blockade of Ca®>"-dependent exocytosis by BoNT/A (Rosado et
al., 2005b). Note however, these non-neuronal effects have been detected using very high concentration of
toxin (=100 nM). Overall, these observations suggests that in certain preparations, the blockade of secretion
resulting from SNAP-25 cleavage can relate to inhibition of the exocytotic machinery and changes in Ca®"
influx at the nerve terminals.

A significant reduction of the store operated Ca®" entry (SOCE) due to BoNT/A has been observed in
different cells. The SOCE normally follows a depletion of intracellular Ca®* stores ant this Ca®" influx is
carried out by store-operated Ca®* channels (SOCC) (Putney, 1986 ; Smyth et al., 2006a ; Lewis, 2007).
Working with Xenopus oocytes, Yao et al. (1999) demonstrated that the activation of a store-operated Ca®*
current required SNAP-25 since the current was found to be inhibited by BoNT/A in a dose-dependent
manner with an apparent Ki of 8 nM. Similarly, the store-operated Ca?" current was almost completely
abolished by expression of C-terminal truncated SNAP-25 mutants (Yao et al., 1999). The BoNT/A light
chain and TeNT significantly reduced SOCE when directly microinjected in human embryonic kidney (HEK)
cells (Alderton et al., 2000). SOCE was also significantly reduced by BoNT/A or BONT/E in murine pancreatic
acinar cells and in human platelets (Redondo et al., 2004 ; Rosado et al., 2005b). The molecular identity of
the channel carrying the Ca?" current in SOCE is in the process of clarification, then, it remains difficult to
assert a role to SNAP-25 in the regulation of the conductance or in the process of protein secretion. A direct
interaction of SNAP-25 with TRPC1 channel has been postulated (Rosado et al., 2005a) and, more recently,
the inhibition of exocytotic-like insertion of Orail into the plasma membrane in human Hela and HEK 293T
cells was shown to be partially affected by BONTA (Woodard et al., 2008).

Likewise, physical and functional interactions between syntaxin 1A and brain voltage gated K™ -channels
Kv1l.1 type have been found (Fili et al., 2001). The activity of Kv2.1 channel, the prevalent delayed rectifier
channel in endocrine and neuroendocrine cells, is also strongly modulated by syntaxin and SNAP-25
(Michaelevski et al., 2003 ; Tsuk et al., 2004). This suggests that SNARE proteins can regulate membrane
excitability via K* channels, thus tuning exocytosis. This raises the question of whether exocytosis may be
altered by BoNTs via changes in activation of Kv2.1 currents.

Non-proteolytic molecular actions of BoNTs and TeNT

Yet a direct cause-effect relationship exists between the cleavage of the SNAREs and the blockade of
neuroexocytosis by TeNT or the BoNTs (Humeau et al., 2000 ; Rossetto et al., 2006 ; Poulain et al., 2008), a
controversial possibility is that the BoNTs and TeNT may interfere with exocytosis and other cell functions
via molecular actions unrelated to their proteolytic activity. Indeed, when mutated in the catalytic site at
positions crucial for either Zn®* binding (His®*®* and His**") or cleavage of the GIn-Phe bond in VAMP-2
(GIu®%), TeNT-light chain cannot cleave VAMP-2 in vitro (Li et al., 1994 ; Yamasaki et al., 1994). However,
several of the point-mutated TeNT L chain constructs are able to produce inhibition of neurotransmitter
release (His®*3->Ala?*3, Leu®® or val®® ; GIu®*->Ala®* ; His?*->Ala®® ; Asp®®’, Gly*®’ or Val®®") albeit with
reduced potency as compared to wild-type TeNT-light chain (Niemann et al., 1994 ; Ashton et al., 1995).
Such a non-proteolytic mechanism may explain why endopeptidase blockers, which abolish VAMP-2
cleavage in vitro, counteract only partially the inhibitory action of TeNT on neurotransmitter release (de
Paiva et al., 1993 ; Ashton et al., 1995). Moreover, the observation that antagonism of the intracellular
action of BONT/A can be relieved fast by the mean of injecting monoclonal antibodies directed against the
BONT/A L chain (Cenci di Bello et al.,, 1994) is difficult to conciliate with the proteloytic activity of the
neurotoxin, protein cleavage being in essence irreversible.

The observation that TeNT binds with high affinity to, and strongly activates, the GTP-binding protein
transglutaminase type Il (TGase Il) in vitro, suggests that TGase Il may participate in the intracellular
action of TeNT (Facchiano and Luini, 1992 ; Facchiano et al., 1993a, 1993b). However, the precise
contribution of TGase Il to the blockade of neurotransmission by TeNT has never been clarified and
conflicting data exist in the literature (Coffield et al., 1994 ; Ashton et al., 1995 ; Gobbi et al., 1996).

TGase Il belongs to a large family of bifunctional and Ca*"-dependent cross-linking enzymes (Fesus and
Piacentini, 2002 ; Lorand and Graham, 2003) abundant in neurons and nerve endings (Facchiano and Luini,
1992 ; Maggio et al., 2001) which has been implicated in secretory mechanisms (Pastuszko et al., 1986 ;
Driscoll et al., 1997 ; Walther et al., 2003). The identification of the vesicular protein synapsin-1 as one of
the two main substrates crosslinked by TGase Il needs to be considered for explaining part of the non-
proteolytic TeNT-induced decrease in neurotransmitter release. Indeed, synapsin-l regulates synaptic vesicle
trafficking via interactions with the actin cytoskeleton (step g in Figure 1) and participates in post-docking
steps of exocytosis (Humeau et al., 2001 ; Baldelli et al., 2007). Possibly, TeNT stimulation of TGase Il leads
to reduced synaptic vesicle availability for release. This view is supported by several observations: (i) the
depolarization-stimulated phosphorylation and redistribution of Synl is altered after the action of TeNT
(Presek et al., 1992) ; (ii) the blocking action of TeNT is diminished after disassembly of microfilaments
(Ashton and Dolly, 1997) and (iii) the amplitude of post-tetanic potentiation, a plasticity paradigm which
involves synapsin | in Aplysia synapses, is highly reduced after TeNT treatment (Humeau et al., 2001,
2007). As TeNT can access VAMP-2 only during a defined “physiological window” (Humeau et al., 2000 ;
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Poulain et al., 2008), TGase-I1l activation may modulate this access via the modification of proteins involved
in regulation of the synaptic vesicle cycle (i.e. synapsin 1) or its other substrate(s).

The importance of the proteolytic and non-proteolytic mechanisms of TeNT may be variable from one
model systems to other, and may depend on differential expression of endogenous TGase-Il. Contrasting
with the observations made using brain synaptosomes or Aplysia preparations (Niemann et al., 1994 ;
Ashton et al., 1995), non-proteolytic TeNT mutants were found ineffective at the mouse hemidiaphragm (Li
et al., 1994) or neurohypophysial nerve endings (Dayanithi et al., 1994) and participation of TGase-I11
activation in the blockade of secretion by TeNT has been ruled out at the mouse neuromuscular junction and
in NG108 cells (Coffield et al., 1994).

In vitro, BoNT/E light chain has been reported cleaving actin and all the 11 cleavages sites identified
involved Arg or Lys residues in P’1 position exactly as in SNAP-25 (DasGupta and Tepp, 1993). Thus another
unexpected intracellular effect of TeNT is the modification of actin cytoskeleton (step g in Figure 1). This is
supported by several observations : TeNT inhibits the rearrangements of subcortical microfilaments that
accompany secretion in chromaffin cells (Marxen and Bigalke, 1991). Actin cytoskeleton network is altered
when TeNT light chain is expressed in Sertoli cells in mice (Eisel et al., 1993). Consistent with the well
documented implication of small GTPases Rho in the dynamics and organization of actin-based cytoskeleton
(Hall, 1998), BoNT/A has been reported to target RhoB to the proteasome, causing both blockade of
exocytosis and actin cystoskeleton disorganization (Ishida et al., 2004). This may relate to a crosstalk
between actin cytoskeleton remodeling, SNARE- and Rho-GTPase-dependent mechanisms of exocytosis, as
recently illustrated for Cdc42 and VAMP-2 during insulin secretion (Nevins and Thurmond, 2005).

TeNT shows unconventional cellular actions time before its classical proteolytic effects became evident.
Aguliera and Yavin first reported the in vivo activation and translocation of protein kinase C in rat brain
(Aguilera et al., 1990 ; Aguilera and Yavin, 1990). Concomitantly, an increase of phosphoinositide hydrolysis
was observed (Gil et al., 1998). The intracellular pathway activates phospholipase C-1 and other kinases (Gil
et al.,, 2000). Among the different targets these enzymes can attain, the best characterized is the 5HT
transporter which is phosphorylated and has its activity modulated at low toxin concentration (10™* M) in
less than 30 minutes (Inserte et al., 1999 ; Najib et al., 2000 ; Pelliccioni et al., 2001) (step h in Figure 1).
These effects are carried out by the half C-terminal part of the heavy subunit, the portion that carries the
binding domain of the toxin to the receptor (Gil et al., 2003 ; Chaib-Oukadour et al., 2004). It is of interest
to note that this portion of the heavy chain is able to protect from death neuronal cells, in vitro as well as in
vivo (Chaib-Oukadour et al., 2004 ; Chaib-Oukadour et al., 2009 ; Mendieta et al., 2009).

Conclusion

As the use of botulinum toxins for medical purposes continues to expand, novel observations will emerge
that fit poorly with the conventional view of the specific inhibition of acetylcholine release at the
neuromuscular junction. This underlies the need for giving more thoughts to the published unconventional
effects of clostridial TenT and BoNTs. Some of the results reviewed here already complement the rationale
behind empiric clinical observations. It will be of a general interest for basic sciences as well as clinical
knowledge to continue depend our understanding of these unconventional effects of clostridial toxins.
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Abstract

Pasteurella multocida toxin (PMT) is a 146 kDa protein toxin, which is a major virulence factor
of the facultative pathogen bacteria. PMT acts as a deamidase to activate heterotrimeric G
proteins. The toxin causes deamidation of an essential glutamine residue of Ga subunits
resulting in glutamic acid. This exchange blocks the intrinsic GTPases activity and causes
persistent activation of the G protein.

Activation des protéines G hétérotrimériques par la toxine de
Pasteurella multocida

La toxine de Pasteurella multocida (PMT) est une protéine de 146 kDa, qui constitue le facteur
de virulence majeur des bactéries pathogénes facultatives. PMT agit avec une activité
déamidase pour activer une protéine G hétérotrimérique. La toxine cause une déamidation d’'un
résidu glutamine essentiel de la sous-unité Ge ainsi transformé en acide glutamique. Cette
modification bloque I'activité GTPasique intrinseque de la protéine G et induit ainsi son
activation permanente.

Keywords : Bacterial protein toxin, deamidation, Ga, Gfy, GTPase.

Introduction

Pasteurella multocida is a gram-negative coccobacillus colonizing the gastrointestinal tract and nasopharynx
of wild and domesticated animals including cats and dogs. The bacteria are facultative pathogens, which
cause bite wound infections, pneumonia, endocarditis and septicemia in men. In pigs, Pasteurella multocida
induces atrophic rhinitis, which is characterized by a loss of nasal turbinate bone (Kamp and Kimman, 1988).
Major virulence factor of the pathogen is the 146 kDa protein toxin Pasteurella multocida toxin (PMT). This
toxin is the causative agent of atrophic rhinitis and was shown to be responsible for the osteolytic activity of
bacteria (Chanter, 1990;Kamp et al., 1988;Lax and Chanter, 1990;Lax and Grigoriadis, 2001). Recently the
molecular mechanism of the toxin has been elucidated (Orth et al., 2009).

The structure of PMT

PMT consists of 1285 amino acid residues and is structured according to an AB toxin. Whereas the
biologically active domain is located in the C-terminal part of the protein (Busch et al., 2001;Pullinger et al.,
2001), the N-terminal part is involved in receptor binding and translocation into the cytosol of target cells.
The latter part of the toxin exhibits significant sequence similarity with the N-terminal part of the cytotoxic
necrotizing factor of E. coli that is also involved in binding and translocation.

Recently, the crystal structure of the C-terminal fragment of PMT, covering amino acids 569 to 1285, was
solved (Kitadokoro et al., 2007), showing 3 domains. Whereas the C1 domain (residues 569-719) should
contribute to intracellular localization of the toxin, the function of the C2 domain (residues 720-1104)
remains enigmatic. Most exciting is the C-terminal C3 domain (residues 1105-1285), which resembles a
papain-like fold. This domain harbors a catalytic triad characteristic of thiol proteases, harboring the
essential amino acids cysteine-1165 (Busch et al., 2001;Ward et al., 1998), histidine-1205 (Orth et al.,
2003) and aspartic acid-1220 (Figure 1).

PMT activates various cellular signal pathways

PMT is an extremely potent mitogen and stimulates DNA synthesis and proliferation of several cell lines
(Dudet et al., 1996;Higgins et al., 1992;Mullan and Lax, 1996;Rozengurt et al., 1990). The mitogenic action
of PMT depends on the stimulation of the MAP-kinase ERK (extracellular signal regulated kinase) (Seo et al.,
2000). PMT was shown to stimulate phospholipase CB1 (PLC-B1). This causes calcium mobilization,
accumulation of diacylglycerol and activation of protein kinase C (Staddon et al., 1991). The toxin activates
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PLC-B1 by an action on the heterotrimeric G4 protein (Wilson et al., 1997). Heterotrimeric G proteins are
grouped in at least 4 families: the Gs-, Gijo-, Gq/11- and Giz/13- families. It was shown by gene deletion of the
a-subunits of Gq and Gi; that PMT acts on PLC-B via Goq but not via Gai: (Zywietz et al., 2001). This is
remarkable, because Gog and Goaii share 89% of their amino acid residues. The helical domain of Gay was
identified to be essential for activation of PLCB by PMT (Orth et al., 2004).

Fig. 1. Structure of the very C-terminal C3 domain harboring the biological activity of PMT. The catalytic triad
cysteine-1165, histidine-1205 and aspartic acid-1220 is highlighted in the folds. Image was generated using
PyMOL and PDB data file 2EBF.

Fig. 1. Structure du domaine C-terminal C3 porteur de l'activité biologique de la PMT. La triade catalytique
Cys1165, His1205 et Asp1220 est indiquée sur la structure. L'image est générée a I'aide de PyMOL et la
référence PDB est 2EBF.

In addition, PMT activates the small GTPase RhoA, thereby inducing formation of stress fibers, focal
adhesions and tyrosine phosphorylation of focal adhesion kinase and paxillin (Dudet et al., 1996;Lacerda et
al., 1996). The activation of Rho, ERK and Jun kinase depends not only on G, (Zywietz et al., 2001). In
addition to Gog, PMT activates Gais of the Gi,/15 family, which activates the small GTPase RhoA and causes
formation of stress fibers (Orth et al., 2005). More recently, it was observed that PMT is also a potent
activator of Goi. PMT inhibits beta-adrenoceptor- or forskolin-induced activation of adenylyl cyclase in cell
membrane preparations and in intact cells (Orth et al., 2008). Moreover, G; activation by PMT results in
release of By-subunits and activation of PI3-kinase y (Preuss et al., 2009) (Figure 2).

Regulation of heterotrimeric G proteins

Heterotrimeric G proteins consist of the GTP-binding Ga-, the GB- and the Gy-subunits. The G proteins are
regulated by a GTPase cycle and are inactive in the heterotrimeric complex with GDP-bound at the a-subunit.
Activation starts with the release of GDP. This process is greatly facilitated by interaction with GPCRs, which
function as GEF proteins (guanine nucleotide exchange factors). Subsequent binding of GTP causes
conformational changes, which promote separation of the a-subunit from the By-subunit. Both, the a-subunit
and the By-subunit activate effector proteins (e.g., enzymes or channels) (Cabrera-Vera et al., 2003). The
activated state is terminated by hydrolysis of bound GTP catalyzed by the intrinsic GTPase activity of the a-
subunit following re-association to form the inactive heterotrimeric complex. GTP-hydrolysis can be
accelerated by GTPase-activating proteins called RGS proteins (regulators of G protein signaling), which
speed up inactivation of the G proteins.

The molecular mechanism of PMT

uUntil recently the molecular mechanism of PMT was enigmatic. Four scientific steps were of major importance
to elucidate the mode of action of PMT. First, it was observed that activation of Goq by PMT is independent
of G protein-coupled membrane receptors (GPCR). This was shown by using Gog subunits, which were C-
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terminally deleted in 5 amino acid residues (Orth et al., 2007). Without the C-terminus, the interaction of
the G protein with the GPCR is blocked. Second, it was shown that the activation of G4 by PMT is persistent
and does not depend on the permanent presence of the toxin (Orth et al., 2007). Third, the finding that G; is
a substrate of the toxin was of special importance for analysis of the molecular mechanism of PMT, because
G; proteins are readily accessible for analyses and recombinant expression. Moreover, G; is a substrate for
ADP-ribosylation by pertussis toxin but activation of G; by PMT turns the G protein into a pertussis toxin-
insensitive state (Orth et al., 2008).
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Fig. 2. Overview on PMT-activated G proteins and subsequent signal transduction pathways. PMT activates Gaq
to induce stimulation of phospholipase CB (PLCB) and activation of RhoA via Rho guanine nucleotide exchange
factors (Rho-GEF). Activation of Gaj,,13 leads also to Rho-GEF-dependent RhoA activation. Toxin-induced
activation of Go; inhibits adenylyl cyclase (AC) activity. By activation of the a-subunits, GBy-subunits are
released, which stimulate e.g. phosphoinositide-3-kinase y (PI3Ky) activity.

Fig. 2. Revue des protéines G activées par la PMT et des cascades de signalisation impliquées. PMT active Gaq
et induit la stimulation de la phospholipase C4 (PLCp) et l'activation de RhoA via le facteur d’échange de
nucléotide guanine de Rho (Rho-GEF). L’activation de Gaiz/13 conduit aussi a I'activation de RhoA dépendant
de Rho-GEF. L’activation de Gg; par la toxine inhibe I'activité de I'adénylate cyclase (AC). En activant la sous-
unité a, les sous-unités Gy sont relarguées, stimulant ainsi I'activité phosphoinositide-3-kinase y (P13Ky).

Therefore, ADP-ribosylation by pertussis toxin can be used to monitor PMT effects. However, although
having recombinant G; protein and PMT in hand, initial studies did not show any G protein activation by
incubation of purified proteins in vitro. The crucial step was the coexpression of Go; and PMT in E. coli.
Subsequent in vitro-ADP-ribosylation of Ga; by pertussis toxin (to monitor the activation state of the G
protein) indicated that wild-type PMT activated Gai, whereas an inactive PMT mutant was without effect. To
analyze the reason for the activation of the G-protein, the inherent GTPase activity of the G protein was
studied showing that PMT causes inhibition of the hydrolysis of bound GTP. Moreover, RGS proteins were not
able to activate the GTPase activity. With the purified PMT-activated Ga; proteins it was possible to perform
mass spectrometric analyses. These studies revealed that PMT-treated Ga; has glutamic acid instead of
glutamine in position 205 (Orth et al., 2009). These data indicated that PMT causes deamidation of a
specific glutamine residue and acts like a deamidase (Figure 3).

NH, OH
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Fig. 3. Scheme of deamidation of PMT. The toxin deamidates a specific glutamine residue essential for GTPase
activity of the a-subunit. As compared to transglutaminases PMT utilizes a water molecule as cosubstrate
instead of an amine. During the reaction the NH,-group of the glutamine is released as ammonia and a carboxyl
group is formed resulting in a glutamic acid residue.

Fig. 3. Schéma de I'activité déamidase de la PMT. La toxine déamide le résidu glutamine essentiel a I'activité
GTPase de la sous-unité a. Comparé a une activité transglutaminase, la PMT utilise une molécule d’eau
comme co-substrat plutét qu’'une amine. Au cours de la réaction, le groupement amine de la glutamine est
substitué par le groupement carboxyl de I'acide glutamique.
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The data obtained with recombinant Go; protein were corroborated with native G; protein from PMT-
pretreated intact cells. Moreover, it was also shown that PMT causes deamidation of glutamine 209 of Gg.
This residue of G, is equivalent to glutamine-205 of Ga;. By contrast Ga;: is not deamidated by PMT, a
finding which is in full agreement with the reported insensitivity of Ga., towards the toxin (Orth et al.,
2009).

Functional consequences of PMT-induced deamidation

Glutamine-205 of Ga; is known to be essential for GTPase activity. This amino acid is not only conserved in
heterotrimeric G proteins but also in the superfamily of GTPases including small GTPases like Ras and Rho.
The residue has been frequently exchanged for leucine to construct constitutively active G-proteins (De Vivo
et al., 1992;Majumdar et al., 2006). Glutamine-205 of Ga; is reportedly a key catalytic residue of the
endogenous GTPase activity of Ga; (Coleman et al., 1994;Sprang, 1997;Tesmer et al., 1997). It stabilizes
the pentavalent transition state of GTP hydrolyses and is essential for orientation of the incoming water
nucleophile. Therefore, the deamidation of this glutamine residue to glutamic acid prevents GTP hydrolysis
and turns the Go subunit into a persistently active state. Glutamine-209 of Gag, which is activated by PMT,
has the same function in GTP hydrolysis and in regulation of the activity state as glutamine-205 in Ga,;.

PMT as a member of a family of deamidating toxins

Deamidation of target proteins by bacterial protein toxins is not a unique mechanism of PMT. The cytotoxic
necrotizing factors CNF, which are produced by E. coli and Yersinia strains cause deamidation of Rho proteins
at glutamine-61(63), which is functionally equivalent to glutamine-205 of Ga;. (Flatau et al., 1997;Schmidt et
al., 1997). In addition dermonecrotic toxin (DNT) from Bordetella pertussis and B. bronchiseptica belongs to
the family of deamidating toxins. DNT deamidates Rho proteins at glutamine-61(63) like CNF. Moreover, DNT
can act as a transglutaminase on Rho proteins (Horiguchi et al., 1997;Masuda et al., 2000). Notably, PMT
has sequence similarity with CNF and DNT in the N-terminal binding and translocation domains. By contrast,
PMT has no obvious structural similarity with CNFs or DNT at the C-terminal catalytic domain (Buetow et al.,
2001;Kitadokoro et al., 2007). Both PMT and CNF1 share the catalytic residues cysteine and histidine. A third
catalytic residue is aspartate in PMT and valine in CNF1 (Figure 4A). Accordingly, the 3D-structure of the
catalytic domain of PMT is different from that of CNF1. The active site of DNT is similar to PMT and CNF in
respect to the catalytic cysteine and histidine. The supposed third catalytic active amino acid residue is not
known in the case of DNT. Together with the lack of a crystal structure of DNT, it is not possible to answer
the question, whether the catalytic site of PMT is structurally related to the active site of the deamidating
and transglutaminating toxin DNT.

A C1165 B C1165
c314
M g H1205

H373
D1220
D396

D1220

PMT / PMT / Factor X111

Fig. 4. Differences in catalytic triads of deamidating toxins. (A) The catalytic triads of PMT (cysteine-1165,
histidine-1205 and aspartic acid-1220) and CNF1 (valine-833, cysteine-866 and histidine-881) are compared
after superimposing the catalytic histidines. (B) The catalytic triads of PMT (cysteine-1165, histidine-1205 and
aspartic acid-1220) and the transglutaminase human factor Xl (cysteine-314, histidine-373 and aspartic acid-
396) are compared after superimposing the catalytic histidines. Image was generated using PyMOL and PDB
data file 2EBF (PMT), 1HQO (CNF1) and 1GGT (factor XIII).

Fig. 4. Différences entre les triades catalytiques des toxines a activité déamidase. Les triades catalytiques de la
PMT (cystéine-1165, histidine-1205 et acide aspartique-1220) et du CNF1 (valine-833, cystéine-866 et
histidine-881) (A) ou du facteur XII1 (cystéine-314, histidine-373 et acide aspartique-396) (B) sont comparées
apres superposition des histidines. L'image est générée par PyMOL et les coordonnées PDB sont 2EBF (PMT),
1HQO (CNF1) et 1GGT (facteur XIII).

The catalytic triad of PMT is similar to the catalytic triad of the thiol protease papain. This was the
reason to suggest that PMT may act as a protease (Kitadokoro et al., 2007). Comparing the structure of thiol
proteases with transglutaminases (e.g. human factor XIIl) shows high homology. The typ of chemical
reaction is comparable: Transglutaminases replace the NH,-group of an amide with another NH,-group of an
amine. Thiol proteases catalyze the reverse reaction. Deamidases in turn are acting like transglutaminases
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using a H;O instead of an amine. Structural comparison of the active centers of deamidases and thiol
proteases with transglutaminases shows similar orientation of the active site. Transglutaminases (e.g.
human factor XlIIl), which possess a similar catalytic triad as PMT proteases, replace the NH,-group of the
amide of glutamine by another amine residue and (Buetow et al., 2001;Chao et al., 2006;Kashiwagi et al.,
2002;Noguchi et al., 2001;Pedersen et al., 1994). Although the catalytic triad of PMT perfectly matches the
catalytic site of a transglutaminase (Figure 4B), until to date no transglutaminating activity could be
detected for PMT.

Conclusion

PMT acts as a deamidase to activate heterotrimeric G proteins. The toxin causes deamidation of an essential
glutamine residue of Ga subunits resulting in glutamic acid. This exchange blocks the intrinsic GTPases
activity and causes persistent activation of the G protein. The mitogenic effect of PMT has been repeatedly
discussed as a possible source of cancerogenic activity. Interestingly, it was reported recently that frequent
somatic mutations in the gene Gnaq, encoding Gog, are found in melanoma of the uvea (46%) and in blue
naevi (83%). This mutations results in change of glutamine-209 in a manner similar to the constitutive
activation as found for PMT (Van Raamsdonk et al., 2008). It remains to be elucidated whether PMT-induced
activation of G proteins by deamidation plays a role in cancer development.
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Abstract

Marine toxins are important tools for research due to the variety of their mechanisms of action.
Several intracellular signals are involved in these toxin actions. Yessotoxins (YTXs) effect is
related to cyclic nucleotides and calcium signals. Azaspiracids (AZAs) modulate cytosolic calcium
levels, intracellular pH and cAMP, and anion channels are also involved in their effects.
Intracellular calcium levels are not modified, while cAMP levels are slightly increased in the
presence of pectenotoxins (PTXs). Na"-K'-ATPase has been pointed as the cellular target of
palytoxins. Depending on the cellular model used, excitable or non-excitable cells, palytoxin
induces an important cytosolic calcium increase modulated either by extracellular calcium and/or
sodium. The knowledge of the early signals modulated by marine toxins is very important to later
understand the final toxin effects.

Avanceées récentes dans les mécanismes d’action des phycotoxines
marines

Les toxines marines sont des outils importants pour la recherche a cause de la variété de leurs
mécanismes d’action. Plusieurs signaux intracellulaires sont impliqués dans les actions de ces
toxines. L’effet des yessotoxines (YTXs) est relié aux signaux des nucléotides cycliques et du
calcium. Les azaspiracides (AZAs) modulent les taux de calcium cytosolique, le pH intracellulaire,
et I’AMPc, et les canaux anioniques sont aussi impliqués dans leurs effets. Les taux de calcium
intracellulaire ne sont pas modifiés alors que les taux d’AMPc sont légérement augmentés en
présence de pecténotoxines (PTXs). L’ATPase Na™-K* a été montrée comme étant la cible
cellulaire de la palytoxine. Selon le modele cellulaire utilisé, cellules excitables ou non excitables,
la palytoxine induit une augmentation importante du calcium cytosolique, modulée par le calcium
externe et/ou par le sodium. La connaissance des signaux précoces modulés par les toxines
marines est trés importante pour comprendre, par la suite, les effets finaux des toxines.

Keywords : Marine phycotoxins, cAMP, cytosolic calcium, intracellular pH.

Introduction

Cytosolic calcium, cyclic nucleotides and intracellular pH are early steps in the activation pathways of cellular
signaling. These signals are the molecular target, or are involved in the initial effect, of some marine
phycotoxins that, through complex cross-talks, induce other long-term effects.

Calcium and cyclic nucleotides are second messengers extensively studied and documented in eukaryotic
cells. The modulation of cellular pH is associated, in a complex way, to cellular function. Several studies show
that the cellular response to a variety of factors, including cytosolic calcium increase, is associated to cytosolic
alkalinization, and also a cellular acidification is related to cell death. Therefore, these cellular signals are useful
tools to study the mechanism of action of marine toxins.

Yessotoxins

Yessotoxins (YTXs) are polyether compounds produced by the planktonic algae Proteceratium reticulatum and
Lingulodinium polyedrum, and originally isolated from Patinopecten yessoensis (Satake, 1997). These toxins
present a high acute toxicity after intraperitoneal (i.p.) injection to mice. However, much less toxicity has been
reported after oral administration (Munday, 2008b), and no reports about human intoxications caused by YTXs
have been published. In the last ten years, many studies have been done to describe YTXs mechanism of
action.

Cytosolic calcium levels and calcium channels are early steps in cellular activation. YTX induces a small
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increase (40 nM) in cytosolic calcium levels in human lymphocytes. This increase is due to the activation of
calcium influx through nifedipine and SKF-96365 sensitive channels. By contrast, in the same cellular model
YTX inhibits the influx of calcium either activated by thapsigargin, a tumor-promoting sesquiterpene lactone
that inhibits calcium-ATPase from intracellular pools and activates store-operated calcium influx, or by pre-
incubation in a calcium-free medium (De la Rosa, 2001a). However, the effect of YTX in cytosolic calcium levels
is different depending on the cellular model; the toxin activates calcium release from intracellular pools and
influx from extracellular media in some tumor cell lines.

Maitotoxin is a potent, water-soluble, marine phycotoxin associated with ciguatera food poisoning, that
induces a high and massive calcium influx in several cellular models. In human lymphocytes, the influx of
calcium evoked by maitotoxin was increased in the presence of YTX. This summative result is due to the
activation of different channels since each toxin effect is blocked by different drugs (De la Rosa, 2001b).

The chemical structure of YTX, more than 10 contiguous ether rings (Satake, 1996), resembles those of
brevetoxins and ciguatoxins. The action of these toxins is mediated through voltage-gated sodium channels.
However, YTX did not induce any direct effect on sodium channels; besides, the toxin did not induce any
competitive displacement of brevetoxins from site 5 of sodium channels (Inoue, 2003). Therefore, these results
point out that the effect of YTX on cytosolic calcium levels is a direct consequence of calcium channels
activation and it is not linked to sodium channels as it happens with brevetoxins and ciguatoxins. In summary,
calcium influx seems to be an important and necessary event in YTX mechanism of action.

The cyclic nucleotides adenosine 3'-5’cyclic monophosphate (cAMP) and guanine 3’-5'cyclic monophosphate
(cGMP) are second messengers related to early activation pathways of cellular signaling. Cells regulate the
levels of these second messengers by a balance between adenylyl cyclases (synthesis) and phosphodiesterases
(PDEs) (hydrolysis). YTX induces a dose-dependent decrease of cAMP and cGMP levels after 10 minutes
incubation (Figure 1). These effects are calcium-dependent and can be modified by specific PDEs inhibitors
(Alfonso, 2008).
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Fig. 1. Changes in cyclic nucleotide levels in the presence of YTX in human
lymphocytes.

Fig. 1. Modifications des niveaux de nucléotides cycliques dans les lymphocytes
humains en présence d'YTX.

PDEs are a group of isozymes that includes several families with different substrate specificity, affinity,
sensitivity to inhibitors and tissue localization. YTX induces a dose-dependent increase in PDEs activity (Figure
2). In parallel, the toxin decreases cAMP levels and increases the rate of hydrolysis of this second messenger.
All these effects can be mimicked by PDEs activators and are modulated by enzyme inhibitors (Alfonso, 2003).

Increase of PDE activity

0 T 1
YTX 1 uM YTX 10 uM

Fig. 2. PDE (from bovine brain) activity in the presence of YTX.
Fig. 2. Activité de la PDE (du cerveau de bceuf) en présence d'YTX.
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All these results point out PDEs as a cellular target for YTX and calcium as an important key factor for toxin
effect. The interaction between these enzymes and YTX was demonstrated by immobilizing PDEs in a biosensor
surface. When different concentrations of toxin were added over immobilized PDEs, typical association curves
indicative of interaction were observed (Figure 3). In these conditions, the value of the kinetic equilibrium
dissociation constant (Kp) for YTX-PDEs association is 3.74x10°® M (Pazos, 2004). The Kp value increases when
YTX molecule is modified, indicating a structure-activity relationship. Under the same conditions, the Kp for
hydroxy-YTX-PDEs interaction is 7.36x10°® M, and that for carboxy-YTX-PDEs interaction is 23x10°® M (Pazos,
2005). These results point out a structure-selectivity of YTX-PDEs association, and agree with the toxic effect
decrease observed with some YTX analogs (Tubaro, 2003). The PDEs-YTX interaction was later confirmed by
measuring changes in fluorescence polarization of an enzyme-dye conjugate in the presence of YTX (Alfonso,
2005). By using different enzyme families in a sensor surface and by measuring changes in fluorescence
polarization, it was concluded that YTX binds to cyclic nucleotide PDE 1, PDE 3 and PDE4, and shows high
affinity for exonuclease PDE | (Alfonso, 2005 ; Pazos, 2006).
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Fig. 3. Typical association PDEs-YTX curves obtained after addition of different
concentrations of YTX over immobilized PDEs in a resonant mirror biosensor
surface.

Fig. 3. Association typique PDEs-YTX obtenue aprés l'addition de différentes

concentrations d’YTX sur des PDEs immobilisées a la surface biosensitive d’un
miroir a résonnance.

Other cellular signals were checked to study YTX mechanism of action. On one hand, YTX increases
interleukin-2 production in human lymphocytes after 24 hours incubation (Alfonso, 2003). This increase is
functionality related to the decrease of cCAMP levels since it has been described that cellular function is inhibited
by agents that increase the levels of this second messenger in human lymphocytes. In addition, after i.p. YTX
injection, the thymus and the immune system are affected, and some inflammatory response is also reported
(Franchini, 2004). On the other hand, YTX affects mast cells response (unpublished data). PDEs modulation is
often used to regulate the activity of a number of inflammatory cell types, and several drugs used in the
asthma therapy interfere within this pathway. Therefore, all these results on immune cells are very interesting
and, again, point out PDEs as the YTX target. YTXs often coexist with diarrheic shellfish poisoning (DSP) toxins
but their effects are different. DSP toxins are specific and potent inhibitors of Ser/Thr protein phosphatases PP1
and PP2A. These enzymes play a critical role in phosphorylation/dephosphorylation processes within eukaryotic
cells. YTX also inhibits protein phosphatases, but the effect is four orders of magnitude lower than the one
induced by DSP toxins (Ogino, 1997). Therefore, it has been concluded that YTX mechanism of action was not
mediated by the inhibition of these enzymes.

In summary, PDEs are pointed out as an intracellular target for YTX, and the cytosolic calcium levels have
an important role in YTX cellular response.

Azaspiracids

Azaspiracids (AZAs) are a family of polyether marine neurotoxins found in shellfish associated to human
intoxications. The symptoms related to such poisonings are vomiting, stomach cramps and severe diarrhea,
very similar to those of DSP. After i.p. injection of AZA-contaminated shellfish extracts into mice or rats,
neurological symptoms with progressive paralysis, fatigue, breathing difficulties and death were reported. In
addition to pathological effects, some histological alterations in the pancreas, spleen, liver and thymus have
been described. To date, 32 different AZA analogues have been identified, AZA-1 to -32 (Twiner, 2008). The
structure of AZA-1 was originally proposed by Satake, Yasumoto and co-workers (Satake, 1998). However, a
total synthesis by the Nicolaou group (Nicolaou, 2003a, 2003b) proved the structure to be misassigned. AZAs
structures are distinct from other marine toxins and are characterized by a trioxadispiroacetal system fused
onto a tetrahydrofuran ring (ABCD domain), an azaspiro-ring system fused onto a 2,9-dioxabicyclo [3.3.1]
nonane system (FGHI domain), and a terminal carboxylic acid moiety (James, 2008). The predominant natural
analogues are AZA-1, known as azaspiracid, AZA-2, 8-methylazaspiracid, and AZA-3, 22-demethylazaspiracid.
Since AZA-1 is the most abundant in nature, most research was centered on its intracellular target. However,
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neither its mechanism of action nor its pharmacokinetic behavior have been elucidated, principally because of
the lack of standards and reference tissues, even recent advances in purification methodology and toxin
stability have been done (Alfonso, 2008a, 2008b).

Several in vitro approaches have been undertaken to know the biological target of these toxins. On one
hand, in vitro experiments reveal that AZAs toxicity is related to the alteration of the actin cytoskeleton
arrangement, which is accompanied by changes in cell shape and loss of cell adherence to the substrate. AZA
effects on the actin cytoskeleton are irreversible. They take place after long incubation periods and are not
related to early activation pathways (Vilarifio, 2007, 2008a, 2008c). On the other hand, AZAs treatment
increases the phosphorylation state of Jun-N-terminal kinase (INK) and causes nuclear accumulation of
phosphorylated JNK. This pathway is associated to the cytotoxic effect of AZAs (Vale, 2007, 2008c). These
results could provide the basis to identify the mechanism of action of this group of toxins. However, it is still
important to connect these later activated signaling pathways to early transduction pathways modulated by
these toxins.

AZA-1 increases cytosolic calcium and cAMP levels and does not affect intracellular pH. The increase in
cytosolic calcium is dependent on both the release of calcium from intracellular pools and the influx from
extracellular media (Roman, 2002). AZA-2 and AZA-3 increase cytosolic calcium levels. AZA-2 has the same
effect than AZA-1, while AZA-3 does not empty intracellular stores but increases cytosolic calcium levels. AZA-2
did not modify intracellular pH, but AZA-3 slightly alkalinizes the cytosol (0.16 pH units). These toxins increase
cAMP levels and the modulation of this pathway inhibits AZA-2- and AZA-3-evoked calcium increase and AZA-3-
induced pH rise (Roman, 2004). Surprisingly, AZA-4 did not modify cytosolic calcium in resting cells. However,
the toxin dose-dependently inhibited the increase in cytosolic calcium levels induced by thapsigargin, even if no
effect on calcium release from internal stores was observed. These effects are not related to cAMP pathway.
AZA-4 also inhibits maitotoxin-stimulated calcium influx. AZA-4 increases cAMP levels and inhibits intracellular
alkalinization independently of the calcium presence (Alfonso, 2005). AZA-5 does not modulate cytosolic
calcium or intracellular pH (Alfonso, 2006).

Clearly, each AZA analogue has different effects on the same intracellular targets, depending on their
structure (Botana, 2007). The importance of calcium, anionic fluxes and intracellular pH changes in AZAs
cytotoxicity is still unknown. However, it seems that some of these primary targets are involved in the
mechanism of action of this group of natural toxins.

Pectenotoxins

Pectenotoxins (PTXs) are a group of cyclic polyether macrolide compounds, macrolactones, isolated from the
scallop Patinopectem yessoensis and produced by dinoflagellates from the genus Dinophysis. This group of
toxins was first included in the DSP toxins group. However, since the chemical structures and effects of both
groups are different, PTXs are classified by themselves.

To date, fifteen PTX analogs have been identified. The toxicity of each analog is related to the structure, and
the hydrolysis of the lactone bond rends less toxic compounds (Vilarifio, 2008b).

The mechanism of action of PTXs has not been completely elucidated, even though the actin cytoskeleton
seems to be involved in the effect of these toxins (Leira, 2002). The rearrangement of the actin cytoskeleton
with a reduction of stress fibers and total polymerized actin has been found with different PTX analogs in
various cell types (Ares, 2005, 2007 ; Espifia, 2008). PTX-6 does not modify cytosolic calcium levels in human
lymphocytes. However, the toxin modifies either calcium influx or release from intracellular pools when it is
added in the presence of thapsigargin. When the store-operated calcium influx is activated, PTX-6 inhibits
calcium influx (the toxin inhibits calcium entry when the ionic channel is open). Nevertheless, when PTX-6 is
added before pools depletion, a significant increase in calcium release from intracellular stores and a
consequent higher influx from extracellular media take place. Under these conditions, PTX-6 did not modify
cAMP levels in human lymphocytes. However, when the toxin is added in a calcium-free medium, cAMP levels
were significantly increased (Leira, 2002).

In summary, actin cytoskeleton is clearly affected by PTXs. The precise mechanism that induces this effect
and the relationships with the signal transduction pathways implicated in cell survival, in hormal somatic and
tumoral cells, are currently been studied. This is important since PTXs show selective cytotoxicity against some
tumor cell lines. In addition, these toxins induce apoptosis of p53-deficient cells, which could convert these
toxins in very useful therapeutic tools.

Palytoxin

Palytoxin, produced by dinoflagellates from the genus Ostreopsis and isolated from marine soft coral of the
genus Palythoa, is one of the most potent non-protein animal toxins, highly toxic to mammalian cells. This toxin
is a large, non-peptide molecule with a chain of more than 100 carbons and a complex variety of organic side
groups. Palytoxin was identified on the basis of its striking lethality when injected into mice ; this lethality is
mainly due to rapid disruption of cardiac function together with severe vasoconstriction. However, many studies
have revealed that PTX affects most cell types by depolarizing the plasma membrane as a secondary
consequence of inducing a small-conductance, non-selective cation channel activity. The Na*-K"-ATPase has
been proposed as the cellular target for palytoxin: by binding to the pump, it converts it into an open channel
that stimulates sodium influx and potassium efflux (Vale-Gonzalez, 2007 ; Vale, 2008b). Ostreocin and
ovatotoxin are toxins from the same group as palytoxin, with similar effects and toxicities (Vale, 2008a).
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Palytoxin induces important calcium increase in excitable cells, secondary to the membrane depolarization.
The exact mechanism by which this effect is generated is not clear and seems to vary among the different cell
types (Shimahara, 1990 ; Vale, 2006 ; Louzao, 2007). This effect is abolished in the absence of external
calcium, and reduced in the absence of sodium or in the presence of inhibitors of calcium and sodium channels.
The calcium increase induced by palytoxin was strongly reduced after inhibition of the Na*/Ca®?* exchanger
(Vale, 2006) and totally abolished in the presence of ouabain (Vale-Gonzalez, 2007 ; Cagide, 2009). In
addition, palytoxin induces an irreversible intracellular acidification of cerebellar neurons. This acidification was
due to the influx of extracellular calcium since it was suppressed by the use of a calcium-free medium. This
effect was completely prevented by several inhibitors of the plasma membrane calcium ATPase including
orthovanadate, lanthanum, high extracellular pH, and caloxin 2A1. The palytoxin-evoked increase in cytosolic
calcium levels should activate calcium extrusion through the membrane calcium ATPase which, in turn,
decreases intracellular pH by countertransport of H* ions. This effect of palytoxin on neuronal pH could be a
potential factor contributing to the high cytotoxicity of this toxin in excitable cells (Vale-Gonzalez, 2007a). This
effect on intracellular pH does not occur in non-excitable cells.

Other pharmacological targets have been evaluated in the presence of palytoxin. In this sense, a direct
effect on calcium channels at high toxin concentrations, an effect as an agonist for a family of low-conductance
channels and/or a calcium increase not related to the depolarizating effect were shown in some cell models
(Vale, 2008a). In addition, palytoxin shows high toxicity to several cellular models (Munday, 2008a). Depending
on the cell type used, cytotoxicity is related to different pathways and inhibited by different systems (Vale-
Gonzalez, 2007b ; Espifia, 2009). This is currently being evaluated since the results obtained strongly suggest
more than one site of action for palytoxin and singular effects depending on the cells studied.

Conclusion

Marine toxins are important tools for research because of their variety of mechanisms of action. The knowledge
of the early signals modulated by these toxins is very important to later understand the final toxin effects.
YTXs, AZAs, PTXs and palytoxin are toxins with different effects and mechanisms of action. However, all of
them share effects on early cellular signal pathways connected with the final toxic effect.
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Abstract

The analysis of molecular families by “omic” approaches is increasingly used in investigations
onto signaling pathways. We have exploited proteomic analyses to probe the molecular
responses of living systems exposed to marine biotoxins, and found that these components
cause changes in the levels of expression of many proteins in MCF-7 cells. By an integration of
different means of protein detection and analysis, we observed changes in molecular
components that reveal the involvement of complex sets of covalent modifications of hsp 27 in
the signaling pathways responsible for the death response of MCF-7 cells exposed to okadaic
acid. The integration of results obtained by complementary analytical techniques and means of
analyte detection facilitates a better exploitation of proteomic approaches.

La caractérisation de voies de signalisation reliées a la toxicité et
leurs interactions dans les cellules humaines par I’'analyse
protéomique : apprendre par les biotoxines marines

L'analyse par les méthodes « omiques » de familles de molécules est de plus en plus utilisée
pour les études des voies de signalisation. Nous avons utilisé I'analyse protéomique pour
étudier les réponses moléculaires des systéemes biologiques qui ont été exposés aux biotoxines
marines, et nous avons trouvé que ces substances changent les concentrations de plusieurs
protéines dans les cellules MCF-7. L’intégration des différentes méthodes d’analyse nous a
permis de détecter des changements moléculaires qui suggérent I'existence d’'un ensemble
complexe de modifications covalentes des protéines hsp 27 dans les voies de signalisation qui
causent la mort des cellules MCF-7 exposées a l'acide okadaique. L’intégration des résultats
obtenus par des techniques analytiques et de détection complémentaires soutient une
meilleure exploitation des méthodes protéomiques.

Keywords : Heat shock protein, protein phosphorylation, proteome, shellfish contamination,
signaling pathways.

Introduction

The characterization of the molecular mechanism of action of toxins is a key achievement for the
understanding of adverse effects and their dynamics in living systems.

The identification of the molecular targets of toxins is only one, albeit important, step towards the
clarification of their mechanisms of action, whose full characterization stems from a description of the
mechanistic links existing in the chain of events that brings about individual responses in living systems. In
this perspective, the mechanisms of actions of toxins can be viewed as signaling pathways (Rossini, 2005),
and the capacity of toxins to alter, either directly or indirectly, the regulatory mechanisms of proper cellular
functioning, is the basis for the contention that toxicity pathways essentially represent normal mechanisms
of cellular functioning that, whenever sufficiently perturbed by a noxious stimulus, lead to adverse effects in
sensitive systems (Andersen et al., 2005 ; National Research Council, 2007).

The level of complexity inherent into the characterization of toxicity pathways is a challenging obstacle to
the development of studies on the molecular mechanisms of action of toxins in living systems, but recent
technological achievements have allowed investigations at a system level. The “omic” approaches, in fact,
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that provide accounts of full molecular families in living systems, are paving the way for the description of
large sets of molecules and their changes over time in perturbed systems (Benninghoff, 2007).

We have exploited the potential of proteomic approaches to probe the molecular responses of living
systems exposed to marine biotoxins. The model systems we have used in our studies have included both
naturally contaminated samples and cultured cells. In the first case, we have investigated onto the changes
that may occur in the proteome of digestive glands as a consequence of shellfish contamination with a
marine biotoxin (Ronzitti et al., 2008). The exposure of cultured cells to toxins under controlled in vitro
conditions, in turn, is being exploited to characterize toxicity pathways of marine biotoxins and their
interactions (Sala et al., 2009).

The wealth of data provided by those studies has shown the potential of “omic” approaches for the
characterization and understanding of toxicity pathways and their networks.

In this contribution, we wish to outline the general features of our studies on the mechanisms of action
of biotoxins by proteomic analyses using cultured cells, and highlight some critical issues that we have
encountered in the course of those investigations, to support a wider exploitation of “omics” in the
characterization of toxicity pathways.

Materials and methods

The methodology used in our studies has been previously reported (Sala et al., 2009). In summary, the
MCF-7 human breast cancer cell line has been used in our studies, and the characterization of the protein
profiles of these cells under different experimental conditions has been pursued by established procedures.
Protein extracts were prepared by cell lyses with buffers containing detergents, and the proteins contained
in the extracts were separated by two dimensional gel electrophoresis. The protein profiles were next
obtained by protein staining, image capture and its analysis using standardized procedures and software.
The proteins of interest were found by matching of images of virtual gels, and based on significant
quantitative differences of protein spots, as set by the software. Proteins in relevant spots were subjected to
tryptic digestion, the characterization of peptides was then obtained by mass spectrometry, and their
MASCOT analysis led to identification of individual proteins.

Results

Our original study on the effects of okadaic acid (OA) and gambierol (Gb) showed that these two toxins
modify the protein profile in MCF-7 cells. The phosphorylation state of the hsp 27 protein, in particular, was
affected by OA, but not Gb (Sala et al., 2009), in keeping with the different mechanisms of action of the two
toxins (Bialojan and Takai, 1988 ; Ghiaroni et al., 2005).

That conclusion was based on the different intensity of protein spots detectable in the stained gels, as
shown in Figure 1, where components A and B were clearly detectable in the extracts from OA-treated cells
but were either absent (A) or barely detectable (B) in the extracts prepared from control and Gb-treated
cells. The mass spectra of peptides obtained from spots A and B indicated that the most abundant isoform
of hsp 27 present in those spots included the phosphorylated protein in Sers,, whereas the most abundant
protein of spot B consisted of an hsp 27 isoform containing phosphorylated residues Serg, and Sergz. Smaller
changes, in turn, were detected in the relative intensities of other hsp 27 isoforms present in the extracts
(Sala et al., 2009).

In order to obtain a better characterization of experimental findings and confirm the results obtained by
densitometric scanning of stained gels, immunoblotting analyses of proteins can be employed. This
procedure was used for analysis of hsp 27 in our cell extracts, and, in keeping with the MS results outlined
above, we employed antibodies (Ab) recognizing either total hsp 27 (including both non-phosphorylated and
phosphorylated protein isoforms) or the hsp 27 phosphorylated in Sers, (Figure 2).

The immunoblotting procedure was employed after separation by two dimensional electrophoresis of
proteins, because one-dimensional SDS-PAGE may not resolve components having similar molecular masses
but different isoelectric points, as is the case for hsp 27 isoforms differing in their phosphorylation state. The
results we obtained are reported in Figure 2, and show that three major spots are detectable with the ab
recognizing total hsp 27 in extracts prepared from control cells. Two spots were detected when the same
sample was immunoblotted with the ab specific for hsp 27 isoforms phosphorylated in Serg;, and the
alignment of spots using an internal protein standard revealed that they consist of components A and B in
Figure 1. Only component B was detected with the Ab recognizing total hsp 27, suggesting that very low
concentrations of component A were present in samples from control cells, that could be detected only by
immunoblotting analysis, and represented a “tail” on the left of component B visualized by the Ab
recognizing total hsp 27 (Figure 2, upper panel, left). Similar findings were obtained with extracts from Gb-
treated cells (Figure 2). The extracts prepared from OA-treated cells, in turn, contained six hsp 27 isoforms
detectable with the Ab recognizing total hsp 27. Four of those isoforms were also detected with the Ab
specific for hsp 27 phosphorylated in Sers;, including prominent spots of components A and B, confirming
the results obtained with stained gels (Figure 1), and indicating that two other hsp 27 isoforms
phosphorylated in Serg, exist in MCF-7 OA-treated cells, but their low levels would not allow detection in
stained gels (Figure 1).
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Fig. 1. Effect of okadaic acid and gambierol on the proteome of MCF-7 cells. Cells were treated for 24 h with
either ethanol as control, 50 nM okadaic acid, or 50 nM gambierol as indicated, before being used for the
preparation of the cell extracts, that were subjected to two dimensional electrophoresis. The gel obtained in a
typical experiment after silver staining is shown on the left, and the portions of the gels containing the relevant
hsp 27 isoforms in the three different experimental conditions are on the right.

Fig. 1. Effet de I'acide okadaique et du gambiérol sur le protéome des cellules MCF-7. Les cellules ont été
exposées 24 h a I'acide okadaique 50 nM, au gambiérol 50 nM ou a I'’éthanol comme contréle, comme indiqué,
avant d’étre utilisées pour la préparation des extraits cellulaires qui ont été fractionnés par électrophorése
bidimensionelle. Un gel typique (coloration argentique) est montré sur la gauche, et les portions des gels qui
contiennent les isoformes des protéines hsp 2 obtenues dans les trois conditions différentes, sont montrées
sur la droite.

Control Okadaic Acid Gambierol

a-hsp 27

g-hsp 27,

Fig. 2. Effect of okadaic acid and gambierol on the hsp 27 proteins in MCF-7 cells. Cells were treated for 24 h with either
vehicle, 50 nM okadaic acid, or 50 nM gambierol, as indicated, before being used for the preparation of the cell extracts,
that were subjected to two dimensional electrophoresis. At the end of the electrophoresis, proteins were transferred onto
a nitrocellulose membrane and were subjected to immunoblotting, using antibodies recognizing either total hsp 27 or the
hsp 27 phosphorylated in Serg,, as indicated. The antibodies were obtained from Cell Signaling Technology, and the
immunoblotting procedure was as already reported (Malaguti and Rossini, 2002), adjusting the antibody concentrations
and the incubation conditions, following the information sheet of individual products.

Fig. 2. Effet de l'acide okadaique et du gambiérol sur les protéines hsp 27 des cellules MCF-7. Les cellules ont été
exposées 24 h a I'acide okadaique (50 nM), au gambierol (50 nM) ou a I'’éthanol, comme indiqué, avant d’étre utilisées
pour la préparation des extraits cellulaires, qui ont été fractionnées par électrophorese bidimensionnelle. Aprés
I’électrophorese, les protéines ont été transférées sur une membrane de nitrocellulose et analysées par immunoblotting,
avec des anticorps dirigés contre la hsp 27 totale (hsp 27), ou la hsp 27 phosphorylée sur la Sers, (hsp 27p). Les
anticorps ont été obtenus par Cell Signaling Technology, et la procédure d’analyse par immunoblotting (Malaguti et
Rossini, 2002) a été réalisée en accord avec les indications contenues dans la brochure des anticorps.
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Discussion

The proteomic analysis of extracts from MCF-7 cells had revealed that the cellular pool of hsp 27 is affected
both by OA and Gb, that cause qualitative and quantitative changes of these particular protein isoforms and
fragments (Sala et al., 2009). In this system, OA seems to favour the stabilization of the phosphorylated
forms of the hsp 27 protein and to induce cell death, whereas Gb does not significantly alter the
phosphorylated pool of the protein and is not causing significant cell death under our experimental
conditions (Malaguti and Rossini, 2002 ; Sala et al., 2009).

The general model of hsp 27 functioning in cell stress responses with regard to the death /survival
opposition is primarily based on the equilibrium between phosphorylated and non-phosphorylated pools of
this protein and their supramolecular arrangements (Lanneau et al., 2008).

The data we obtained by probing the effects of OA and Gb on the hsp 27 system, using antibodies
recognizing different hsp 27 isoforms, confirm our original observations, and provide additional data showing
that complex sets of phosphorylated hsp 27 isoforms exist in MCF-7 cells. Several considerations can be
discussed, but we will confine our attention onto major issues raised by the data we have reported in this
study.

In the first instance, a direct inspection of results reported in Figure 2, reveals that at least four hsp 27
isoforms phosphorylated in Serg; can be detected by immunoblotting in extracts prepared from cells exposed
to OA. This finding has impacts on both the mechanistic and the methodological aspects of an investigation
aimed at characterizing the molecular events involved in a cell’s response to an external signal by the use of
proteomic tools.

On the methodological side, four hsp 27 isoforms phosphorylated in Sers; have been detected by
immunoblotting, whereas only two of them can be detected by gel staining (Sala et al., 2009). These
findings imply that the analytical potential of proteomic analyses is best exploited when complementary
means of detection are applied to methodologies of protein separation.

In mechanistic terms, in turn, the detection of low levels of two isoforms of hsp 27 phosphorylated in
Sersg; in control cells indicate that the functional roles of the hsp 27 system should depend on defined sets of
phosphorylated amino-acids, rather than a simple opposition between phosphorylated and non-
phosphorylated states of the protein in the cells. Hence, the cell fate would most likely be controlled by the
relative levels of individual hsp 27 isoforms in this experimental model.

Several interpretations are available to account for the four hsp 27 isoforms phosphorylated in Sers, that
we detected, but further data are needed to provide robust experimental support to possible proposals.
Within these limitations, the detection of four components that have been separated in the course of iso-
electrofocusing would imply that they differ with regard to the number of phosphate groups covalently
bound to amino-acid residues in the hsp 27 protein, one of which being Sers,.

Our original data showed that several aspects of molecular responses triggered by OA and Gb are
maintained also when MCF-7 cells are challenged with a mixture of these toxins (Sala et al., 2009). The
immunoblotting analyses we have used in this study are a drive for further investigations, to get more data
on the details of molecular mechanisms involved in the combined response and the role played by the hsp
27 system.

Conclusions

The potential of proteomic analyses in the characterization of molecular responses of biological systems to
internal and external signals is being uncovered. The use of proteomic tools in the study of signaling
pathways of marine biotoxins are providing increased amounts of data allowing a detailed characterization of
their molecular modes of action, and the integration of results obtained by complementary analytical
technigues and means of analyte detection appears of particular value for a full exploitation of experimental
data.
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Abstract

Maurocalcine is unique in the sense that its natural molecular target, the ryanodine receptor, is
localized inside cells. While studying how this toxin could reach its target, it was found that it
represents a new member of a family of cell penetrating peptides. Indeed, maurocalcine is a
highly basic peptide and most of the positively charged amino-acids are located on one face of
the molecule according to a distribution that resembles that seen in Tat and penetratin. Since the
initial discovery that maurocalcine can serve as a vector for the intracellular delivery of
fluorescent streptavidin, accumulating data highlight the incredible biotechnological value of this
toxin. Several new analogues have been designed that segregate the pharmacological and cell
penetrating properties of the peptide. Maurocalcine was shown to be efficient for the cell delivery
of nanoparticles opening a wealth of possible high tech applications. Also, maurocalcine has been
covalently coupled to doxorubicine, an anti-tumour agent, to reverse chemo-resistance of cancer
cells. It appears that this toxin is only at the start of his career as biotechnological tool, but also
that it may still prove useful for deciphering fine mechanistic details of the functioning of the
ryanodine receptor.

Utilisation d’analogues de la maurocalcine comme outils
biotechnologiques de la pénétration cellulaire de composés non
perméables

La maurocalcine est une toxine unique en ce sens gque sa cible moléculaire naturelle, le récepteur
a la ryanodine, est localisée a l'intérieur des cellules. En étudiant comment cette toxine pouvait
atteindre sa cible, nous avons montré qu’elle représente un nouveau membre d’une famille de
peptides de pénétration cellulaire. En effet, la maurocalcine est un peptide hautement basique et
la plupart des acides aminés chargés positivement sont localisés sur une face de la molécule en
accord avec la distribution observée sur des molécules telles que Tat et pénétratine. Depuis la
découverte que la maurocalcine peut servir de vecteur a la délivrance intracellulaire de
streptavidine fluorescente, les données se sont accumulées pour illustrer I'incroyable valeur
biotechnologique de cette toxine. Plusieurs nouveaux analogues ont été produits qui séparent les
propriétés pharmacologiques et de pénétration cellulaire du peptide. La maurocalcine s’est avérée
efficace pour la délivrance cellulaire de nanoparticules ouvrant ainsi une myriade d’applications
high tech. Enfin, la maurocalcine a été couplée a la doxorubicine, un agent anti-tumoral, pour
rendre chimio-sensibles des cellules cancéreuses devenues chimio-résistantes. Il semble donc
que la maurocalcine débute sa carriere comme outil biotechnologique, mais aussi que cette toxine
s’averera utile pour déchiffrer finement les détails mécanistiques du fonctionnement du récepteur
a la ryanodine.

Keywords : Acetylcholine, pathogenicity, embryotoxicity, pain, Cerastes cerastes.

Introduction

Maurocalcine initially triggered the interest of our research group based on the finding that it has strong
sequence homology with imperatoxin A, an activator of the ryanodine receptor (el-Hayek et al., 1995). The first
characterization of maurocalcine dates back to 2000, date at which it was first chemically synthesized by
peptide chemistry by the group of Dr. Jean-Marc Sabatier in Marseille, France. The toxin however originates
from the group led by Pr. Mohamed El Ayeb at the Institut Pasteur of Tunis (Tunisia) where it was purified from
the venom of the scorpion Scorpio maurus palmatus. Maurocalcine is a 33-mer basic peptide cross-linked by
three disulfide bridges with the following pairing: Cys®-Cys®, Cys'°-Cys®!, and Cys'®-Cys®2. The solution
structure of the peptide was determined by H-NMR (Mosbah et al., 2000). Its three dimensional structure
consists of a double-stranded antiparallel beta-sheet comprising residues 20-23 and 30-33, and a third
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extended strand from residues 9 to 11 that is perpendicular to the beta-sheet. Interestingly, this was the first
description of a scorpion toxin folding according to an Inhibitor Cystine Knot fold (ICK), a motif previously
described for various protease inhibitors. In vivo, maurocalcine was lethal to mice only upon
intracerebroventricular inoculation (LDs, of 20 pg/mouse).

Maurocalcine is a member of a growing family of toxins

Maurocalcine is the second discovered member of an increasing family of new calcin toxins active on ryanodine
receptors. The first member of this family, imperatoxin A, was isolated in 1995 from the venom of scorpion
Pandinus imperator (el-Hayek et al., 1995). Since that time, five more analogous peptides were subsequently
discovered, first maurocalcine in 2000 from the scorpion Scorpio maurus palmatus (Mosbah et al., 2000),
followed by both opicalcine 1 and 2 from the scorpion Opistophthalmus carinatus in 2003 (Zhu et al., 2003),
hemicalcin from the scorpion Hemiscorpius lepturus in 2007 (Shahbazzadeh et al., 2007), and finally
hadrucalcin in 2009 from the scorpion Hadrurus gertschi (Schwartz et al., 2009). The homology between these
peptides ranges from 76 to 91%. All these peptides share common features that include a length of 33 to 35
amino acids, three disulfide bridges paired according to the motif Cys*-Cys*, Cys®-Cys® and Cys*-Cys® (see
Figure 1). Hadrucalcin is a quite interesting new member in the sense that it is significantly divergent from the
five other members. With this member, the number of variable amino acids rises from 7 to 12 and
demonstration is made that the toxin can accommodate 13 positively charged amino acids instead of 12 and
that the sequence can be extended at its N-terminus (the sequence length goes from a constant value of 33 for
all other members to 35 with this analogue). This finding suggests that the calcin family will probably be soon
incremented with new members from other scorpion sources. Also, it provides interesting new clues on how to
design novel calcin toxins that would conserve activity on RyR and penetrate into cells.

Domai n A EAESL TSAQK- AKA: - - EERK—RRKMS- - - - RGL 8/25
1 23 4 5678 9 10 11 12 Sequence identity (%)
Maur ocal ci ne  GDC LPHLKLC,KENKDC,C,SKKC,KRRGTNI EKRC,R  12/33 2000
I mperatoxin A GDC LPHLKRC,KADNDC,C,GKKC,KRRGTNAEKRC,R ~ 12/33 82 1995 g
Qpicalcine 1 GDC,LPHLKRC,KENNDC,C,SKKC,KRRGTNPEKRG,R ~ 12/33 91 2003 &,
=
Opicalcine 2 GDC LPHLKRC,KENNDC,C,SKKC,KRRGANPEKRC,R ~ 12/33 88 2003 é
Hemi cal ci n GDC, LPHL KLC,KADKDC,C,SKKCKRRGTNPEKRC;R -~ 12/33 91 2007 3
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Fig. 1. Maurocalcine-like scorpion toxins. Sequence alignment of maurocalcine with five analogous toxins, imperatoxin
A, opicalcine 1, opicalcine 2, hemicalcin and hadrucalcin. Maurocalcine, imperatoxin A, hemicalcin and hadrucalcin have
all shown to be active on the ryanodine receptor. Opicalcine 1 and 2 have not been tested for pharmacological activity.
Toxins have between 12 and 13 positively charged amino acid residues (the N-terminal residue, six or seven lysine
residues, and four to six arginine residues as indicated in blue). Negatively charged amino acids are represented in red
as well as sequence identities with maurocalcine. Highlighted residues (twelve possible positions) indicate variable
amino acids among toxins. The year of discovery of each toxin is also provided in italics. Sequence alignment with
domain A of the L-type calcium channel is also illustrated.

Fig. 1. Toxines de scorpion du type maurocalcine. Alignement de séquence de la maurocalcine avec 5 toxines
analogues, I'imperatoxine A, I'opicalcine 1, I'opicalcine 2, I’hnemicalcine et I’hadrucalcine. Maurocalcine, imperatoxine A,
hemicalcine et hadrucalcine sont tous connus pour étre actif sur le récepteur a la ryanodine. Les opicalcines 1 et 2 n’ont
pas été testé pour leurs activités pharmacologiques. Les toxines possedent entre 12 et 13 acides aminés chargés
positivement (le résidu N-terminal, 6 ou 7 résidus lysine, 4 a 6 résidus arginine, indiqués en bleu). Les acides aminés
chargés négativement sont en rouge ainsi que les identités de séquence avec la maurocalcine. Les résidus surlignés (12
positions possibles) indiquent les acides aminés variables entre toxines. L’année de découverte de chaque toxine est
aussi indiquée en italique. L’'alignement de séquence avec le domaine A du canal calcique de type L est aussi montré.

Calcin toxins are active on the ryanodine receptor

Ryanodine receptors are calcium channels that allow calcium cations to exit the lumen of endoplasmic
reticulum. They contribute therefore to calcium signalling events in the cell cytoplasm. These channels are
present therefore within the membrane of the endoplasmic reticulum and are constituted of an ion pore and a
large cytoplasmic bulk. None of the sequence of the channel is integrated in the plasma membrane or present
at the extracellular surface. For this reason, the ryanodine receptor is an unusual target for a toxin. Three
genes encode for ryanodine receptor type I, Il and Ill. The type | ryanodine receptor is mainly expressed in
skeletal muscles, the type Il is mostly cardiac and cerebral, whereas the type 11l is predominantly neuronal.
Most calcin toxins have been tested on type | ryanodine receptor, essentially because this type is easier to
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purify from the skeletal muscle, a rich source of that type of channel. Calcin toxins induce similar effects on the
ryanodine receptor that can be summarized as follows. (i) Application of a calcin toxin to purified sarcoplasmic
reticulum induces Ca®* release, suggesting that one effect of the toxin is channel activation. (ii) Calcin toxins
converts low affinity [FH]-ryanodine binding sites to high affinity ones (el-Hayek et al., 1995 ; Esteve et al.,
2003). High affinity [*H]-ryanodine binding has been interpreted to a change of channel conformation
compatible with the open state conformation of the channel. Using this assay, it was estimated that calcin
toxins should bind to ryanodine receptors with an affinity in the 10 to 50 nM range (Zamudio et al., 1997 ;
Esteve et al., 2003 ; Schwartz et al., 2009). (iii) Calcin toxins have complex effects on channel activity
recorded from ryanodine receptors incorporated into lipid bilayers. The first effect observed is generally an
increase in open-state probability, followed by the appearance of a long-lasting subconductance state, which is
rarely reversible. Higher concentration of toxins induce complete channel block meaning that calcin toxins are
considered as activators at low concentrations and blockers at high concentrations. This complex set of effects
is probably due to the fact that ryanodine receptor are organized as homo-tetramers, implying that toxins can
occupy one to at least four potential sites on the channel. Multi-site occupancy likely triggers different channel
behaviours (Chen et al., 2003). The interaction of calcin toxin with the ryanodine receptor is direct since a
biotinylated derivative of maurocalcine bound to streptavidin-coated beads pulls down purified skeletal muscle
RyR (Altafaj et al., 2005). Also, it was shown that maurocalcine directly binds onto a cytoplasmic domain of the
ryanodine receptor. This domain is of functional importance for increased [*H]-ryanodine binding in the
presence of maurocalcine. The cytoplasmic nature of the calcin toxin binding site on the ryanodine receptor is
confirmed by the observation that maurocalcine alters the activity of channels reconstituted into lipid bilayers
only when applied to the cytoplasmic face of the channel (Fajloun et al., 2000). Altogether, these data
demonstrate that calcin toxins are pharmacological modulators of the ryanodine receptors by directly binding
onto a site located in the cytoplasm.

Existence of a curious sequence homology between calcin toxins and a voltage-
dependent calcium channel domain

One amazing property of calcin toxins is their limited sequence homology with a voltage-dependent calcium
channels. Skeletal muscle L-type channel come as a complex of four subunits: the pore-forming and voltage-
sensing subunit Ca,1.1, associated to three auxiliary subunits b, a,d and g. This channel type is peculiar in the
sense that it transmits changes in membrane potential directly to the ryanodine receptor. This process termed
excitation-contraction coupling ensures that action potentials trigger enough calcium elevation in the cytoplasm
to produce muscle contraction. Since most of the calcium originates from the sarcoplasmic reticulum through
opening of the ryanodine receptor, the voltage-dependent calcium channel transmits the necessary information
to the ryanodine receptor directly by changes in conformation. This entire chain of events is still poorly
understood at the mechanistic level, but several channel determinants have been identified that serve as lead
in the understanding of the process. One such determinant is called domain A, a small 20 amino acid sequence
of Ca,1.1 that is located in the cytoplasmic Il-111 loop of the channel. Sequence homology of domain A with
calcin toxins is restricted to a basic patch of amino acids, but it was found that both domain A and calcin toxins
share structural homology (Green et al., 2003), they similarly induce an increase in [*H]-ryanodine binding,
activate channel activity (Gurrola et al., 1999), and finally they bind onto identical sites (Lee et al., 2004 ;
Altafaj et al., 2005). The finding that calcin toxins bind to the ryanodine receptor with higher affinity than
domain A (20 nM versus 1 pM) indicates that these toxins may be used as interesting molecular tools to dissect
the functional role of domain A in excitation-contraction coupling. This goal has been partially reached by the
demonstration that maurocalcine induces a default in the closure of the ryanodine-sensitive calcium channel
following activation by membrane depolarisation (Szappanos et al., 2005). These data seem to imply that
maurocalcine is able to substitute to domain A while the ryanodine receptor is activated by membrane
depolarization. During repolarisation, ryanodine receptor closure is slowed presumably because of the greater
affinity of maurocalcine for the binding site it shares in common with domain A. Obviously, calcin toxins still
have to reveal many intimate mechanistic details on the process of excitation-contraction coupling.

Firsts evidences that maurocalcine penetrates into cells

The location of the pharmacological target of calcin toxins (intracellular) and the position of maurocalcine
binding site on the ryanodine receptor with regard to the channel topology (cytoplasm) are strong evidences
that calcin toxins need to cross the plasma membrane before reaching their target. For a long period, criticisms
had been formulated with regard to the pharmacological target of imperatoxin A, the first discovered calcin
toxin. It was estimated that peptides could not cross the plasma membrane, and therefore doubts were
expressed about the pharmacological reality of the ryanodine receptor as target for calcin toxins. To sort this
question out, two sorts of experiments were performed. On one hand, it was observed that extracellular
application of 100 nM maurocalcine to myotubes produces a rapid rise (within a few seconds) of intracellular
calcium (Esteve et al., 2003). Similarly, it was shown that hadrucalcin elicits discharges of internal calcium
stores within seconds in ventricular myocytes (Schwartz et al., 2009). On the other hand, we evidenced that a
biotinylated derivative of maurocalcine had the ability to trigger cell entry of fluorescent streptavidine (Esteve
et al., 2005). The cell entry of this vector / cargo couple was unique in the history of toxinology, and the first
demonstration that (i) maurocalcine enters into cells, and (ii) can be used for the cell entry of cargoes that
would otherwise not enter the cell. These data illustrate the succession of molecular events undergone by calcin
toxins until calcium release from the lumen of the endoplasmic reticulum: (i) very rapid plasma membrane
crossing, (ii) elevation of the cytoplasm concentration of the toxin to a level close or above 10 nM to reach the
Ko value for RyR, (iii) binding onto the RyR site, (iv) opening of RyR channels, and (v) calcium release from
internal stores.
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Separating the pharmacological properties from the cell penetration properties

The discovery that maurocalcine may serve as a vector for the cell penetration of various cargoes turns out of
great interest. Contrary to many cell penetrating peptides whose sequences have been derived from larger
proteins, maurocalcine is a functional entity on its own. More importantly, a functional readout of the effects of
maurocalcine can easily be measured (calcium release or alteration in excitation-contraction coupling). Since
these effects all require the presence of the toxin in the cytoplasm, these functional readouts ensure that cell
entry of maurocalcine coincides with cytoplasmic localization. This issue is essential since the fate of cell
penetrating peptides is diverse. Two modes of cell entry exist: direct translocation through the plasma
membrane through a mechanism(s) still unexplained, but that results in accumulation in the cytoplasm, or
endocytosis, generally macropinocytosis, with significant accumulation in endosomes and little escapes from
there into the cytoplasm. In that sense, maurocalcine presents an incredible advantage over other cell
penetrating peptides in that complicated cell assays don’'t need to be developed alongside with chemical
modification of the cell penetrating peptide.

This being stated, it is also obvious that the cell penetrating peptide virtue of maurocalcine is an advantage
provided that pharmacological effects of the peptide are not obscuring the beneficial technological effects. This
implies that structural analogues of maurocalcine ought to be designed that conserve cell penetration
properties but are significantly impaired with regard to the pharmacological activation of the ryanodine
receptor. This aim has been reached by different methods. A first approach consisted by site directed
mutagenesis of maurocalcine (Mabrouk et al., 2007). This approached taught us that it was possible to
drastically reduce the pharmacological activity of maurocalcine while largely preserving the cell penetration of
fluorescent streptavidin. For instance ; the R24A-maurocalcine mutant totally lost its effect on the ryanodine
receptor (both stimulation of [PH]-ryanodine binding and activation of channel activity (Lukacs et al., 2008)),
while keeping more than half the cell penetration properties of the peptide. The advantage of this approach was
that it precisely maps the amino acid residues involved in the pharmacological action or in the cell penetrating
one. Conclusions were that pharmacology has more dgringent structural requirements than cell penetration.
This was good news because it suggested that alternative strategies could be envisioned. Finally, this approach
also yielded a novel analogue E12A-maurocalcine that possesses better cell penetration properties than the
wild-type sequence. A second approach was based on two observations: i) other cell penetrating peptides are
disulfide-less, and ii) disulfide bridges contribute to the fold of toxins and thus presumably to pharmacological
activity. We therefore assumed that removing the disulfide bridges of maurocalcine would alter its 3D structure
and consequently its functional effects, but possibly without inhibiting cell penetration. This is indeed what we
observed by synthesizing an analogue in which all internal cysteine residues were substituted by Abu
derivatives. The peptide was unfolded as assessed by circular dichroism and lost the ability to regulate
ryanodine receptor activity (Ram et al., 2008b). The added advantage of this approach was the possibility to
add a cysteine residue at the N-terminus of the sequence to chemically couple cargoes through thiol chemistry.
Unfolded MCa was slightly less efficient for cell penetration than its folded counterpart suggesting that folding is
an advantage in maurocalcine over other cell penetrating peptides such as Tat or penetratin. Nevertheless, in a
comparative study, we found that this unfolded analogue is as potent as other cell penetrating peptides
demonstrating that it represents a good vector for biotechnical applications (unpublished observations). From
there, we start to investigate shorter maurocalcine sequences to determine the minimal structural requirement
for cell penetration. Preliminary results indicate that the basic region of maurocalcine is responsible for its cell
penetration, in agreement with the data obtained by single amino acid substitution (Ram et al., 2008b). The
third approach that is currently in development in our laboratory is the production of a D-maurocalcine,
synthesized with D-amino acids instead of L-amino acids. The synthesis is a challenge because this new
analogue should fold according to the motif observed in L-maurocalcine. Our preliminary results indicate that
we are successful in the production of this analogue that is a mirror structure of L-maurocalcine. Peptides
produced this way lose target recognition and binding, and preserve cell penetration, again because the
structural requirements for pharmacology and cell penetration are significantly different. D-maurocalcine is
indeed unable to activate the ryanodine receptor, yet still penetrates into cells.

How does maurocalcine enter cells ?

There is no trivial answer to that question. Let’'s simply emphasize that the mechanism of cell entry of cell
penetrating peptides is crucial for the application that is programmed. By definition, a “real” cell penetrating
peptide is one that accumulates in the cytoplasm and not into endosomes! Yet, most manuscripts dealing about
cell penetrating peptides relate to peptide accumulation into endosomes. To be honest, the fate of the peptide
into cells does not simply rely on the nature of the cell penetrating peptide itself, but also frequently to the
nature of the cargo being transported or the type of cell under consideration. It is interesting to observe that
maurocalcine can adopt both types of cell entry: translocation for cytoplasmic accumulation or endocytosis for
endosome localization. When streptavidine is the cargo, we observed mainly punctuate distribution coinciding
with endosomes (Boisseau et al., 2006). Now, we also observed a predominant cytoplasmic localization with
other cargoes such as fluorescent peptides, doxorubicine or quantum dots (Ram et al., 2008b ; Aroui et al.,
2009). It is difficult to decide in advance what type of cell distribution to expect with a given cargo and no
general rule seem to emerge. It is possible that cargo size may be a factor as membrane translocation may
accommodate only small cargoes. But it would be reductionist to limit this differential distribution to this sole
factor. One way to better understand by which mechanism maurocalcine enters into cells is to determine the
nature of the molecular partner that takes maurocalcine in charge at the surface of the cell and to analyze how
it may contribute to the cell penetration. We found two types of interacting molecules: glycoaminoglycans (Ram
et al.,, 2008a) and several negatively charged lipids (Boisseau et al., 2006). Maurocalcine interacts with
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heparin, heparin sulphate, and chondroitin sulphate. Incubating maurocalcine with soluble GAGs can inhibit up
to 80 % of the cell uptake of maurocalcine for two reasons: (i) soluble GAGs screen the positive charges of
maurocalcine required for cell entry, and (ii) they compete for the interaction of maurocalcine with cell surface
bounds GAGs. Interactions with GAGs are however not totally required for cell entry of maurocalcine since
penetration is partially preserved in GAG-deficient CHO cells. In these same cells, the mode of penetration is
not modified suggesting that membrane receptors of maurocalcine are not associated with a particular type of
cell penetration. We assume that GAGs contribute to cell penetration of maurocalcine at the quantitative level
by favoring local accumulation of the peptide at the cell membrane. It is possible that it acts as a reservoir of
peptide for delivery to membrane lipids. In that sense, it is interesting that the affinity of maurocalcine for
GAGs (1-2 pM) is lower than for lipids. For instance, maurocalcine interacts with GD3 (disialoganglioside
NeuAca2-8NeuAca2-3Gall31-4Glc31-Cer) at an affinity in the 100 nM range (Boisseau et al., 2006). This is an
affinity that is more in agreement with the concentration-dependence of cell penetration of maurocalcine,
suggesting that lipids may well represent the final/true penetrating partners of maurocalcine. It makes sense
for the translocation process through the plasma membrane. However, considerably more work is required at
the biophysical level to determine how the complex of maurocalcine / lipids evolves during the translocation
process. Also, because of the multiplicity of intervening partners, it would be highly desirable to identify what
lipid, if there a specific one, is responsible for the cell entry of maurocalcine. Knowledge of this information
would be of tremendous help in the design of more efficient analogues of maurocalcine for cell penetration.

Examples of biotechnological applications
Doxorubicine-maurocalcine : a chimera molecule to treat chemo resistance of tumor cells

Although it is of conceptual interest to develop novel analogues of cell penetrating peptides and to understand
their mode of cell entry, the main interest of these peptides resides in the applications that can be envisioned.
We therefore sought to develop a novel therapeutic application using our pharmacologically inert, but still
efficient cell penetrating Abu-derivative maurocalcine analogue. Doxorubicine is an anti-tumor agent but that
also induces chemo-resistance in cancer cells. One mechanism of chemo-resistance is the over-expression of
multidrug resistance protein in cells that expels efficiently doxorubicine that is normally capable to enter freely
into cells. We therefore investigated whether coupling doxorubicine to maurocalcine could oppose cell
resistance presumably by inhibiting this expulsion process. To that purpose, we used two cancer cell lines,
MCF7 and MDA-MB-231, described as having a different sensitivity/resistance for doxorubicine and tested
doxorubicine itself and various cell penetrating peptides coupled to doxorubicine, such as Tat and penetratin
besides the Abu-derivative maurocalcine analogue. All peptides were synthesized with a cysteine residue at the
N-terminus to couple them to doxorubicine via SMCC (succinimidyl-4-(N-maléimidomethyl)cyclohexane-1-
carboxylate, according to the method of Liang and Yang (Liang and Yang, 2005). Two parameters were
investigated at short and long-term in culture: cell penetration and cell survival (Aroui et al., 2009). Because
doxorubicine has intrinsic fluorescent properties, the subcellular localization of the complexes could be followed
by confocal microscopy and FACS analyses allowed the quantification of the entry of the complexes. We
demonstrated that doxorubicine, coupled to cell penetrating peptides, is mainly localized in the cytoplasm of
the cells, while it is predominantly concentrated in the nucleus when it is uncoupled. FACS analyses
demonstrate that evident cell penetration of doxorubicine is detected at 0.5 uM and saturates at 10 uM for both
the free form and cell penetrating coupled forms. We observed a clear accumulation of doxorubicine in MDA-
MB-231 cells only when it is coupled to cell penetrating peptides, suggesting that the coupling process blocks
doxorubicine expulsion in this chemo-resistant cell line. Accordingly, we observed that the conjugation of
doxorubicine to cell penetrating peptides greatly enhances MDA-MB-231 cell death, even at very low
concentrations, while it reduces cell death of MCF7 cells (see Figure 2). The reduced doxorubicine distribution in
the nucleus is correlated with reduced toxicity in MCF7 cells, while the enhanced cell accumulation of the drug
in MDA-MB-231 cells is associated with enhanced cell death. It has been shown that the toxic action of
doxorubicine depends of its DNA intercalating properties and of the modifications in activity and expression
levels of its target topoisomerase Il. The toxicity induced by cell penetrating peptide coupled doxorubicine,
while the drug is mostly present in the cytoplasm, appears to occur through different mechanisms, namely the
induction of apoptosis. What our data have shown is that the Abu-derivative maurocalcine analogue is at least
as efficient as other cell penetrating peptides for the cell penetration and retention of doxorubicine. The drug
remains highly toxic in spite of chemical conjugation to cell penetrating peptides and of altered subcellular
distribution. This approach suggests that cell penetrating peptides may constitute a significant progress when it
comes to re-sensitize cancer cells to doxorubicine. We hope to complement these analyses by in vivo studies
demonstrating the usefulness of maurocalcine for cancer therapy.

Coupling maurocalcine to nanoparticles : new diagnostic and therapeutic applications in perspective

Semiconductor quantum dots are new classes of fluorescent probes with a large surface to volume ratio. This
property can be exploited to graft new functional entities at their surface, such as peptides, proteins, nucleic
acids, antibodies and drugs. They possess excellent photo stability, far exceeding that of conventional organic
fluorophores, and high emission quantum yield, which leads to increased fluorescence detection sensitivity.
Quantum dots consist of a core of semi-conducting material, typically cadmium-telluride (CdTe) or cadmium-
selenium (CdSe) for emission in the visible to the near infrared domain, for which tissue auto-fluorescence and
absorption are reduced.

This core is generally covered by a shell composed of zinc sulfide (ZnS), in order to improve the chemical
stability and emission quantum vyield of the quantum dot (Lim et al., 2003 ; Michalet et al., 2005). These
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nanocrystals are surface-modified for their stabilization in agueous media and biological functionalization. In
particular, coating of nanoparticles by a polyethylene glycol polymer (PEGylation) improves colloidal stability
(Lee et al., 2008) and blood circulation time (Ballou et al., 2004).
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Fig. 2. (A) Structure of doxorubicine-cell penetrating peptide (CPP) complexes. (B) Cell
distribution of doxorubicine conjugates in MDA-MB-231 cells showing the predominant presence
in the cytoplasm. (C) Cell death induction by 24 hrs exposure to doxorubicine or doxorubicine-
conjugates in MCF7 or MDA-MB-231 cells.

Fig. 2. (A) Structures des complexes doxorubicine / peptide de pénétration cellulaire. (B)
Distribution cellulaire des conjugués de doxorubicine dans les cellules MDA-MB-231 démontrant
leurs présences prédominantes dans le cytoplasme. (C) Induction de la mort cellulaire aprés
une exposition de 24 heures a la doxorubicine ou les conjugués de doxorubicine dans les
cellules MCF7 ou MDA-MB-231.

The emission spectra of quantum dots is size-tunable which enables their simultaneous excitation and
tracking with the same excitation source (Biju et al., 2008). Their properties are so useful that they have been
used in several biological applications. In particular, quantum dots have proven useful for immunostaining of
membrane proteins (Sukhanova et al., 2004) and staining of organelles like mitochondria or nuclei (Hoshino et
al., 2004) in fixed cells, and for tracking single molecules in living cells by videomicroscopy (Dahan et al.,
2003 ; Lidke et al., 2004 ; Mansson et al., 2004). In vivo imaging applications have also been reported
(Akerman et al., 2002 ; Dubertret et al., 2002 ; Gao et al., 2004 ; Michalet et al., 2005 ; Choi et al., 2007).
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Peptides have been used to improve quantum dot solubility in agueous solution and for targeting cell surface
proteins of interest (Pinaud et al., 2004). Nevertheless, the use of quantum dots for intracellular applications in
vitro or in vivo has been hampered by their inability to cross the plasma membrane. Several experimental
strategies have been developed to physically deliver quantum dots, including direct microinjection, but this
limits the number of cells that can be studied, or electroporation (Chen, 2004 ; Derfus, 2004 ; Voura et al.,
2004). Cell delivery of quantum dots using lipofectamine results in the formation of aggregates (Voura et al.,
2004). None of these delivery systems seem promising for in vivo applications because of their limited cell
penetration efficiencies. Recently, the cell penetrating peptides, polyarginine (Silver and Ou, 2005) or TAT
(Santra et al., 2005), have been used for the delivery of quantum dots into living cells in vitro or across the
blood brain barrier in vivo. This delivery approach appears very promising because many applications rely on
the efficient cell delivery of cargoes such as peptides, proteins, siRNA, peptide nucleic acids, cDNA or drugs
(Wadia and Dowdy, 2002).

Using biotinylated maurocalcine, we were the first group to report that streptavidine-coated quantum dots
can be physically delivered within cells (see Figure 3).
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Fig. 3. Maurocalcine is an efficient vector for the entry of nanoparticles into CHO cells. (A) Cell delivery
of streptavidine-coated CdSe/ZnS quantum dots by biotinylated folded maurocalcine. Punctate
distribution is indicative of endosomal localization. (B) Cell delivery of CdSe/ZnS quantum dots directly
coupled to Abu-derivative unfolded maurocalcine. Localization is predominantly cytoplasmic. (C) Cell
delivery of InP/ZnS nanoparticles directly coupled to Abu-derivative unfolded maurocalcine.

Fig. 3. Maurocalcine est un vecteur efficace pour la pénétration cellulaire de nanoparticules dans les
cellules CHO. (A) Délivrance cellulaire de quantum dots CdSe/ZnS recouverts de streptavidine par une
maurocalcine foldée biotinylée. La distribution ponctiforme est indicative d’une localisation endosomale.
(B) Délivrance cellulaire de quantum dots CdSe/ZnS directement couplé & un analogue non foldé de la
maurocalcine. La localisation est essentiellement cytoplasmique. (C) Délivrance cellulaire de
nanoparticules InP/ZnS directement couplé a un analogue non foldé de la maurocalcine.
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One peculiar property of these quantum dots is that the maurocalcine / streptavidine linkage automatically
is always associated with endosomal localization. Using a different chemical linkage, that makes abstraction of
streptavidin, and using the Abu-derivative maurocalcine as cell penetrating peptide, we found a very different
subcellular distribution of the quantum dots. Most of the nanoparticles were found in the cytoplasm suggesting
that membrane translocation of peptide / quantum dots complexes is possible. More recently, through a
targeted collaboration with Drs. Peter Reiss and Isabelle Texier of the CEA Grenoble, we successfully produced
nanoparticules of InP/ZnS, functionalized with penicillamin, which have beeen coupled to our abu-derivative
maurocalcine analogue. The data demonstrate the efficient cell penetration of this new generation of
nanoparticles that present three decisive advantages for in vivo applications: i) preliminary data indicate that,
owing to their relatively small size, these nanoparticles can be eliminated in vivo by urine secretion
(unpublished data), ii) none of the materials used present the known cell toxicity of free cadmium, and iii)
these nanoparticules emit at near infrared wavelengths indicating their good suitability for imaging across
tissues.

In one specific applications, the ability of maurocalcine to deliver quantum dots to cells were used for
imaging of atherosclerosis (Jayagopal et al., 2009). In this application, the authors used biotinylated
maurocalcine to deliver streptavidine coated CdSe/ZnS quantum dots in vitro to isolated monocytes and T
lymphocytes. Quantum dot labeled cells were then injected into ApoE-/- mice, a model of atherosclerosis. It
was shown that cells incorporated aortic lesions and that quantum dots were present in atherosclerotic plaques
2 days after injection. This fluorescence could be monitored for up to four weeks demonstrating the remarkable
stability of these quantum dots in vivo. During that study, it was confirmed that maurocalcine / quantum dots
complexes present no toxicity for the cells, similarly to what was observed for streptavidine alone (Boisseau et
al., 2006).

Nanotechnology is destined to a fabulous future and many of the applications will require intracellular
delivery of active compounds. Maurocalcine is one of the promising cell delivery peptide vector that holds great
promises for these applications. Although it is more complex to synthesize than other cell penetrating peptides,
it has some competitive advantages such as a cell penetration at lower concentration, absence of cell toxicity,
greater resistance to protease degradation.
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Résumé

Les Syndiniales (Alveolata) forment un groupe constitué de protistes dinoflagellés parasites
marins ubiquistes, infectant de nombreuses espéces planctoniques, depuis le phytoplancton
jusqu’a des larves de poissons. En particulier, le genre Amoebophrya (Syndiniales, Alveolata) est
capable d’infecter certaines micro-algues toxiques responsables d’efflorescences (appelées aussi
marées rouges). La virulence de ces parasitoides est extréme, car ils empéchent la reproduction
de leur hote et le tuent obligatoirement pour accomplir leur cycle de vie. Au bout de 2 a 4 jours,
chaque cellule hote infectée aboutit a la libération de plusieurs centaines de nouvelles cellules
infectives dans I'’eau. De plus, ce parasite parait hautement spécifique d’'une espéce donnée, le
méme clade génétique revenant infecter la méme espece hote d’'une année sur l'autre. Toutes ces
caractéristiques lui conférent les capacités de réguler et d’empécher la prolifération de micro-
algues toxiques. Ainsi, I'existence méme d’efflorescences algales toxiques a été récemment
réinterprétée comme une absence de ces contrdles parasitaires, permettant a la micro-algue de
devenir localement invasive. Ce découplage entre microalgues et pathogeénes naturels pourrait
étre favorisé par le déplacement de nombreuses souches, accéléré aujourd’hui par le
réchauffement climatique et par le transport maritime.

The Amoebophrya, parasitoid of toxic dinoflagellates

Syndiniales (Alveolata) are a group of ubiquitous marine parasitic dinoflagellates infecting a wide
range of planktonic species, from phytoplankton to fish larvae. Amoebophrya genus (Syndiniales,
Alveolata) are able to infect toxic micro-algae which are responsible of toxic algal blooms (also
called red tides). The extreme virulence of these parasitoids avoids the host duplication. After 2-4
days, each infected cell allows the release of hundreds of free-living new infective parasites, and
obligatory include the host death. Furthermore, this parasite appears to be species specific, the
same genotype infecting the same host species, year after year. All these features allow this
parasite to control and prevent noxious algal proliferations. Hence, the toxic algal blooms may
occur in absence (or inefficiency) of their natural parasites leading to these micro-algae to
become locally invasive. Such disruptive connection between micro-alga and their natural
pathogen could be favoured by the transfer of non-endemic species into novel environments,
increasing today because of the global warming and multiple shipping transportations.

Keywords : Amoebophrya, biological control, Dinoflagellates, harmful algal blooms, parasitoid.

Introduction

Depuis 20 ans, le nombre d’especes de micro-algues toxiques recensées sur les cotes frangaises ne cesse
d’augmenter (données du REPHY - réseau national de surveillance du phytoplancton, IFREMER). L’arrivée massive
de ces nouvelles espéces toxiques, souvent invasives, a plusieurs explications. Avec le réchauffement climatique,
les populations se déplacent sensiblement, et peuvent coloniser de nouvelles aires géographiques. L’eutrophisation
de nos cotes (produit par I'agriculture intensive ou le développement de zones touristiques) apporte les conditions
idéales au développement phytoplanctonique. Enfin, I'utilisation du transport maritime permet le déplacement de
souches sur de trés grandes distances géographiques, via les ballasts des cargos. Une fois installées, ces micro-
algues peuvent devenir de véritables fléaux. Le développement de micro-algues toxiques entraine chaque année la
fermeture de nombreux bassins de production aguacole (moules, huitres, coquilles Saint-Jacques).

Les toxines produites par ces micro-algues s’accumulent dans les tissus de ces bivalves filtreurs jusqu’a des
concentrations parfois mortelles pour 'Homme. Il n’existe aucun antidote. De plus, ces toxines ne s’éliminent
pas a la cuisson. Linterdiction des ventes ainsi que la fermeture des zones contaminées restent les seules
mesures préventives actuelles. La plupart de ces especes phytoplanctoniques toxiques appartiennent au groupe
des dinoflagellés. Ces micro-algues contaminent généralement les écosystemes a long terme, car la plupart
sont capables de produire des kystes de résistance qui se déposent dans les sédiments en attendant des
conditions plus favorables.
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Si les facteurs favorisant le transport ou le développement de ces micro-algues sont relativement bien
connus, en revanche les causes de mortalité, et en particulier le réle de bio-contréles naturels, comme celui de
certains parasites, reste trés mal connu. Ainsi depuis quelques années, il a été observé que certaines micro-
algues invasives, capables de produire localement des efflorescences toxiques durant plusieurs années
consécutives, finissaient par voir leur population diminuer avec le temps. Nous reportons ici le réle d’'un groupe
particulier de Dinoflagellés endoparasites, les Amoebophrya, dans le contréle de nombreuses espéces du
plancton marin.

Des eucaryotes parasites du plancton marin
Des parasites révélés par des études de diversité génétique

Le début des années 2000 a été marqué par une Vvéritable révolution dans notre connaissance de la richesse
spécifique du plancton marin. En effet, I'utilisation de la biologie moléculaire a offert une alternative a
I'isolement et a permis de mieux décrire les communautés naturelles, en particulier les plus petites fractions de
taille. Ces études consistent a extraire '’ADN génomique d’'un échantillon environnemental, puis a étudier la
diversité génétique d’'un geéne cible, en général celui codant la petite sous-unité de I’ARN ribosomal (ou ADNr
18S). Ainsi, le séquencage a haut débit d’une grande variété d’environnements a permis I'accumulation dans
les bases de données d’'un nombre important de séquences de protistes inconnus.

De nouveaux groupes d’eucaryotes ont ainsi pu étre découverts, en particulier de trés nombreuses
séguences environnementales appartenant au phylum des Alvéolés. Les nouveaux Alvéolés marins (MALV),
décrits grace a ces techniques, se répartissent en quatre groupes principaux (Lopez-Garcia, et al., 2001 ;
Moon-van der Staay et al., 2001 ; Guillou et al., 2008). Les séquences appartenant aux groupes | et Il sont les
plus nombreuses et ont été détectées dans tous les écosystemes marins étudiés : depuis la surface des océans
(Diez, et al., 2001 ; Moon-van der Staay et al., 2001) jusqu’a 3.000 métres de profondeur (Edgcomb et al.,
2002 ; Lopez-Garcia et al., 2003), ainsi gu’au niveau des sources hydrothermales de profondeur (Lopez-Garcia
et al., 2001). Ces séquences représentent en moyenne prés de 20 a 50% des séquences environnementales
récupérées au sein des librairies génétiques eucaryotes (Lopez-Garcia et al., 2001 ; Moon-van der Staay et al.,
2001) Ces groupes apparaissent d’'une importance écologique considérable au vu de leur abondance relative
dans toutes les banques de clones, méme s’il est probable que des biais de PCR existent et que ces résultats
sont loin d’étre quantitatifs.

Nous savons aujourd’hui que toutes ces séquences appartiennent aux Syndiniales, une classe de protistes
exclusivement composée a ce jour de parasites dont certains sont décrits et connus depuis plus d’'un siécle!
Prises dans leur ensemble, les espéces décrites au sein des Syndiniales sont capables d’infecter tous les
compartiments du réseau trophique marin (Guillou et al.,, 2008), depuis certaines micro-algues (les
dinoflagellés), des consommateurs primaires de ces micro-algues (Ciliés, Copépodes, Radiolaires), jusqu’a des
consommateurs secondaires ou des détritivores type larves de poissons, crabes ou langoustines. L’'impact
écologique de ces parasites n’est pas sans conséquence. Ainsi le parasite Hematodinium induisant le syndrome
de «Bitter crab disease » a fait de trées nombreux dégats dans les pécheries de ces crustacés, comme en
France entre 1984 et 1988 ou la récolte de I'étrille (Necora puber) a diminué de 96% (Wilhelm et al., 1996).

Généralement, linfection se révéle tres rapidement fatale pour I'héte, et aboutit dans tous les cas a la
production et a la libération dans I'eau de cellules nageuses de trés petite taille (environ 2 pm dans le cas de
Amoebophrya ceratii), appelées dinospores, qui représentent le stade infectieux. Les séquences
environnementales retrouvées dans le micro et nano-plancton (de 0,2 pm a 20 pm) marin proviennent tres
certainement de cette phase libre (Guillou et al., 2008).

Cycle de vie du parasite Amoebophrya ceratii

Amoebophrya ceratii est capable d’infecter de nombreuses espéces de dinoflagellés (si ce n’est toutes) (Cachon,
1964). Comme dans le cas de nombreuses autres Syndiniales, linfection est initiée par I'entrée dans I'hote
d’une ou plusieurs dinospores (Figure 1a). Aprés plusieurs cycles de réplication actifs du matériel génétique, ces
dinospores produisent une structure multi-nucléée appelée trophonte (stade endocellulaire). Ce trophonte, en
forme de nid d’abeille (« beehive stage » en anglais) est caractéristique du genre Amoebophrya sp. (Figures 1b
et ¢). La pression du trophonte a la derniére étape de maturation est telle que la cellule hote se déforme et
double de taille (Figure 1c). A maturité, le parasite va alors subir une métamorphose surprenante. Par une
ultime évagination, il sort de son hdte sous la forme d’un long filament de cellules, le vermiforme (Figures 2e et
f). Cette structure temporaire est parfaitement libre et mobile. Chaque cellule constitutive de ce vermiforme
finira par s’individualiser en quelques heures pour redonner une nouvelle dinospore. Ce type de parasite est
appelé parasitoide. Bien qu’h