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Preface

Even if the modern concept of “toxin” was not described until the 19" century, the
lethal effects of some bacterial diseases were well known even in the past.
Accordingly, ancient texts report the symptoms of some pathologic syndromes
which are nowadays known as plague, tetanus, botulism, diphtheria, cholera or
carbuncle. Plague became particularly notorious thanks to the description of its
symptoms along chronicles of history but also in many and many novels or holy
texts. Not only, the historical documentations of toxins as well as bacterial agents
employed as weapons are also described. Often these episodes were interpreted
as divine signs of teaching as reported in the Bible or castigation as believed

about the death of “Alexander the Great” who consider himself as a god.

Nowadays, it is clear that gods are foreign to such proceedings and that infective
diseases are caused by microorganisms, namely viruses or bacteria. Anton van
Leeuwenhoek, during the 1670s, was the first person to see bacteria thanks to a
self assembled handcrafted microscope. He sent a report of his observation to
the Royal Society of London with many detailed drawings but his work was
considered with skepticism, probably because the existence of unicellular
organisms was entirely unknown and somehow anachronistic. Therefore, in the
next period, the knowledge that the world was crowded with small organisms was
considered interesting but rather irrelevant. It took a long time before people
figured out that bacteria and viruses were the cause of some diseases and were
at the same time involved in their spreading from one person to another. Despite
this, the idea of infectious diseases has been entertained during the 18" century
by some enlightened people, like Antonio Vallisneri, who foresaw the “poisonous
nature of some little worms”. Eventually, the proof that microorganisms not only
exist but actively take part in life and health of people, was achieved with the
works of Louis Pasteur and Robert Koch, even if only one century later. Their
experiments, through which the existence of bacteria and pathogens was stated,
represent the cornerstones of the modern microbiology and their principles are
still used as paradigms (pasteurization and Koch’s postulates). Moreover, in
1884, Koch had the intuition, later confirmed, that pathogenic bacteria, i.e.

anthrax bacilli, could elicit their harmful effects due to “poisons” produced inside



them and then released into the host. In the same year, Friedrich Loeffler
guessed that another “soluble poison” was the etiologic agent of diphtheria. Such
idea opened the doors to the modern concept of toxin and toxicology. Almost 100
years later, in 1959, two independent scientists confirmed Koch hypothesis
demonstrating that bacteria-free preparation from V. cholerae injected in animal
models mimicked the bacterium deadly symptoms. Ten years later the causative
agent of cholera was isolated and biochemically characterized, becoming the
prototype of a big family of biochemically, immunologically and pharmacologically
related toxins”.

Starting from the observation of pioneers as Koch, Pasteur, Loeffler and many
others, microbiology and toxicology have become two of the most important
branches of “life sciences” and their breakthroughs along the time not only have
contributed to human and animal health, but also have equipped modern science
with new “instruments which dissociate and analyze the most delicate
phenomenon of living structures”, therefore “by attending carefully to their
mechanism in causing death, scientists can learn indirectly much about the
physiological processes of life?”.

The last sentence, stated by Claude Bernard in 1866, well fits with the properties
of Clostridial Neurotoxins® (CNTs). In a recent review, in light of the last
discoveries, Prof. Mauricio Montal has defined these proteinaceous toxins as a
marvel*, because of their structural architecture and intramolecular partnership
which allow very accurate binding, penetration and eventually modification of a
very specific process of host physiology. Exactly due to these features, such
bacterial exotoxins are the most poisonous substances known and are therefore
considered as potential bioweapons. On the other hand, the same properties
have allowed a safe use for therapeutic as well as for cosmetic purposes®.
Moreover, they are widely used by researcher as a tool to accurately manipulate
certain physiological processes in a very specific manner, avoiding some
drawbacks which could be generated by other kind of approach®.

In this scenario, the study of clostridial neurotoxins not only has represented a
great goal for human health and safety, but had also influenced the science by

providing a very useful instrument to aliment and create new knowledge.



Abstract

Tetanus and botulinum neurotoxins cause neuroparalysis by inhibiting
neuroexocytosis. They are composed by two main chains: the 100 kDa heavy
chain (H) mediates the neurospecific binding to target cells and chaperons the
entry of the 50 kDa light chain (L). After binding on the plasma membrane, these
neurotoxins enter into nerve terminals via endocytosis inside synaptic vesicles,
as shown here for the first time by immuno-electron microscopy. The lumenal
acidic pH induces a structural change of the neurotoxin molecule that becomes
capable of translocating its L chain into the cytosol, via a transmembrane protein-
conducting channel made by the H chain. This is the least understood step of the
intoxication process primarily because it takes place inside vesicles within the
cytosol. In the present study, we describe how this passage can be made
accessible to investigation by making it to occur at the plasma membrane of
neurons. The neurotoxin, bound to the plasma membrane of cerebellar granular
neurons in the cold, was exposed to a low pH extracellular medium and the entry
of the L chain was monitored by measuring its specific metalloprotease activity
with a ratiometric method. We found that the neurotoxin has to be bound to the
membrane via at least two anchorage sites in order for a productive low-pH
induced structural change to take place. In addition, this process can only occur if
the single inter-chain disulfide bond is intact. The pH dependence of the
conformational change of tetanus neurotoxin (TeNT) and botulinum neurotoxin
(BoNT) /B, /C and /D is similar and takes place in the same slightly acidic range,
which comprises that present inside synaptic vesicles. Thanks to this reliable
method we have also studied the temperature dependence and the time course
of TeNT, BoNT/C and BoNT/D L chain entry across the plasma membrane. The
time course of translocation of the L chain varies for the three neurotoxins, but
remains in the range of minutes at 37 °C, whilst it takes much longer at °20 C.
BoNT/C does not enter neurons at 20 °C. Translocation also depends on the
dimension of the pH gradient. These data are discussed with respect to the
contribution of the membrane translocation step to the total time to paralysis and

to the low toxicity of these neurotoxins in cold-blood vertebrates.



Another fundamental event along CNTs neuron intoxication process is the
reduction of the interchain disulphide bond. This is a conditio sine qua non to free
the catalytic part of the molecule in the cytosol of neurons. By using specific
inhibitors of the various cytosolic protein disulfides reducing systems, we show
here that the NADPH-Thioredoxin reductase-Thioredoxin redox system is the
main responsible for this disulfide reduction. In addition, we indicate auranofin, as

a possible basis for the design of novel inhibitors of these neurotoxins.

BoNT/A is the most frequent cause of human botulism and at the same time is
largely used in human therapy. Some evidences indicate that it enters inside
nerve terminals via endocytosis of synaptic vesicles, though this has not been
formally proven. The metalloprotease L chain of the neurotoxin then reaches the
cytosol in a process driven by low pH, but the acidic compartment wherefrom it
translocates has not been identified. Using immunoelectron microscopy, we show
that BoNT/A does indeed enter inside synaptic vesicles and that each vesicle
contains either one or two toxin molecules. This finding indicates that it is the
BoNT/A protein receptor SV2, and not its polysialoganglioside receptor that
determines the number of toxin molecules taken up by a single vesicle. In
addition, by rapid quenching the vesicle transmembrane pH gradient, we show
that translocation of the neurotoxin into the cytosol is a fast process. Taken
together, these results strongly indicate that translocation of BONT/A takes place
from synaptic vesicles, and not from endosomal compartments, and that the

translocation machinery is operated by one or two neurotoxin molecules.

Another important aspect regarding CNTs research is their employment in human
therapy. Accordingly, BoNT/A is almost invariably used in the treatment of many
human diseases characterized by hyperactivity of peripheral cholinergic nerve
terminals. Unfortunately, some patients are or become resistant to it. This
drawback can be overcome by using other botulinum toxins, and pre-clinical
studies have been performed with different toxin serotypes. Botulinum neurotoxin
type D has never been tested in human muscles in vivo. Here we show that
BoNT/D is very effective upon injection in mice, on the mouse hemidiaphragm
preparation and on different rat primary neuronal cultures. From these
experiments, doses to be injected in human volunteers were determined. The

effect of the injection into the human Extensor Digitorum Brevis muscle was
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assayed by measuring the compound muscle action potential at different times
after injection. Botulinum toxin type D was found to be very uneffective in
inducing human skeletal muscle paralysis. These results are interpreted in terms
of recent reports on neuronal surface receptors of this neurotoxin and of the

established double receptor model of binding.

Riassunto

Le Neurotossine clostridiali (CNT), sono esotossine di origine batterica che
causano le due note sindromi neuroparalitiche tetano e botulismo attraverso il
blocco della neuroesocitosi. Sono composte da due catene principali legate
covalentemente da un unico ponte disolfuro. La catena pesante di 100 kDa (H)
fornisce il legame neurospecifico e media l'ingresso della catena leggera (L) di 50
kDa nei neuroni bersaglio. Dopo il legame sulla membrana plasmatica, queste
neurotossine entrano nei terminali nervosi all'interno di vescicole sinaptiche
tramite endocitosi. Qui il pH acido induce un cambiamento strutturale della
molecola che diventa capace di traslocare la catena L nel citosol, grazie ad un
canale predisposto dalla catena H. Questo €& il passaggio meno conosciuto lungo
tutto il processo perlopiut a causa della sede dove avviene, ovvero piccoli
compartimenti endocitici scarsamente manipolabili dall’esterno. Nel presente
studio si descrive come questo passaggio sia stato reso accessibile all'indagine
facendolo verificare sulla superficie dei neuroni. La neurotossina, legata a freddo
alla membrana plasmatica di neuroni primari di cervelletto, € stata esposta ad un
mezzo tamponato a basso pH per simulare quanto avviene nelle vescicole
sinaptiche. L'ingresso della catena L & stato monitorato misurando ['attivita
metalloproteasica specifica con un metodo raziometrico. Abbiamo trovato che la
neurotossina deve essere necessariamente legata alla membrana con almeno
due siti di ancoraggio al fine di andare incontro ad un cambiamento strutturale
funzionale alla traslocazione. Inoltre, questo processo pud avvenire solo se il
disolfuro intercatena & intatto. La pH-dipendenza del riarrangiamento
conformazionale della tossina tetanica (TeNT) e delle tossine botuliniche (BoNT)
B, C e D & simile e avviene nello stesso intervallo, in una condizione di media
acidita, tuttosommato simile a quella che si pensa esistere all'interno vescicole

sinaptiche.



Grazie a questo affidabile metodo di indagine, abbiamo proceduto studiando la
dipendenza dalla temperatura e la cinetica della traslocazione di TeNT, BoNT/C
e BoNT/D. A 37 °C, la traslocazione delle tre diverse tossine varia nel tempo, ma
rimane sostanzialmente nell'intervallo di minuti minuti, mentre ne richiede molto
piu a 20 °C. BoNT/C non trasloca a 20 °C. La traslocazione, come
precedentemente visto, dipende anche dalla dimensione del gradiente di pH.
Questi dati vengono discussi considerando l'intero arco di tempo necessario alla
tossine per intossicare i neuroni, cosi come la scarsa tossicita delle tossine nei

vertebrati a sangue freddo.

Un altro evento fondamentale lungo il processo di intossicazione € la riduzione
del legame disolfuro intercatena. Questa € una conditio sine qua non per liberare
la parte catalitica della molecola nel citosol dei neuroni. Utilizzando inibitori
specifici dei diversi sistemi ossidoreduttivi citoplasmatici, si & dimostrato che il
sistema NADPH-tioredossina reduttasi-tioredossina, € il principale responsabile
di questo evento. Inoltre, auranofin viene indicato come possibile molecola lead

per la progettazione di nuovi inibitori di queste neurotossine.

BoNT/A & responsabile della maggior parte dei casi di botulismo nel’'uomo e allo
stesso tempo € indicata, quasi senza alternative, come agente terapeutico per il
trattamento di numerose condizione patologiche. Alcune prove indicano che essa
penetra all'interno dei terminali nervosi via endocitosi di vescicole sinaptiche, ma
qguesto non € mai stato formalmente provato. La subunita catalitica accede quindi
al citosol grazie ad un cambiamento conformazionale guidato da un gradient di
pH. Tuttavia, quale sia il compartimento acido sfruttato dalla tossina per
innescare il cambiamento conformazionale non & stato ancora determinato.
Attraverso esperimenti di immuno detezione e miscroscopia elettronica, abbiamo
dimostrato che BoNT/A sfrutta il riciclo di vescicole sinaptiche per essere
internalizzata e che il numero massimo di tossine per vescicola € dettato dal
numero di recettori proteici, nella fattispecie SV2, presenti all’interno della stessa,
piuttosto che dal recettore glicolipidico presente sulla membrane esterna. A
suffragio di cid, la rapida inibizione dell’acidificazione dei compartimenti acidi
attraverso specifici inibitori, mostra una cinetica di traslocazione di BoNT/A
talmente rapida da poter escludere con certezza che tale evento possa avvenire
a livello di organelli acidificabili diversi dalle vescicole sinaptiche, quali possono
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essere ad esempio gli endosomi. Presi nel loro insieme, questi risultati
propendono per un funzionamento di BONT/A come una nanomacchina capace
di traslocare la subunita catalitica attraverso I'impiego di una o tuttalpiu due

molecole.

Un altro aspetto per cui la ricerca sulle CNT & importante & sicuramente il loro
impiego in terapia umana. BoNT/A & usata nel trattamento di molte malattie
umane caratterizzate da iperattivita dei terminali nervosi periferici colinergici.
Purtroppo, alcuni pazienti sono o diventano resistenti alla terapia. Questo
inconveniente pud essere superato utilizzando altre tossine botuliniche ed infatti
studi pre-clinici sono stati condotti con differenti sierotipi di tossina. La
neurotossina botulinica di tipo D non &€ mai stato testata in vivo su muscoli umani.
Qui viene mostrato che BoONT/D rappresenta la tossina piu efficace in
preparazioni in vivo ed ex vivo nei topi. Da questi esperimenti preliminari, sono
state determinate le dosi da testare in volontari umani. L'effetto della iniezione nel
muscolo delle dita umano Extensor Digitorum Brevis é stata saggiata misurando
la risposta del potenziale d’azione evocato nei muscoli a diversi tempi dopo
l'iniezione. BoNT/D e risultata essere scarsamente efficace nella neuroparalisi del
muscolo scheletrico umano ed € per cui poco appetibile per 'uso umano. Questi
risultati sono stati interpretati considerando i recenti risultati in merito ai recettori

sfruttati da tale sierotipo e il modo con cui la stessa si lega ad essi.

Keywords

Botulinum neurotoxins, Tetanus neurotoxin, translocation domain, interchain
disulphide, neuromuscular junction
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Introduction

1.1 Clostridial neurotoxins

The nervous system provides an essential function in animal physiology and
even a minor modification within few neurons may result in a profound behavioral
alteration. Accordingly, synaptic transmission is a key process in nervous system
physiology where synaptic vesicles (SVs) play a major role. Many toxins act
selectively on the nervous tissue. Interestingly, the most dangerous pathogens or
animals, to subvert host functions at their advantage, have evolved different
strategies aimed to impair the mechanisms involved in the neurotransmitters
machinery. In general, neurotoxins specifically act on ion channels blocking the
transmission of nerve impulse through the alteration of ion permeability. On the
other hand, some bacteria of genus Clostridium have evolved an elegant as well
as sophisticated mechanism, which affects synaptic transmission in another way.
Such bacteria, among other, produce neurotoxins which are endowed with
specific features aimed to accurately target nerve endings and efficiently catalyze
the degradation of fundamental proteins within them. Such diabolic strategy
results in the impairment of neurotransmitter release in some essential synapses,
eventually causing two very remarkable neuroparalytic syndromes: tetanus and

botulism.
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Introduction

1.2 General considerations on CNTs

Clostridial neurotoxins are the most poisonous substances known. One single

isoform of TeNT is known, with an estimated human lethal dose of 2.5 ng/kg. On

the other hand, many isoforms of BoNTs have been discovered, whose lethality

is again supposed to be in the low nanograms per kilogram of body weight range

(0.2-1 ng/kg). They are hundreds/thousands times more toxic than other well

known bacterial protein Kkillers like
diphtheria toxin, anthrax toxin or
cholera toxin®. Despite the very
similar molecular and biochemical
features of TeNT and BoNTs, which
will be described in details in chapter
1.6, they elicit two very different
clinical manifestations, paradoxically
opposite, namely a spastic and a

flaccid paralysis respectively. Their

extreme toxicity depends on their -"If"""

selective action toward specific
target cells, neurons. Tetanus and
botulinum neurotoxins indeed work
in the same way and likewise impair
presynaptic neurotransmission. The
neurotransmission  blockade is
caused by the cytosolic modification
of the machinery which governs the
neurotransmitter release. CNTs are
indeed zinc dependent
metalloproteases, which specifically
SNARE
proteins, a family of fundamental

that the

reach and hydrolyze

proteins coordinates

Figure 1: electron microscopy images of
presynaptic active zone in control sample and in
samples pretreated with CNTs. In (a) are visible
docking vesicles within a control experiment, while
in b and c are reported images from a culture treated
with TeNT and BoNT A, respectively. The number of
synaptic vesicles at the active zone is increased in
toxin-treated terminals (from Neale et al, journal cell
biology, 1999).

regulated neurotransmitter exocytosis mechanism. This cleavage impairs the
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ability of SNAREs to bridge vesicles to the correct target membrane and

therefore the fusion of neurotransmitter containing vesicles to the plasma

membrane. Figure 1B-C shows the

typical accumulation of vesicles on the

Inhibitory
niemeuron _J/ o

cytosolic side of the presynaptic plasma
membrane within the active zones
caused by TeNT and BoNT/A
respectively’.

The different clinical outcomes depend
from the different trafficking of TeNT with
respect of BoNTs. As shown in fig 2,
BoNTs bind and act into a-motoneurons,
thereby inhibiting acetylcholine release
from motor nerve endings which results

in the impossibility of muscles

ntamalzed
neurotomon

stimulation and therefore contraction

(flaccid paralysis).

On the other hand, also TeNT binds o) k Soammiands
|' = '\) Q G (\) \ juncion
motoneurons at the neuromuscular 7 #\ 00RO/
- SR

. . g e . . Synapeéc
junction but it is somehow hijacked in a waicles
protective environment® ° 0 till the I

TRENDE o AAcwln
Cyt030| of motoneurons-afferent Figure 2: Site of action for BoNTs and retroaxonal

transport of TeNT till inhibitory interneurons.
interneurons (from Lalli et al, Trends in Microbilogy,
2003).

inhibitory  interneurons  through a
retroaxonal transport''. Here, similarly to
BoNTs, it blocks the release of synaptic vesicles filled of GABA or glycine,
impairing the modulation of motoneurons excitability. This results in an
uncontrolled activity of all muscles and therefore in the spastic paralysis typical of
tetanus syndrome.

Even if cases of spastic paralysis had never been reported, central effects due to
BoNTs intoxication have been recorded in many occasions, reviewed by M.
Caleo and G.P. Schiavo in'%. Consistently, BoNTs efficiently intoxicate central
nervous system neurons in vitro'> as well as in vivo after local administration™.
Eventually, retroaxonal transport of BoNT/A has been elegantly described in
2008 by F. Antonucci™.
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1.3 Clinical features of botulism and tetanus

Botulinum neurotoxins are produced by different neurotoxigenic strains of the
genus Clostridium, namely C. botulinum, C. barati and C. butiricum, even if the
largest part of botulism outbreaks is caused by C. botulinum. Seven main BoNTs
have been identified and classified as the seven serotypes BoNT/A, /B, /C, /D, /E,
/F and /G because antigenically distinguishable®. Recently it has been found
hybrid serotypes between BoNT/C and /D which display a mosaic composition,
probably originated from recombination events, presumably through a phage-
mediated mechanism. Accordingly they have been named BoNT/C-D and
BoNT/D-C (BoNT/D South Africa). In addition to these, other botulinal toxins have
been recently described and categorized as subserotypes. In total, more than 30
botulinum neurotoxins isoforms are described'® . Serotypes A, B, E, and F are
associated with human botulism, while few records of human intoxication are
reported for botulinum serotype C and D'® '°, which are generally associated with
avian or animal botulism?®?%,

C botulinum is ubiquitously present in the environment as spores. Germination
can occur only in anaerobiosis and in a condition of low acidity (pH > 4.5). The
intoxication is mainly caused by the ingestion of the mature toxin contained in

contaminated food?> %

since clostridia colonization of the intestinal tract is quite
difficult in adults. Unfortunately, it is more likely in babies and accordingly it has
been recently claimed as the main cause of infant botulism? ?*. Similarly to
tetanus, botulism can be caused also by the growing and the production of

BoNTs in anaerobic wounds (wound botulism)® 24

. latrogenic botulism is
recognized as another kind of the disease and it is due to the inappropriate
administration or the abuse of the toxin during pharmaceutical or cosmetic
treatments.

Despite the different serotypes, the signs and the symptoms of the disease are
the same. The facial and throat muscles are the first affected, becoming
progressively weak till the paralysis (figure 3). This results in diplopia, ptosis, and
dysphagia. The paralysis continues its descent to the trunk. Autonomic nervous
system is also involved, resulting in reduced salivation and lacrimation, nausea,
vomiting and abdominal pain. When respiratory muscles are concerned,

breathing is compromised and death comes through respiratory failure?. Therapy
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is aimed to neutralize circulating toxin through anti-botulinum serum and keep
alive patients through artificial ventilation if necessary. Unfortunately, no
countermeasures against BONTs are available once entered in target cells, even
if many attempts had been explored®23. The severity of the disease is therefore
proportional to the amount of toxins, which have intoxicated the neurons before
antitoxin administration. Accordingly, the duration of paralysis can last for weeks

to months?°.

The single tetanus neurotoxin is produced by Clostridium tetani. It is strictly
anaerobe because it lacks the redox enzymes necessary to reduce oxygen and
therefore is disseminated in the ambient as spores. It can germinate only under
appropriate environment, where oxygen tension is low, nutrients are present and
pH is slightly acid. The best environment in humans is therefore represented by
necrotic tissues of skin wounds, ruptures or abrasion. Here the spore germinates
and produce the neurotoxin which accumulates in bacterium cytosol and is
released only after cell autolysis. Therefore it is not surprising that the first clinical
manifestation could arise even after 20 days after skin laceration. The hallmarks
of the syndrome are a progressive rigidity and spasticity of muscles. Generally,
facial muscles are firstly affected. The presence of risus sardonicus (fig.3) is very
common and due to facial muscles spasms. The classical arching of the back
(opisthotonus) is the consequence of trunk muscles affection along disease
progression. Spasms can be so intense to cause bones breaking or joints
dislocation. Whether breath muscles are affected, death for asphyxiation is likely,
unless artificial respiration is readily available.

The medical treatment is firstly aimed to block the production of toxins, through
antibiotics, and to neutralize any circulating toxins with appropriate serum, before
they can enter into target cells. Whether toxins have not been neutralized in time,
patients certainly will have the symptoms and the syndrome will be the more
severe the more quantity of tetanus has been internalized. In such conditions,
medical care is aimed to control muscle spasms through sedatives like
benzodiazepines as well as to control pain. The best way to fight tetanus is for
sure prevention, since prophylaxis is available and well tolerated. Accordingly,
tetanus had been a major killer in the past but after the introduction of a

systematic vaccination it is nowadays under control, at least in the developed
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countries®. In poor countries a severe and unfortunately recurrent form of the

disease is the neonatal tetanus, generally caused by the employment of not well-

sterilized surgical instruments during the delivery.

Figure 3: images of patients affected by botulism (left and central photos) and tetanus (right photo). Images collected
on internet.

1.4 Tetanus and botulism: historical

Neurotoxigenic Clostridia producing tetanus and botulinum neurotoxins are
ubiquitous bacteria disseminated in the environment. Generally speaking, shoddy
methods in food conservation, inappropriate treatment of wounds and absence of
organized health service had been the main causes of botulism and tetanus
outbreaks along history, which probably has accompanied mankind since its
beginning. Accordingly, reports of tetanus clinical symptoms had been described
in the 5™ century B.C. by Hippocrates, as well as ancient dietary law and taboos
about the risk of consuming poisonous food may reflect the knowledge of
botulism in remote time. On the other hand, scientific studies of such diseases
and the discovery of their relationships with Clostridia have emerged only in a

relatively recent past.

Carle and Rattone have described for the first time in 1884 the artificial
transmission of spastic paralysis from a tetanized human to a rabbit and some
years later, in 1889, Kitasato demonstrated that C. tetani spores reproducibly
germinated under anaerobic condition and were able to reproduce tetanus in

injected animals. The next year, he also showed that the inoculation of animals
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with small amount of purified toxin resulted in protective sera production. In 1924
Descombey reported the development of neutralizing antibody induced by a

chemically inactivated tetanus toxin® (tetanus toxoid).

The first scientific report which officially recognized botulism symptoms in
correlation with food poisoning had been published in 1815 by a german health
officer, Steinbuch, concurrently with a romantic poet became hereafter a medical
officer, Kerner. The last one reported the complete description of symptoms,
hypothesis on the etiology and pathophysiology of the toxin’s action as well as
the primitive idea of a possible therapeutic use of it. In 1895 Van Ermengem
isolated C. botulinum from contaminated food and collected sera from died
victims. These samples were compared with those gotten from a subsequent
botulism outbreak, ten years later. Leuchs found that such strains as well as
victims’ sera were different. Later in 1919 Burke, at Stanford University,
designated them as type A and B, opening the modern area of BoNTs research™.
Hereafter all the other serotypes were identified. In 1949, Burgen has discovered
in London that BoNTs block the acetylcholine release at the neuromuscular
junction. Eventually, Schiavo and Montecucco in 1992 first have demonstrated
that BoNTs and TeNT are metalloprotease which target SNARE proteins36,
causing the blockade of neurotransmitter release. The last discovery was the
greatest evidence that BoNTs and TeNT, even if cause opposite clinical effect,
are actually very similar at the molecular level. Accordingly, in the last twenty
years, several groups has made many efforts in order to characterize in detail the
structural and molecular details of CNTs, discovering that such toxins are indeed
absolutely related.

1.5 Synapses and neuromuscular junction: CNTs
battlefield

To better understand the reason of CNTs extraordinary toxicity, a highlight on
synapse architecture and neuroexocytosis is needed.

The most well characterized chemical synapse is the neuromuscular junction
(NMJ), which is a fundamental synapse within the peripheral nervous system.

Here, electric impulses flowing from the central nervous system are translated in
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a mechanic movement in the periphery, at the level of muscles, thereby
permitting the locomotion. According to its fundamental role, NMJ is the target of
BoNTs.

The presynaptic element of NMJ is the efferent motoneuron, while the post
synaptic element is the skeletal muscle fiber. Motoneurons are very particular
neurons. Their soma is within the spinal cord, therefore inside the central nervous
system, but they extend proper axons outside, reaching muscles fibers in the
peripheral nervous system. One motoneuron generally splits its myelinated axon
in many (20-100) non—myelinated terminal fibers and each of them innervates a
single muscle fiber, forming a motor end plate. Together, motor end plates
belonging to a single motoneuron form the so-called motor unit, as seen in figure
3.
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Figure 4: organization of neuromuscular junction. (a) motor end plates belonging to a motoneuron; (b) magnification
of a single motor end plate; (c) synapse of the neuromuscular junction composed by both presynaptic and post
synaptic elements (image from internet).
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Besides NMJ, each chemical synapse contains synaptic vesicles (SVs),
specialized cytoplasmic carriers, which store neurotransmitters, the molecules
responsible of postsynaptic excitation. SVs are held in an actin framework in
close proximity of the presynaptic membrane, in zones dedicated to the
neurotransmitter release, i.e. the active zones. Upon the arrival of an action
potential, SVs undergo to Ca* dependent exocytosis, after which they are
retrieved from plasma membrane and recycled to regenerate exocytosis
competent vesicles. Accordingly, SVs contain the machinery required for
neurotransmitter uptake and storage, such as transporters, ion channels and the
vesicular H* ATPase, which provides the chemical energy to fuel the other
proteins. Actually, SV are considered “dirty” nanostructures. Indeed, since they
are very small, 40nm, their composition is probably not fixed and can be varied
by cytoplasmic and plasma membrane elements. In 2006, Takamori and
colleagues tried to dissect the protein and lipid composition of SVs. Interestingly,
among the others, they found molecules like synaptobrevins, syntaxins, SNAP25,
SV2, synaptotagmins and gangliosides, which are directly involved in CNTs

activity. In figure 4 is reported the molecular model of a SV*'.

Synapiobrevin

SHAP2S Vila Synapiotagmin

SNAP29

VaMP4

VELUT

Figure 5: molecular model of a synaptic vesicle (from Takamori et al, Cell, 2006).
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SVs are moved from their actin matrix to the active zones upon action potential
formation. Here vesicles dock and fuse with the plasma membrane to deliver the
neurotransmitter in the synaptic cleft. Such event is promoted by a concerted
mobilization of proteins, which

é
eventually results in the .:;
. . . 3
fundamental interaction of a highly p ) .
€ BoNT/G TeNT  BoNT/D BONTF _ mf®
BeNT/B o

/| e ¥

conserved superfamily of proteins s W
known as SNAREs (Soluble NSF s < RPMan i s sRARy

Attachment Protein Receptors). ;'-

Such proteins are supposed to ;;
g8

control recognition and fusion of ;i

almost all the vesicular carriers Figure 6: Hypothetical model of the synaptic fusion complex

within the cell. Generally, two kinds s cleavage sites. In blue VAMP, in green SNAP25 and in red
svntaxin 1A (from Sutton et al. Nature. 1998)

of SNARE proteins can be distinguished: v—SNAREs and t-SNAREs. The first
are present on the vesicle, which is going to fuse, while the latters are present on
the target membrane. In SVs, SNARE parterre is composed by the v—SNARE
synaptobrevin 1/2 (also known as VAMP1/2 or Vesicle Associated Membrane
Protein 1/2) and by the t—-SNAREs syntaxin 1A and SNAP25. When fusion
occurs, these three proteins interact together thanks to a highly conserved
cytosolic domain, known as SNARE motif. It consists in 60-70 aminoacids
segment, which can reversibly assemble a parallel four alpha helical bundle,
called SNARE complex. As seen in figure 6, VAMP and syntaxin 1A contribute
with one SNARE motif, while SNAP25 zip the complex with two>2.

It is supposed that the formation of such complex releases a quantum of energy
necessary to overcome the repulsive forces among opposed membranes and
therefore provides the energy necessary for membrane fusion. Anyway, even if
such phenomenon is of great interest, the detailed mechanism is still ambiguous
and many players present either on SV and on plasma membrane are probably
involved®. Nevertheless, what is important to consider for our purposes is that
SNARE proteins assemble the minimal machinery compatible for fusion,
suggesting that they are absolutely fundamental for neurotransmitter release and

40. 41 Accordingly, it cannot be considered a

therefore in neuroexocytosis
coincidence that CNTs have evolved a strategy to specifically block

neurotransmission by acting on SNARE proteins.
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1.6 CNTs structure: intramolecular partnership

The clinical outcomes of TeNT and BoNTs are very different, almost opposite in
their manifestations. Despite this, all CNTs intoxicate their target cells and
produce the same intracellular modification, which is responsible for the final
phenotype in a very similar manner. Moreover, the discovery that also BoNTs
and not only TeNT can be retrotransported'® ' #? has definitely demonstrated
that such neurotoxins are more similar than how much was thought in the past

and therefore TeNT cannot be considered as the “black sheep” of the flock.

Accordingly, from the structural point of view, CNTs are absolutely related. They
are produced by the bacteria as a single polypeptidic chain of 150 kDa which are
subsequently cleaved by specific bacterial or host proteases into the final, active
toxins*®. As schematized in figure 3, the mature toxins are composed of two main

chains, linked by a unique disulphide bond.
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Figure 7: CNTs structure. (a) Schematization of modular organization of CNTs; (b) ribbon representation of BoNT/A
crystallographic structure (from Rossetto et al, Toxicology Letters, 2004)
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The smaller chain, 50 kDa, called light chain (L), is the catalytic part of the toxin
and is responsible for the protease activity toward SNARE proteins. The bigger
chain, 100 kDa, is called heavy chain (H) and can be functionally divided in two
subdomains. The amino-terminal part (Hn, 50 kDa), also known as translocation
domain, in response to low pH, inserts inside membrane and forms cation-

44-47

selective channels and has been ascribed to the L chain delivery from the

uptake compartment to the cytoplasm, across an intracellular membrane® “%*°.
The 50 kDa carboxy-terminal part (Hc) is responsible for the specific binding to

motoneurons plasma membrane®?.

The molecule can be considered as a nanomachine®. The crystal structures of
BoNT/A, BoNT/B and BoNT/E reveal that the structure is modular’’. Each part
interplay with the others, resulting in a wonderful example of intramolecular
partnership®. The intoxication process consists of 4 main steps®** %% (1) the
neurospecific binding, (2) the cytosolic internalization, (3) the membrane
translocation and eventually (4) the SNARE degradation. Another fundamental
event, which can be considered as an extra step, is the disulphide reduction of
the interchain disulphide bridge, necessary in order to free the L chain into the
cytoplasm. Besides the very similar tridimensional structure and functional
organization, which result in a very similar intoxication mechanism, each
neurotoxin maintains proper features, which make them reciprocally unique.
These differences are mainly evident in some properties, such as binding

modalities and target specificity, which will be described in the next sections.
1.6.1 Hc and binding

As previously said, the Hc is responsible and sufficient for the neurospecific
binding at the neuromuscular junction®®’. As depicted in figure 7, it can be
structurally subdivided into two parts, the 25 kDa C-terminal one (Hcc) and the 25
kDa N-terminal one (Hcy).

Hcn is a lectin like domain, highly conserved among CNTs, with a jelly role motif
similar to that of carbohydrate binding protein (legume lectins). Actually, no
carbohydrates binding properties have been reported in this domain and its

function remains therefore still elusive. It has been reported its ability to bind
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phosphatidylinositols and phosphoinositides, at least for BONT/A and BoNT/C. it
has been proposed that such interaction could assist the correct positioning of
HN for the membrane insertion®® *°.

Nevertheless, it is Hcc that harbors the fundamental features for the specific
binding to motoneurons as well as for the different trafficking of TeNT with
respect to BoNTs*.

Hcc is a B-trefoil domain and its selectivity for neuronal membranes is one of the
hallmarks, which makes CNTs the most poisonous toxins known. Accordingly,
along the last 15 years, the structural and molecular details on the binding
strategy of each toxin had been investigated.

Many groups have identified gangliosides as critical molecules for the specific

binding to neuronal cells, reviewed by Binz and Rummel*®

. Gangliosides are a
large family of glycolipids (glycosphingolipids) present on the external plasma
membrane of all animal cells which are involved in many pathways like cell
signaling, cell adhesion, protein sorting and are very important for membrane
domain formation, existence and organizationGO. Neurons are particularly
enriched in gangliosides, especially in axons and dendrites where they govern
membrane curvature. The molecule is based on a ceramide-oligosaccharide
framework modified with one or more sialic acids (monosialogangliosides and
polysialogangliosides respectively) (PSG). Figure 8 shows an example of such

molecules®’.

G Ceramide

Ganglioside GD1a

Figure 8: molecular structure of complex ganglioside GD1a,( modified from Vyas et al. PNAS 2002)

Many attempts have been explored to demonstrate the role of gangliosides in
CNTs toxicity. TeNT and many BoNTs show high affinity toward PSG

23



Introduction

immobilized on a solid substrate. Furthermore, removal of sialic acid residues
with neuraminidase decreases BoNT/A and TeNT potency in spinal cord
neurons62, while insensitive chromaffine cells become sensitive to TeNT and

BoNT/A by preventive decoration with gangliosides mixture®.
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Figure 9: biosynthetic pathway for major brain gangliosides. Gangliosides are biosynthesized thanks to sequential
addition of saccharides to the ceramide framework by specific enzymes (glycosyltransferases). Ganglioside
nomenclature is here reported in accordance to Svennerholm® (modified from Vyas et al. PNAS 2002)

Accordingly, the inhibition of gangliosides biosynthetic chain (figure 9) in primary
spinal cord neurons or in neuroblastoma cell line confers resistance to TeNT and
BoNT/A respectively®” ©. Moreover, genetic ablation of NAcGal-tranferase, which
blocks the biosynthetic pathway and limits gangliosides expression to GM3, GD3
or their precursor, reduces binding and entry of BoNT/A, /B, /E and /G in
hippocampal neurons which can be restored by adding exogenous

gangliosides®

. The same genetic ablation blocks TeNT and decreases
BoNT/A and BoNT/B toxicity in vivo'" "2.Similarly, mice expressing only Lac-Cer,
GM3, GM2, GM1 and GD1 because GD3-synthase ablated, are TeNT resistant,
but BoNT/A, /B, /E sensitive’®. Knocking out both genes, double knock out mice,
which can express only GM3 ganglioside, display resistance to BoNT/B and /G"*,
while GM3 synthase knock out mice, which can express Lac-Cer solely, are
refractory to BoNT/C™. It is therefore clear that complex gangliosides such as
GD1a, GD1b and GT1b are fundamental components, which mediate the

anchorage of CNT to neuronal membranes.
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The interaction between CNTs and gangliosides at the molecular level has been
extensively studied. Co-crystallization experiments of TeNT Hcc with GT1b have
shown two main interaction sites. In one a lactose moiety interacts with the
residues D1222, T1270, S1287, W1289, Y1290 and G1300, while in a second
one a sialic acid interact with R1226™°. In these interactions, W1289 and R1226
play a pivotal role for TeNT anchorage’’, and therefore these two sites had been
named the W lactose (lactose binding pocket) and the R sialic site (sialic binding
pocket)’®. Chen and colleagues resolved the anchorage properties of each
binding sites through solid phase binding assays. It was reported that the sialic
site preferentially binds b series gangliosides, while the lactose binding site
preferentially binds a series gangliosides’. Figure 10 schematically summarizes
such interaction. It can be therefore concluded that gangliosides are necessary
and sufficient for TeNT binding’®.

GT1b > GD1b = GD1a

GM1a :_GT1I:|
=> GM1a

GD1a GD1b
TeNT-HCR

Sia Gal Gal

R1226
Sialic acid
site

Sia Sia Sia  Gal

Gal-MAc

w1289
Ganglioside site

PM

Figure 10: lactose and sialic binding sites in TeNT HCC and their interaction with different gangliosides (from Chen et
al, biochemistry, 2008)

The lactose site in TeNT is composed by the sequence H..SXWY, which is
typical for carbohydrate engagement sites and is found also in other bacterial
toxins like ricin and cholera. In this kind of pocket, histidines imidazole ring and
tryptophan indole ring are perpendicular to each other, while the tyrosine and
serine form the backwall of the pocket. The interaction is generally supported by
the aromatic residue which supplies a hydrophobic and planar surface where the
ganglioside sugar ring can stack, while the polar residues interact with sugar

hydroxyl groups, as shown in figure 11.

25



Introduction

4 )
CA2IRY <
™ L]

. ;f“_nh*
-

- .

Figure 11: Sialic and lactose binding pockets of TeNT HcC-domain. Amino acid residues that interact with them are
shown in the stick model in yellow and green, respectively. (from A. Rummel et al, J. Mol. Biol. 2003)

BoNT/A, /B, /E, /IF and /G share with TeNT the conserved lactose H...SXWY (in
BoNT/G H is replaced with G and in BONT/E H is replaced with K) and therefore,
similarly to TeNT, they bind PSG oligosaccharide portion such as GD1b or
GT1b*. Accordingly, Swaminathan and Eswaramoorthy have shown that BoNT/B

interacts with carbohydrates through the lactose binding site® ®'

. Interestingly,
while mass spectrometry analysis with TeNT Hcc shows the retention of two
carbohydrate molecules’’, the same experiment with BoNT/A and BoNT/B Hcc
displays the retention of only one carbohydrate molecule®®. Accordingly, because

they bind only one gangliosides, the lactose binding site is called the gangliosides

F1284 k

w1282

binding pocket (GBP). In figure 7 is
reported the GBP of BoNT/A. On the
other hand, the sialic binding pocket

within  such serotypes is not
conserved at all. Actually, the fact
that neurons stimulation increases
the uptake and the entry of BONT/A®*

8  has raised the possibility that

BoNTs could interact with another

. ) ] Figure 12: the ganglioside binding pocket of BoNT/A, from
partner which induces their entry «karalewitz et al, Biochemistry 2010

through the endocytic compartment. Because stimulation of neurons increases
exo/endocytosis events, and particularly the recycling of synaptic vesicles, the
binding to the luminal domain of a SV protein, which is temporarily exposed to the
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outside and therefore available for the interaction, had been considered a very
exciting option as well as the most likely explanation*®

Montecucco first proposed that BoNTs extraordinary potency could derive from
their ability to bind neurons via two receptors, one with low affinity, the
gangliosides, which increases toxin density on target membrane, and a
secondary one which triggers the internalization through the endocytic
compartment®. Classical biochemical approaches lead to the discovery of
BoNT/B interaction with synaptotagmin | and 11" 8. Subsequent studies provided
by Dong and colleagues finally proved, through elegant loss/gain of function
experiments, that BONT/B binds gangliosides as low affinity receptor and exploits
the interaction with synaptotagmin I/ll for the internalization®®, experimentally
demonstrating Montecucco’s double receptor concept. A little later, it was shown
that also BoNT/G could interact with synaptotagmin I/ll in vitro®. This was
confirmed some years later by biochemical experiments on neuronal culture as
well as in vivo®. In 2006 Chai and Jin, together with their respective research
groups, independently resolved the co-crystal structure of BoNT/B with
synaptotagmin 11°" %2, From the crystals, it has been understood that BoNT/B
interacts with a string of 20 aminoacids within the N-terminal domain of
synaptotagmin |l (44—66), which is the luminal part of this protein, fundamental
during SV exocytosis events. Such string is normally devoid of secondary
structure, but assumes an helical structure upon interaction with a cleft in BoNT/B
binding domain, located in proximity of the gangliosides pocket as shown in figure
13.

Sialyllactose g
Membrane Y e

™

Figure 13: BoNT/B simultaneous interaction with gangliosides and protein receptor. (a) binding mode of BoNT/B on
the membrane surface proposed by Jin and coIIeaguesgz(PDB 1F31). In purple the light chain (L), in green the
translocation domain (Hy), in green the binding domain (H¢) (b) magnification at the interface between BoNT/B and
plasma membrane.
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In 2007, Rummel and colleagues demonstrated through computer assisted
analysis that, the same cleft within the binding domain of BoNT/G, interacts with
the same synaptotagmin I/ll aminoacids string’*. BoNT/B and /G Hcc show a
good degree of conservation*®, which is not shared by and among the other
serotypes. Accordingly, other serotypes don’t bind synaptotagmins. However, the
discovery of BONT/B proteinacious partner prompted the research in this
direction. Accordingly, with similar approaches employed for BoNT/B, the protein
receptors of other BONTs have been rapidly identified. Immunoprecipitation, pull-
down and competition experiments lead to the discovery of synaptic vesicle
protein 2 (SV2) as the protein receptor of BONT/A®, BoNT/E’® and BoNT/F%.
Interestingly very recent studies revealed that BoNT/C and BoNT/D, differently
from other BoNTs, bind neurons via two gangliosides, as TeNT does, but with
different modalities. One binding site is located in the same position where
BoNTs interacts with their protein partner® . In BoNT/D the structural shape of
the pocket is very similar to the sialic acid binding site of TeNT®. The other
binding site is in a position related to the GBP of BoNT/A, /B, /E, /F and /G. The
peptidic motif responsible of the interaction, similar among these neurotoxins, in
BoNT/C is only partially conserved and in BoNT/D isn’t conserved at all. Despite
this, from the structural point of view the architecture of the pockets is maintained
and therefore contribute for ganglioside accomodation®, even if with peculiar
modality. Figure 14a and b show the gangliosides binding sites within BoNT/D
and BoNT/C Hcc respectively.
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Figure 14: ganglioside binding pockets and binding loop within BoNT/D (a) and BoNT/C (b) HcC (modified from
Strotmeier et al, Biochem. Journal., 2010 and Karalewitz et al, the journal of biological chemistry, 2012)
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Moreover, it has been reported that BoNT/C, /D and /D-SA have an extra site of
interaction with gangliosides, in a position which is close to the GBP in other
BoNTs®" . In BoNT/C, /D and /D-SA, from the structural point of view, this site is
B-hairpin loop. Accordingly, it has been called gangliosides binding loop (GBL)®.
This region is actually present also in BoNT/A and BoNT/B but it doesn’t count for
gangliosides interaction, probably because, differently from BoNT/C and /D-SA
Hcce, they lack a fundamental tryptophan (W1258 and W1252 respectively) which
interacts with the ganglioside. Actually, also BoNT/D has a tryptophan (W1238) in
the GBL, but it seems to be not essential for the interaction, which is mainly
mediated by two phenylalanine residues (F124097 and F124295). Figure 15 shows
the architecture of BONT/C, /D and D-SA GBL with respect to BoNT/A and /B,
highlighting the aminoacids fundamental for ganglioside interaction. Solid phase
immobilization of different gangliosides, demonstrated that BoNT/C and
BoNT/D® preferentially bind b series gangliosides, such as GD1b and GT1b,
while BoNT/D-SA is unique among CNTs because prefers GM1a®.

w1252 F1240 W1258

Figure 15: BoNTs molecular architectures of GBL. (a) BoNT/A (purple), BoNT/B (orange), BoNT/C (red), BoNT/D
(green) and BoNT/D-SA (cyan) ganglioside binding loop with the tryptophan fundamental for ganglioside interaction
(from Karalewitz et al, Biochemistry, 2010); (b) alignment of BoNT/D (gray) and BoNT/C (green) H.C. Ganglioside
binding loops and aminoacids involved in gangliosides interaction are colored in cyan for H-C/D and purple for H:.C/C
(from Kroken et al, the journal of biological chemistry, 2011).

Therefore it is possible summarize the binding properties of CNTs saying that
TeNT, BoNT/C and BoNT/D bind to different kinds of ganglioside which are
present on the external leaflet of neuronal cells, while other BoNTs, including
BoNT/A and BoNT/B exploit at first a low affinity interaction with gangliosides,
but, to properly complete their binding, they need the support of the luminal

domain of a SV protein, i.e. SV2 and synaptotagmin I/Il, respectively.
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1.6.2 Hy and translocation

The N-terminal domain of the
heavy chain (Hy) is a fundamental
part of CNTs. It is supposed to
mediate the translocation of the
catalytic part from the
endocytosed vesicle inside the
cytosol in order to reach SNARE
substrates. It is a 50 kDa
polypeptide, corresponding to
segment 685-827 in BoONT/A

primary StrUCture’ with an Figure 16: crystal structure of BoNT/B (PDB file 1EPW). In red
elongated shape designed by two the L, in white the translocation domain (Hy), in green the

binding domain (Hcc) and in orange the lectin like domain (Hcy).
long and parallel a—helices®" . In addition to them, the Hy domain also consists
of a random coil aminoacids string, called belt region that wraps around and
partially shield the active site of the L. From the crystal structure of BoNT/A and
BoNT/B it is possible to note that Hy confers, together with the other two
domains, the characteristic butterfly shape to the toxins, as seen in figure 16. The
translocation domain shows high degree of conservation among serotypes with
exception of the belt*. Hy is similar to the configuration of some viral proteins
which responds to acidificaton by changing their conformation™® ',
Accordingly, CNTs exploit the pH gradient, generated by the vacuolar proton
pump, to change its molecular structure. This results in the insertion of the
translocation domain inside the membrane, with the formation of a
transmembrane protein conducting channel*. Channel formation and membrane
translocation of CNTs have been studied with liposomes and planar lipid

bilayers*+48 102,

Montal and Koriazova elegantly demonstrated that, upon
acidification, BONT/A was able to translocate across a planar lipid bilayer the
catalytic subunit, with the formation of an ion conducting channel*®. A more direct
approach, using cell membranes patch clamping recordings, has been explored
by many groups'® % Moreover Fisher and colleagues, with a similar strategy,
demonstrated that BONT/A heavy chain acts as a chaperone to maintain unfolded

the light chain during membrane translocation and predispose the reduction of
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the interchains disulphide bridge* % 195

Interestingly, such approach
demonstrates L chain membrane bypass through the progressive channel
activity. Before acidification, current conductance is absent, then, lowering pH,
ions leakage starts partially, because the channel is occluded by L transit.
Eventually, it enters in an ion-conducting state as L is translocated (figure 17).

Even though such procedure is reliable and prone to external manipulation, one
limitation is the lack of information about the efficiency of membrane
translocation, because these approaches mainly analyze single channel events.
Furthermore, no information about the modality through which translocation

domain approaches the membrane can be deducted.

@ @ ©) @ ®

Figure 17: BoNTs translocation model. Sequence of events, which are supposed to happen inside SV to deliver the LC
in the cytosol through the HC channel. In the lower part of the panel it is shown the channel conductance of BoNT/A
upon acidification (from Montal, Toxicon, 2009).

From the crystal structure of BONT/B bound to ganglioside and synaptotagmin Il,
two main hypotheses have been made about Hy positioning with respect to the
other parts of the toxin and the membrane. Chai et al. proposed that Hy helices
stay with a parallel orientation with respect to the membrane, facilitating their
interplay91 by placing hydrophobic segments in proximity to the vesicle
membrane surface, (figure 18a). On the other hand, Jin and colleagues have
suggested that Hy helices sit orthogonal to the plane of the membrane, as

depicted in figure 18b%.
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Membrane
Cytosol B, Cytosol

Figure 18: different orientations of BONT/B Hy (colored in green) with respect to plasma membrane (a) Chai model;
(b) Jin model (from Rossetto and Montecucco, Handbook of Experimental Pharmacology, 2008).

Translocation step remains the less understood process and little is known
concerning the aminoacids, which regulate the conformational change of Hy for
membrane insertion. Accordingly, understanding how translocation domain is
positioned with respect to the plasma membrane is a question of major interest
because could share light on the intramolecular events necessary for channel

formation.
1.6.3 L chain and protease activity

Light chain is the catalytically active part of CNTs which is responsible for
cytosolic hydrolysis of SNARE proteins and therefore of the blockade of
neurotransmitter release. The crystal structures of all CNTs L chains have been
determined at atomic resolution. They share a very similar tridimensional
structure, which is similar to that of zinc dependent metalloprotease thermolysin.
Even if they are very similar in structural organization each L have a unique
SNARE specificity. Accordingly, as seen in figure 6, L/B, L/D, L/F, L/G and
L/TeNT hydrolyze synaptobrevin—2 (VAMP2), L/A and L/E hydrolyze SNAP25,
while L/C is unique and acts either on SNAP25 and syntaxin® 1% 197,

They all belong to zinc metalloprotease family but are endowed with a unique
structure among them. The active site is related to that of thermolysin and has a
core of aminoacids, conserved among CNTs'® (peptide motif HEXXH, figure 7

and 19), which is essential for catalysis because it coordinates a catalytic zinc.
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Figure 19: metalloprotease motif HexxH conserved among CNTs (from Montecucco and Schiavo, Molecular
Microbiology, 1994).

Accordingly, the zinc is bound to such motif thanks to a glutamic acid and the
imidazole rings of the histidines. A fourth coordination point is provided by a
water molecule, bound to the glutamic acid'®” (figure 20). Due to its interaction
with the catalytic water, the E residue is particularly important, indeed its mutation

109

leads to complete loss of protease activity . In addition to the catalytic core,

there is a secondary layer of residues, less close to the zinc center, including

Arg362 and Tyr365 (numbering of BoNT/A), which seems to be directly involved
110-113

in the hydrolysis of the substrate

Figure 20: 3D structure of L chain active site with the tetrahedral motif coordinating the zinc atom. Aminoacids
numbering is relative to BONT/E sequence (from Swaminathan, FEBS journal, 2011).

As seen in figure 16, L is globular with a mixture of both a-helix and B-strand. The
active site is located in a buried cleft where substrate can access along a groove
in order to complementary fit for the processing, as depicted in figure 21.
Interestingly, such groove can be occupied also by the belt region, suggesting
that perhaps such structure could work as a false substrate to inhibit protease
activity till the L is released in the cytosol through the reduction of the disulphide

bridge''*. Moreover, the crystallization of L in complex with its substrates has
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provided practical evidence of an array
of substrate-binding sites remote from
the active site (so-called exosites)'™ '°.
A major role is played by a string of 9
aminoacids  within the SNARE
substrate. The motif is featured by the
alternation of three acid aminoacids with
hydrophobic and hydrophilic residues’®
"9 There are two copies of such motif
in synaptobrevin and syntaxin, while
there are four in SNAP25. Such
exosites are fundamental for CNTs
cleavage and accordingly the presence

of at least one copy is a stringent

condition for toxins catalytic activity.
Accordingly, the h|gh Specificity for the Figure 21: L chain and belt region. Substrates and belt

region occupy the same groove. Belts of BONT/A and E are
substrates is mainly due to such shown in magenta and blue. SNAP-25 and VAMP are in
. . . . yellow and grey. In orange the BONT/A cleavable peptide
interactions rather than active site aqratkv and in green the BoNT/E cleavable peptide

. RIME. All of them occupy the same groove (from
architecture. Swaminathan, FEBS iournal, 2011).

1.7 Mechanism of action

As said before, CNTs have a multi-modular architecture, which is functional to
their mechanism of action. CNTs exert their neurotoxic effect through an
intramolecular partnership among their different domains, which results in a
multistep mechanism?* °2 binding, internalization, intracellular trafficking,
membrane translocation and eventually proteolytic degradation of SNAREs.
Figure 22 summarizes such main steps.

It is important to underline that what determines the CNTs trafficking inside nerve
endings is the Hce. As discussed above, CNTs have unique binding properties,
which mediate their intracellular fate. The current accepted model, which
describes CNTs binding and internalization, is the double receptor model. It
consists in the idea that CNTs initially bind a molecule present on the

extracellular leaflet of the plasma membrane and, only subsequently, interact with
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another partner, possibly a protein, which mediates their penetration inside target
neurons®* ** 12°_ Accordingly, it has been proposed that the low affinity interaction
with polysialogangliosides provides the accumulation of CNTs on peripheral
neurons. Hereafter, the destiny of BONTs and TeNT somehow diverges. Some
BoNTs bind the luminal portion of a SV protein, strongly supporting the idea that
they penetrate inside neurons via endocytosis of synaptic vesicles, though this
has not been formally proven. Different groups have reported convincing
evidences about BoNT/A, /E and /F binding to SV27% 9 1211123 55 \vell as BoNT/B

and /G binding to synaptotagmins 1/11% 7% &7 88

, wWhich are SV proteins with a
luminal portion.

The protein receptor of the other BONT serotypes has not been conclusively
determined. Recently, it has been proposed that BoNT/D and BoNT/D-C are
internalized in central nervous system neurons thanks to SV2 and synaptotagmin
I/l interaction, respectively'®* ' In agreement with what said before, it seems
that BoNT/C binds neurons only through gangliosides interaction. Moreover,
many attempts have been explored in order to identify a potential proteic partner
but they have failed. Therefore, it could be that such toxin doesn’t need the SV
recycling to enter into target cells. Nevertheless, stimulation of cultured neurons,
which increases SV recycling, enhances its internalization. Thus, to date it seems
that SV recycling helps BoNT/C entry, but it is not clear whether gangliosides
alone are sufficient to mediate its internalization?°.

Similarly to BoNTs, TeNT binds polysialogangliosides at peripheral nerve
terminals. Nevertheless, its translocation in peripheral neurons cytoplasm is
somehow blocked and the internalization vesicle hijacked into a retroaxonal
pathway®'". Great efforts have been made in order to understand the modalities
of such event. Deinhardt and colleagues have made one major discovery by
demonstrating that, at the periphery, TeNT is not internalized in SV as BoNTs,
but it is present into clathrin—coated vesicles. Such sorting might be due to
glycol-protein carbohydrates which undermine GD1b or other b-series
gangliosides which have provided TeNT initial binding through the carbohydrate-
binding pockets'?’. Accordingly, TeNT Hcc has been reported to interact with a
GPl-anchored glycoprotein and to bind to lipid rafts®* %" 128 12° Therefore, TeNT
would exploit the same trafficking of neurotrophins, like BDNF and NGF, in order

to be retrotransported from the peripheral nervous system to the central nervous
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system8, where eventually it penetrates inside the cytosol of inhibitory

interneurons.
TO THE CNS
A
Axonal k TeNT RECEPTOR
transport @@ BINDING DOMAIN
carriers Emmm TRASLOCATION DOMAIN
A . CATALYTIC DOMAIN
: CLATHRIN
== LIPID RAFT

EXTRACELLULAR SPACE

Figure 22: Anchorage and entry of BoNTs and TeNT at peripheral nerve terminal. (1) The BoNT binding domain
associates with the presynaptic membrane of a-motoneurons as discussed before. (2) BoNTs are endocytosed within
synaptic vesicles via their retrieval in order to be refilled with neurotransmitter. TeNT exploits a pathway requiring
lipid rafts and clathrin-coated vesicles (CCV) and then is sorted into vesicle carriers of the axonal retrograde transport
pathway. (3) The acidification of SV lumen provided by the v-ATPase, induces major conformational changes in CNTs
structure which result in membrane insertion of the vesicle membrane and in the translocation of the L into the
cytosol. (4) Inside the cytosol the L chain hydrolyzes of one of the three SNARE proteins VAMP, SNAP-25 and syntaxin,
as depicted in the lower panel. The same four-step pathway of entry of BoNTs into peripheral nerve terminals is
believed to be undertaken by TeNT in spinal cord inhibitory interneurons, which are reached after retroaxonal
transport and release from the peripheral motoneurons. (from Rossetto and Montecucco, Handbook of Experimental
Pharmacology, 2008).

Therefore, TeNT Hcc can be intended as a nice tool to track in vivo retroaxonal
transport as well as an efficient system to deliver cargos to the central nervous

system, bypassing the blood brain barrier®. To prevent the translocation of the L,
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the vesicle where TeNT is internalized in nerve endings, displays a protected
environment with a controlled pH1°. Recently, it has been proposed by Yeh and
colleagues that, once arrived close to target neurons, also TeNT could exploit the
interaction with a SV protein, i.e. SV2 as BoNT/A, /E and /F do, to be internalized
in a compartment compatible with the translocation of the L chain in the
cytosol™. On the other hand, Blum and colleagues demonstrated that TeNT can
enter into stimulated and non-stimulated neurons at the same extent. This
suggests that the need of synaptic vesicles recycling as well as the presence of a
proteic receptor could be not essential for tetanus entry into central nervous
system neurons.

Recently, as aforementioned, it has been demonstrated that also some BoNTs
may undergo to retroaxonal transport.

Once internalized in the final neuronal target, the CNT-receptor complex is
exposed to an acidic milieu provided by the vesicular proton pump v-ATPase,
which acidifies SV in order to create a pH gradient necessary for neurotransmitter
refilling. Such acid environment induces a conformational change on toxins
structure, leading to the insertion of the Hy, into the endosomal membrane®* 3"
132 thereby forming a transmembrane protein-conducting channel that delivers
the L into the cytosol where it acts* % 97  Indirect evidence for the need of
acidification along translocation is the fact that some drugs, which prevent
vesicles acidification by v-ATPase specific inhibition, block CNTs entry and
toxicity®> '*3. Similarly, buffering the vesicular lumen with chemicals, the L cannot
translocate and remains entrapped inside vesicle™*. The low pH-driven toxin
conformational change has been reported to take place in a very narrow range of
pH: 4.4-4.6 for TeNT, BoNT/A, /B, /C, /E, and /F'2. Unfortunately such
experiments have been made with artificial membranes, which lack the
complexity of a biological membrane. Nevertheless, what remains interesting is
that all CNTs behave similarly in response to pH drop, suggesting that perhaps
key residues involved could be conserved.

The diameter of the channel provided by the Hy is estimated to be around 15 A.
Given that the folded L exceeds such dimension, it must undergo to an unfolding
process in order to pass through the channel. Circular dicroism and
crystallographic evidences'®, demonstrate that the L secondary structure doesn’t

change significantly, rather, the tridimensional shape passes from a globular

37



Introduction

configuration to a more elongated shape, suitable for channel transit. This has

been proved by following the exposition of hydrophobic residues within L
3136.

structure, as shown in figure 2

pH 5.0

Figure 23: schematic model of BoNT/B LC tridimensional reorganization upon acidification (from Cai et al, Protein
journal, 2006).

After translocation, the interchain disulphide must be reduced and the L chain
refolded before reaching and processing its substrates. The catalytic activity is in
fact achieved only after disulphide reduction, which is a conditio sine qua non that
precludes toxin functionality. To date no one has understood either which is the
cytosolic reducing agent or whether L is able to refold alone or needs the
assistance of cytoplasmic proteins. However, once free in the cytosol, the
cleavage of the SNAREs can eventually occur. The hydrolysis of one single kind
of SNARE protein is sufficient for vesicle fusion abrogation, which thereby causes

the severe paralysis pathognomonic of botulism or tetanus®.

1.8 CNTs: “turning bad guys into good*”

As shown in figure 1, the most evident consequence of CNTs intoxication is the
accumulation of SVs on the cytosolic face of the plasma membrane’. However,
from the morphological and anatomical point of view, intoxicated neurons don'’t
result damaged’®” '8 Anatomically, contacts between muscles and nerves are
completely maintained. On the other hand, the number of motor end plates on
single muscle fibers and the number of fibers innervated by a single motor axon

reciprocally increases, probably because, to prevent muscles atrophy and restore
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the NMJ functionality, muscle cells release trophic factors. This results in similar
alterations documented in other form of denervation. However, during a
secondary late phase of NMJ recovery, newly synthetized elements degenerate
and the original endplate recovers completely its functionality. The time of
recovery can vary depending on the type of nerve terminal, the BoNT serotype,

the animal species and its dosage.

Given that the paralyses of muscles is followed by a full functional recovery
devoid of major alteration of the system, the employment of CNTs, especially of
BoNTs, has found fertile ground as therapeutics for the treatment of a variety of
human diseases. The first toxin used for human therapy was BoNT/A, approved
by US Food and Drug Administration in 1989. It has been employed for the
treatment of strabismus, blepharospasm and hemifacial spasm. From that day,
the number of indications that can be treated with BoNTs has considerably
increased. To date many human diseases, characterized by hyperactivity of
peripheral cholinergic nerve terminals, as focal dystonias, spasticity, tremors,
hyperhidrosis, migraine and tension headaches, but also cosmetic application are

indicated for BoNT/A treatment™®

. Next studies, which have compared the
duration of many serotypes, demonstrated that BoNT/A has the longer effect,
whereas BoNT/B has a similar duration of action only when used at higher
dosage. BoNT/F and BoNT/E have the shortest effect™® *1. BoNT/C has been
reported to have a span comparable to BoNT/A'*2. The investigation of non-A,
non—-B BoNTs efficacy for human purposes is a very important issue from the
therapeutic point of view. Indeed, over many years of clinical recording, the
usage of BoNT/A has shown the existence of non—responding subjects as well as
the drop of efficacy due to antibodies development. To date, unfortunately, few is
known about the employment of other serotypes, such as BoNT/D or other
mosaic toxins composed by recombination between BoNT/D and BoNT/C which
could represent a reservoir for potential therapeutic employment. Table 1 shows

a list of the main diseases treated with BoNTs.
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Blepharospasm Established +++ 1-4

Hemifacial spasm " +++ 2-6

Laringeal dysphonia " +++ 1-6

Focal hyperhidrosis " +++ >12
Hypersalivation " +++ Several months
Oromandibular dystonia " ++ 1-3

Torticollis " ++ 1-3
Strabismus " ++ Up to many months
Limbs dystonia " ++ 1-3
Occupational cramps " ++ 1-3

Myokymia " ++ 2

Facial synkinesia Experimental ++ 1

Pathological lacrimation " +++ <6

Achalasia esophagea " ++ 1-2

Anal fissure and rectal spasms " ++ 1-2

Bruxism " + 1-5

Spasticity " + 1-3

Urinary retention " + 1-2

Essential tremor " + 1-3

Nystagmus " +/- ?

Dysphagia " +/- Up to many months
Facial wrinkles " +/- ?

Myofacial pain-dysfunction " +/- ?
Muscle-contraction headache " +/- ?

Single injections:

Anal fissures

very effective

Vaginism

Experimental

very effective

Table 1: employment of BoNTs for human therapy (from Rossetto et al, Toxicon 2001).
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1.9 Aims of the thesis

The translocation step remains the less understood event along CNTs neuron
intoxication mechanism. Available informations indicate that such process is
driven by a transmembrane pH gradient inside vesicles* *® *2. Most studies were

performed with model membrane systems*® 1%

, Whilst in vivo experiments used
as read out an indirect electrophysiological measurement. Even though such
approaches have shared light on several molecular features of the translocation,
no information on the efficiency can be inferred, because they report single
molecules behaviors. During my PhD, | developed an assay that couples
translocation event with its direct effect into neurons cytoplasm, i.e. SNAREs
hydrolysis. Conditions that by-pass the SV endocytosis step and induce the entry
of the L chain directly from the plasma membrane were found using primary
cultures of cerebellar granular neurons (CGNs), which are almost exclusively
composed of neurons, and the pheochromocytoma cell line PC12. The protocol
consists in: a) binding of the toxin in the cold in order to avoid the canonical
internalization, b) rapid change of culture medium pH at different T to induce the
translocation of the toxins across the plasma membrane and, c) overnight
incubation in normal culture conditions to allow SNARE cleavage. This last step
is performed in the presence of bafilomycin A1 to block cell entry of those
molecules, which have not translocated across plasma membrane and can
therefore intoxicate cells via the canonic route.

The protocol was reliable and has allowed us to study, in addition to the already
known pH dependence, the time and the temperature dependence of the
translocation, two parameters which strongly influence biological processes.

Moreover, nothing was known about the cytosolic reducing system which can
free the L chain after translocation. This is another fundamental event along
CNTs entry mechanism and interfering with it could be an interesting strategy to
stop intoxication, since the reduction is a conditio sine qua non for L protease
activity. There are several disulphide bond reducing systems in the cytosol of
cells and | have used a pharmacological approach to identify which of them is
involved in the reduction of the interchain SS bond of TeNT and BoNTs. The

major protein disulfide reducing systems, in addition to the glutathione pool, are
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the NADPH-thioredoxin reductase-thioredoxin system and the glutathione-
glutaredoxin system. They are implicated in controlling a variety of cell functions
altered in a number of human diseases. Accordingly a large number of drugs
have been developed to be evaluated as candidate drugs for clinical use and we

used specific one to test the role of the various systems.

The internalization step, as well as the trafficking of CNTs inside peripheral nerve
endings, is the subject of many studies because toxins tropism represents a
potential issue either for the formulation of antitoxins or for the development of
neurotoxin based molecular probes. Additionally, it could be useful also in order
to shed light on another fundamental issue, i.e. the possible cooperation between
many toxin molecules for a productive translocation of the catalytic moiety. In this
scenario, the study of BoNT/A is of major interest because this neurotoxin is
responsible for the greatest part of human botulism cases and is almost
invariably used in human therapy.

Some evidence support the idea that BoONT/A enters via synaptic vesicles, but the
actual presence of toxins inside vesicles, and the type of vesicles through which
the translocation occurs, has not yet been determined. Here, the entry of BoNT/A
into the nerve terminal of the mouse NMJ was studied by using a BoNT/A Hc-
EGFP chimera and fluorescence microscopy and immunoelectron microscopy
with gold-labeled anti-GFP antibodies. Moreover, experiments aimed to quench
the pH of endocytic compartments at different time points were performed in
order to identify the subcellular compartment where BoNT/A translocation takes

place.

Another fundamental aspect concerning CNTs study is their employment in the
treatment of human diseases. Even if BONT/A is the most used as therapeutics,
its application is sometime hampered by intrinsic patients resistance or the
development of antitoxin antibodies. In the last years, other serotypes have been
investigated for their efficiency in humans™? '*¢1*® However, BoNT/D was never
tested in human muscles in vivo. BONT/D could be a very interesting alternative
to other BoNTs because it is the most potent serotype in mice and therefore it
could be used in very little amount limiting antiserum development. Here we
compared BoNT/D potency in mice and Extensor Digitorum Brevis muscles of

human volunteers.
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Double anchorage to the membrane and intact inter-
chain disulfide bond are required for the low pH
induced entry of tetanus and botulinum neurotoxins
into neurons

Pirazzini M., Rossetto O., Bolognese P., Shone C.C. and Montecucco C.
Cellular Microbiology. 2011
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Double anchorage to the membrane and intact
inter-chain disulfide bond are required for the low pH
induced entry of tetanus and botulinum neurotoxins

into neurons

Marco Plrazzinl,' Ornella Rossetio,™
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Tetanus and Botulinum neurctoxins are di-chain
proteins thal cause pasalysls by Inhibiting new-
roa¥ocytosis, These nourotoxins enter into nerve
terminals via endocylosis inside synaplic vesiches,
whoses acldic pH induces a structursl ehange of the
nowrolonin molecule that becomes capable of
tranaioeating ita L chaln Inlo the eylosal, via &
transmambrane profein-conduecting channel made
by e H chain. This is the leas! undersicod step of
the Intoxication process primarlly because |t takes.
plnce inside vesicles within the cytosol. In the
presant study, we describe how this passage was
made accessibée tn investigation by making it to
ocour o1 the surdsce of neurons. The neurotoxin,
bound 1o the piasma membrane in the cold, was
exposed lo a warm low pH extraceliular medium
and the entry of the L chain was monilored by
measuring its specific melalloprotease activity
with & ratiometric method. We found that the neu-
rotoxin has to be bound to the mambrane via at
least two anchorage sites in order for a productive
low-pH Indueed structural change 1o take place. In
addition, this process can only occur if the single
inter-chain disulfide bond is intact. The pH depen-
dence of the conformationsl change of tetanus
nevroloxin and botulinum neuroloxin B, C and
D is similar &nd take places in the same slightly
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acidic range, which comprises that present Insida
synagtic vesicles. Based on these and previous
findings, we propose & stepwise sequence of
maolecular events that lead from loxin binding te
membrane inserthon,

Introduction

Tetanus and bolulism are caused by wo closely relaled
1ypas of newatoxing: tetants newratoxin [TeNT) and botu-
Imurn newrstoxing, which are prodused by bactena of the
penus Clostngim In seven diferent serotypes {abbrevi-
ated a5 BoNT/A to BoNT!G) (Rossaho. st al, 2006k in
additin sdwenal BohT varianis haws baan moshtly char-
gctarizad (Maorfishi &t al, 1998, Amdt =t ai, 2006}, TaMT
binds to penpharal maloneurons and migrabes refrome
anally ks raach and Block inhibitary intemeurcns of 1he
spinal cord, thus causing a spastic paralysis (Schisvo
af @, 19594), The BEohTE bind and enler geriphetal nerve
termingts, and causs & flecoid paralysis with Butomams:
sympioms [RBossetio of &, 2008; Johnson and Mon-
{Bcuces, 2008).

Thase neursioxing consist of two chains; the L chain
(50 kDa) amd (ke H chain (100 KD} Gnked by & sngle
mer-chain dsulide bond (Lacy efsl, 1998 Lacy and
Stevans, 1635, Swaminathan and Eswaramoarthy, 2000;
Kurmaran &t al, 2009 Mantal, 2010). The H cheln =
folded into threa domains. An N-tarminal 50 kDa domain
larmied HM hat, al law pH, nseds in the mambranse and
forme tranemembrane lon ahennal (Hoch stal, 1885
Porgvan and Middisbrook, 1588, Blaestain of al, 1087,
Shane afal, 1887). and which acle 85 & chaperone lor
1he mambrans franslocation of tha L chain (Koriazowa and
Mondal, 20053; Fegeher gnd bontal, 20078k Fisaber afal,
2008; Montal, 2010). The 50 kDa C-1erminal par of the H
chain is responsibéa for neurospecific binding (Bine and
Aummial|, 2008} and conssEts of wo 25 kDa dadarns: 1he
C-tarminal one & termed 'Ho-l' and the othar one &
lmrmed ‘Heo-AF, The laler is heghly cotserved, and has
bean propoeed to asslst the correct pasticning of HN
o the mwmbrane for e Sdseguenl mambhane
nzerion (Murero &t al, 3008). The He-C domain of TelT
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contams two closaly located sugar binding sites. whose
sirpctures wore  defined by Xeravs crystallography
{Fotinou &f g, 2001; Jayaraman stal, 2005) and bio-
charmical and funclional experimants (Rummal & ai,
2003, Chien et al, 2008; 2008}, Tip-1283 and Arg-1226
ara key residues of the lacloss and siakc binding sites
rogpoctively (Fummed of s, 2003), and wone {heredone
proposed 10 be tarmad W and B {Chen ar ai 2009); hara,
wa label them as W lacloss and R sialic sies,

BoNTA. /B, /E, /F and /G shase B conserved W
lactose sifte (sequence HAGIH . SXWY). which binds
the - aligossccharide  portion o - palysaloganghosides
(PEE) such as GDE or GTi0 (Binz and Rummel,
2008}, Tha R salic sde of BoNTE and /G binds tha
alpta-halical segrment 44-80 ol the luminal domain ol
the synaptic vesicle (SV) protein synaplotagmin (Syi}
(Mishili of al, 1906 Fummel ef o, 20040, 2007), while
the A osite of BoMTAA, 'E and /F birdgs déferen luminsi
segrmants of tha multspanning 5V membrane -profesn
V2 (Dang ef &1, 2006, 200B; Makrhold efal, 2006, Fu
atal, 2008 Rummel ofal. 2008) Very recent studles
hiave ravaaled that the He-C domains of BaNTC and /0
bind two molecules of PG at two dfferen sites, s
TalNT does, but that tha W lactese sie is nof located =
e same posificn (Aummal af &), 200%, Karghuailz
&! ail, 8010 Strotmeser efal, 2010; Zhang et al, 2011},
in adddion, 4 has been recenlly repordod hat e
endocytosts of TeMT and BoNT/D |8 mediated by Sv2
(Yah gral, 2000; Pang efal, 2011),

In lhe eylosel of narve lerminals, he L chans ceave
the SMARE proteins: VAMP/synaptobravin (by TalNT,
BolNT/E, /D, F and AG), BNAP-2G by BoNTA, /G and (E]
and syntaxin (by BoNTC) (Schieva er al, 1984, Rossetio
ot ail, 3006; Montal, 5010}, Buch an activity can be tested
in primary collures of central Nersoas SYSTeM NEans
(Kelier af &, 19089, Lall &t al, 1988; Verdario st ai,, 1999;
Slahl ef af., 2007 Mehutt e al; 2011) or in cell lings such
as phesthromooytoma cells (PC12) diferendlated with
narve growth faclor (MGF) in culure (Sandbarg & al,
19E9). Ales ading, he BalNTs & andocyioead nsids
SV, whosa v-ATPase proton pumg renders them acidic.
Low pH calses o siroctural change of the oxin moloasbs
wih the formalion of a trans-membrane  prodein-
conducting channed by tha H chain, which chaperons tha
untalded L chiain nio e aytosol {(Moniig, 2010). indead,
bafilomyzin 87, & spacific inhistor of the v-ATPass, bhocks
tha wnkry ol tha L chain inla thie cytosol (Simpson o al,
1884, Willlemaon and Meals, 1864).

Channal fprmation and rmamirenge  ransiocaton of
TeT end BoMTa hisve bsen siudisd with Dosomes and

plerar lipd bdayers (Bogust and Duflcl, 1082 Hoch:

ol al, 1B85; Donovan and haddiebrook, 1986, Blauisten
of g, 1987, Shone ef ai, 1887, Maenestrina sf al, 1888,
Fu gtal, 2002, Kordazova and Montal 2003; Pubar

el gl 2004;] or by patch-clamping spinat cord naurons
for TaNT (Boise of o, 1394), or PC12 for BaNT/A and /B
{Sheridan, 1998} or Meuro2A cells for BoNT/A (Fecher
and Montal, 20G7a). Using this latler approach it was
shon thal the BoNT/A H chain acls as a frans-
membrana chaperone, which maintains the L chain ;- an
unfolded siate durmng iranslocaton and reeases it afler
reduction of the disulfids bridpe (Fischer and Mantal
200Th; Montal, 2008; Montal, 2010). Although these
mieihnds have cast light on asweral moleculsr beatunes. of
the process, no information about tha efficiency of mem-
brana Iranslocation could be green as ihess approaches
manly. analyse smgle chennal evenls. On tha other
hand, tha lumen of the 5V inside the nerve taminal s
not accesgible o axparimantalon.

To study the membrane transiocaton of the closirdial
naurdloxing in meurans, we hme deeslopad & profocsl,
based on an experimen lirst performed wiah diphtherie
towin (Drapar and Siman, 1880 Sandvig and Olsnas.
1980; Colliar, 2001). Condifions wera faund thal by-pass
the 5V endocyloss step and Induce the entry of the L
cham disgcily from the plasma mambrsme, We used
primary cufiures of cersballer granular neurona (CGN).
which are almost exglusively compesed of neurons, and
ihe pheschamacylarna cell ling PS12, i he presancs of
maféomycin A1 to block ced intoxication via SV, Wa have
thus chitained sompeiing evidance (hal: ) bnding bo two
raceghons @ 8 Stnol pre-requisite for 8 productive bow pH
mducad conformational changa fofiowsed by membrane
frenslecation; (i) diferent nedodoxing changs struciune
and interacl with the mambrane In the same range of pH
visbues which mcludes pH af tha SV lumen pH; and (i) an
imtact interchain disulfdes bridge s essental lor the
daploymant of @ productive Ioé pH-induced infoxication of
LS.

Resulls

Low pH fails fo mdugoe e oy of BoNTA ang BolTa8
In GGN nevrans and PCOTE celis

To sudy the process of the low pH indeced mambrane
trenalocelion of the L chain of the closirdial reurotoxns
in tha cytosal, we bagun with BoNT/ AL which is the most
sludied fosin of 1his groeg, &8 0 s e one used in
human therapy (Davietow efal. 2005, Montecucco and
Moiga, H005). Wa lesied # on two vary diflerent lypes of
excitable calls: granular neuron from the cereballum and
the P12 cell lina. 1o obilain & mare genaml pictiee. Wa
used 8 prodocol hased on g binding step & 470 loliowed
by & brist fow. pH incubation &t 370, Figura 1 shows
that, in both ool types, low pH media did oot nduce 3
nigher cleavags of SNAP-25, the larget ol BoNT/A L
chain This result was unexpected &5 we would have
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inoutaiied with SofT0A |t phd o A oard Sobdin B) nl 4°C for 15 mn, sashed ond ecobaled &1 37°C wih bullens of (he indicabed pH valus
tanEcEan ) lor S, waengd again angd rubated foe 13 R with call culluie médaam in Mo prasencs (ke b, or phesnds |ppan Do) of
bafflemyrin a1 (100 ni). Coils wane fysaed and e SNARE proloins wire esimatnd by immunoblolling with specfio anibodos. (owar

parels]; SRAS-2S and VAMP-2 ware quantlisd by dersifomeing anakes, ard thek mios am ploties, tsting the value in
7 |uppar panale)] VANS wheeh is nol clagvsd iy BONTA 18 1Rken ag an adsena] percksd], Thie loear panik shos tha i

-ineceiend pells Ak
rilir] ohifined

In & reprasertatvn axpanmant, S0 valiies ars danyed freem thees ditannt cepermaents perlomed i dupkosios

anticipated thal SMAP-2E deavage woald have baooene
apperant in neurns expoged o acidic pH madia: We
Intespretad this finding as dusa 1o the antry of membrane
bourd basin via SV endocyhess 1aking place dukng the
fang mcubation at nautral pH, after the pH jump, needed
to allow the L chan 1o olave tho oylosolic SENAP-25
Consmtanty, 1! batieimycin A1 was pragant, no SMNAP-25
cleavaga was detected (filed bars in Fig, 1). Similar data
whare oblained wih BoWNT/B (s88 Fig §), The lower
affect of BoNT/4 in the pH 4.5 and 5.0 samples are
likaly 1o ba affribuled 1o & oo-produdive change af
structure of a fraclion ol the BoMTIA bound to the cell
surface, These data wese obtained using the uncleaved
SMARE. In iz case VAMP2, a2 an indermal Standand in
each sample -(VAMPZ for BoNT/A and SMAP-25 for
BoNT/EL This ‘mticmeiric SMARE' gquantdication . of
cleavage aliows consisient and accurste data 1o b gen-
armted a5 A effacivaly normakzes the diffarences in
S0E-PAGE lanes and différent éxperrments.

Lo pH Ineluces he TaNT-mediated ceavage of
VAMPaamapiobrevin

The sampies] axplanglion for he Jalbers of low pH o
induce entry of the L chain of BoMNT/4 2nd BoMTAE s
tha! tharo i not enough’ SVE o synmsatagmin on the
surdaces of COMN and of NGF differentiated PC12 celis
which i ponsistent with recent expenments (Yeh atal

£ 2011 Backeel Pubiishing L Cafuly Micraiaiogy, 13, 1731=1743

H010; Pang & al, 2011) and with the lack of ballimg of
nar-permeabilized CGN with an anfibody apecific tor the
wmienal domain of SW2 (net shown), The sole banding of
BolNT /A and BoNT/E 10 PEE via the W lactose sibe may
nad provids a sufficiently high*atfinity (Aumimeal efal.,
A0 to ansuma binding 1o naurens, B fhas is tho case,
kv pH |ump shotld be affective with TaT, which binds
twir PSG molecules via its W laciose and B sialic sitas.
Indead, Fig. 2 shows hal Beth call lings, whan expoged
to TeNT and than 1o low pH, In the prasence of bafilo-
mycin A1, exhibd an inomasng clsvogs of VAMP a5
the pH of the exlemel medium s lowered n the
absence of bafformyein A1, TeMT cleaved VAMP ima-
spietlive of e pH af the bultes of incubalion usad aflsar
tnding, &8 In the case of BoNTMA (not shown). Thes
rasul supports the irdomeratation (i a Slestridial nourn-
tokin hae 1o be bound fo the membrans vie wo binding
sites i omder fo undergo & productiva low  pH-drivan
sntry o he L chain inbd ee cylogssl. This regull was
umaxpacted on the bass of previous biophysical axpar-
mens, which have shown channal formalion by tha HN
gornain, devoid of e HC binding domain (Blewstain
atal, 1987, Hoch aefal, 1965, Shone afal, 1887,
Flachar gf & 2008}, The dflerance hare ig hal we arg
nat Iooking &l channei formation only, but 0 tha com-
plabir von] of chanmd farmaton pus L chiin fransiocn
lion thromgh e channsl. We teim thes elfect hereafter
the ‘two fesl on the ground’ effect
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cleavaga of syntaon and SNAP-25, the two substrates of
BoNTIC using VWAMP a5 infemal stindard, shenws o very
similer pH dependence. Flgure 3 also shows thel a frac-
tion of callular SNAP-28 and synlaxin appears to ba nol
accessible 10 deavage by BoNTG respectively Trom the
mada of eriry, La: via a low pH jump from the plasma
rTibrane or via endecytesis in the absance of balilamy-
cim Al {right bars ol Fig 34}

The comparisan of the pH dependence of tha affect on
cels ol TeNT, BoNT/C and /D indicales thal thess three
naurcloxing change conformation upon éxposurs ta acidio
pH in n gmilar wing, sugoestng thal the residees and
slructural slements invalved inthis etructural transition are
closety consansad. |t should be nabed thad tha range of pH
wakies 4 5-6 debermaed hard & hoghar than 1hoss deler-
minad using liposomes (Shone ef al, 1867 Menasirina
el al, FH8; Monkecoccs of o, 1989, Fuand Singh, 1999;
Fu &t al, 2002; Puhar &t ai', 2004.), monalayers [Schavo
elal., Y1) or glanar lipid bilayers (Hoch efal, 1505;
Danoyan and Middlabrook, 1986, Blausien ef &L, 1867)
whara the channal schvily was induced at pH 5 or lower.
This amphisizas the importance of wing & cell mem-
brane syatem to oblaln ligunas thaf are of significance for
fha &1 wive siuation, In fact, # shoud be nolad that the
4.5-6 pH interval laund here nchsdes (he pH vibes mas-
surad in he lemen of S8V (Miesanbock eral, 1998, San-
karanarayanan and Riyan, 2000},

Low M dnctines BaNTAS-mpdirled cleawinge of
VAMF/Enaplobrewvin &1 PO 12 cells siably exprassing s
prodein recsptor on e cell sudace

Thea ‘two leet on the ground’ ypothesis aleo suggests that
a cell rafractony to the low pH jump experiment due to lack
of g loxin proléin receptor Shoukd be rendared boxin
sensilive by expressing the approgriate proktefn recepior
on the plasrsa membrang. The: binding of the HeG of
BoNT/E ta the fragmenl 44-80 of Syl has been aharac-
terized in datail (Chai ar &, 2006, Jin etal, 2006), Thus,
Wi dacidar] by generalea POAE eall line Stably sxprassing
an the cel surface the BoMT/B receptor Syt segmant
1-140 finked via lbs fransmambrane ragion 6 0 cylosalio
EGFP o monitor expression-and fe locallzaton on the
plasma membrane, A poinl mutation M240 &t the
M-ermingd glycosylation site of Syt was insered = ordet
todwacd the fusion probain to e plasma membans rather
fhan to B (Han af af, 2004), PC12 colls wers fransfocied
with DMA encoding for this construct and examined by
Hpprescence micrescopy. |0 ordas & aveld possible ane-
trols dus 1o prolein overexpression, anly individual csils
sxprassing a modarate amount of Rinrescence on the
plasrma mamirane wen saocied and expanded, A& coll
line stably expressing the bussos protein &l the plasma
mismhrane was selacied and termed PC12-MN240 (Fig. 4)

£ 2011 Backeel Pubiishing L Cafuly Micraibaiogy, 13, 1731=1743
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When CGN or wild-type PG12 calls wers tragted wih
BolNT/E jas done belorg with BaNTIA) aither in the pres-
ence of absence of bafiloerycin AL no pH degendent-
cleavige of VAP with apparant |Fig. 5A), In contrast, the
) paned of Fig. 58 shows (hat In POT2-N240 oalls,
BoMT/B cleaves mare VAMP when exposed bo extemnal
acidic media. though the affect is not as avident as Tor
TaMT o BoNTAG and /D, A pravioeis report showad that
pratraatment of PG12 calls with PSGE makes tham mora
sensilve 10 BaMT/B (Jin alal. 2006). In agreement, we
fourd thatl the pra-incubation ‘of PC12-N240 calls wih
F5GE erhances the low pH affect of BoNTE {ceniral panal
od Fag. 5B, while the same pre-incubation ol parent PG1E
cells ks not aflective (right panel of Fig. 5C), Thesa rasults
sEGngly Suppart the ‘had heal on Ehe grouad’ inksérprela-
1ion, which can be extanded to BoNTIA and /E lollowing
Th recend findings obiained by axpressing SVE on ihe call
surlace of test calls (Feng f al. 2011)

The infer-chain distitfide bridge 5 Sssanla) for the low
BH mduced SNARE cleavage by closindlal newsolpeing

It hes g baen known that the conserved disulida bond
Imking the L 1o the H chain is essental for nesoloxicity
{Bchiave of &, 1990, De Paiva el &, 1980: Kigtnar af &,
18653; Sempson & al, 2004, Sl et &, 2009), Mooe recent
shudins pedormed with BaMTi and (E on Meuro 24 ools
hawve suggested that the disulfida brdge miost remain
mimct throughout the mambeana transiocation of the L
chain and thal prermsabune reducton ol the d@eulide bond
attar channal formation arraste translocaton (Fischear and
Wantal, 2007h), In accordsncs with these data, we fadand
that the treatment of TeNT, BoNT/C end /D treated with
DT prar to incubation with newrons as in Figs 2 and 3
abolishes the bw pH-dependent claavage ol their tagels
[Fig. B). This resuli suggests that the integrity of the inter-
chisin digalfida bond is mauired befare the L chain trans-
tocatlan, during ihe low pH driven struciural changa of the
clostridial reurobans,

Disgussion

The membrane translocatian of the clestddisl newmboding
from the acidic lumen ot synaptic vesiclas 1o the cytosol i
ihe igas) urdersiond of the Tour sleps ol their process of
manve terminal infoxication {Schiavo et al. 1884 Daviatoy
et 2005; Bing and Rummal 2009, Montal, 2090} Ham
we have shown that thase newrotoxing have 1o be bound

o fhe mambrans v two anohomge points, which

ensues @ high affinity binding, in onder 10 undergs &
productve fow pH induced conformatonal chanpe with
thn Tormaton ol a M chien protein-condecting chanml and
consequeent lranslocatan of the L chain in the cyfdenl.
This resull was not sxpected on the: basiz of previous
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results obtained with varioos model systems 1hel hod
shawn that the- transmembrana lan channels could be
foarmed by L-HM of HM, . 0 the absence o fhe Ho
binding domain {Hoch atal, 1985; Donovan and Middis-
brook, 1966; Bhwsinin of & 15987 Shone of &, 1987;
Fscher ef &, 2008). It could therelore have been pos-
gilla to envisaga thal; inside the 5V lumen, the low pH
ool cause the detachmant o s H chain from ok of
both its two recaptors before s penebratan Ino the lipsd
hilgyar. Hyeraphohic fuorescant probes binding (Pubar
=l ai, - 2004), membrane phaotclabelling (Monesuccs
gtal, 1968 and intoraction with fipid mondlayers
{Schiave & ai, 1991) had indicated (hat low pH inducas
tha expoaure of yodophobic segments-That prasumably
madiate the membrane nsedion of tha 1oxin, Mo impor
tanthy, the inlerpley between tha H chaln ion chanme! and
tha L chan of BoNT/A suggested that tha H ¢
a transmembrana chapannd (hi! conduces the L ohain b
the other side of the membeane (Korazove and Monal
2003; Momtal, 20140). These studizs ware performad with
mixdel sysiems nol direclly coupled 10 a feadod conse-
gueni fo mamborane ranslocation such as tha measurs

hiain anls as

ment of SMARE cleawage. The present data were
obtained with intact newrons using as assay fhe L chain-
misdiated cleavage ol ang (or two) SNARE. proleing,
emgloying as an intemal standard another uncleaved
SMARE profain, Such ‘SNARE mabormatric mathod' pro-
vides gquantielive data that cleady mdicate 1het, in arder io
be productive, (9. fo conduce to SNARE cleavags. the
1okl hag 1o B bound 1o he mambrate via v eosplon
during the low pH Induced conlormatanal change inarder
16 e arienlad cormectly with respect &0 the bilayer and
fomm & peotein-conducting chanred that-ia competent o
dalivar funchional L chain, This extands the double recep-
1or miode o inleracton of closkbdial reesiising with (he
prasynaptic membeana (Montacucoo, Y886, Momecucoo
ef e, 2004 Rummal afal, 2007 Bing and Rumrmal
2008) bt the low oH Indeced membrane inserion and
translocation of tha L chan. It appeans thal fhe chemigal
matiEa of the receplar is not 4 major delerminend ag the
Syl lumaenai doman for BolNTE, and the PSG for TeNT
BoNT/C and /T, smdarly ssppon intoxadion, Reoant
rasults have indicated the posaibilty thiat SW2 may ba the
peotain raceptor ol TeNT and BaNT/D (Yeh afaf, 2010
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Pang et gl 2011}, but this racsptor does ot aposar o be
mlovart lar their low pH-ndoced antny inte CGN - and
PE12 calls as we Tound that exposure 1o acidic meadia was
unabie to induce tha anitry of BoNT/A, whose protesm
receptar s SV2 (Dang & AL, 2006, Mahrhoxd & al, 2008),

Ancther slrict tequiremanl for a productve fow
pH-indused struclursl change of the closiridial neurobox-
ins s the inegnty of the single intBr-chain disullide bond,
H this is reduced. low pH does not lead 1o eniry of the ll
ehain inkd the cytosal 11 was known efore Baad reduced
TetT [Schiavo efsl, 18604 HWistner e &l, 1903, and
reduced BoNTIA, /B, /G, /D, JE and /F (D Paiva ol al,
1883, Simpson & al, 2004; Shi et &L, 2008) were nom-
tomic, bul # was nat known which of he mipxication staps
wis altecied, Expedments perfarmed an excised patchaz
of Meuro 24 calls idicated that this disuliide bond of
BoNT R and /E hid o redch intacl B cylosoio faco of the
mambrane for & comect daiivery of the L chain (Fischer
and Montal, 2007h: Montal, 2010). Tha dala prasented
here are fully consstent with these lindings, bul, in ads-
ton. they cleady indicala that the aarlier step of tha low
pH-ndueed stuctural chisnge of these nadretoxing doos
not take place in & cofrect wey when the iner-chein dis-
ulfida-band & seduced, This suggests that the two chains
ol clostrdial neumeoking et In & concertéd manner b
parform the low pH inducad toxin struckural change and
that tha inter-chain disullido band and the sublonded seg-
meants ol the L and H chains play sn essential role =@
mamivane mserion (560 balow),

A ihird imporant nesull oblained bang = thal the oonior-
mmaficnal changes of TeNT and BeNTAE. /C and /D ocourn
thar sarmty sEghtly acide range, and this inlerals of pH
waluas s gher than the pH valwes detenminad previously
In model systams. This 5 nod surprsing as liposemes,
planas Hphd bayess and monolayers mepresen drude
madels of tha narve plasma membrans. The presant findg-
ings indicete fhat an appropriate scodn-neuroral mam.
brens ineraction Is raquired for tha structural change of
tha toxin io eoour i a: productive way, This conciusion is
Pt supporied by Ihe facd (hal e e of pH values
datarmined here includes the values estimated to.be
presant in the luman of 5V (Miesenbdck afal, 1948,
Sankarenarayanan and Ryan, 20005,

The mterval of pH values found hera indcates that
functionad geoups with pla In the 458 range ae mpk-
cated, but thair identity s prasently. unknown, The fac that
thar inferval is tha same for four differam clestridial neune-
toming auggests that he residues &nd seqments nvoived
In their low pH dreen sthestuml change am conseryed
Wa have updaled previous sequence oomparisons by
including recently detenmined ssquences of ciostridiat
neirotoking (Fig, 311 Al viarianca from diphtharia toxin,
which anlers the cyiosol ffom the shghily acidet early
endosomes wpen protomabon of three His. esduss

{Colliar, 2001; Perner afal. 2007, Rodran efal, 2010);
There mia no consendgd histidings in the HM domam, while
thera are gaveral conserved carbosylate resbduss. The
pa valuas of the lateral chain of monomaric Aspand Glu
It ke ard aboul 1.8 and 4,4, respactivily, bul It is krkan
that the chemical environment of a residus may change
it pki condiderably, To estimpia the pKa values of con-
sarved carbaxylata residues, 'we have ussd the program
PROPEAID. (LI eral, 2005 Bes atal, 2008, Olsson
af &l 2011), which cangidars tha posdtions of the regidue
In the crystaliographic stnachure; our anakysis wes based
an tha sinickure of BoNTE becaeso this & avadablo at
nigher resolution (POB: 2MFPD) (Ches e al, 2006). The
pHa valees, which ame compatibla or closa to the pH
Imterwal determinad harg, are tegaed in Table 51 and the
cormasponding residues ere marked in red in Fig. 7, it is
nobeworhy (hat i) there o no consernved carboyiate
resadues In the He-O binding domein; suggesting that
does not paricipate directy nfo the low pH drivan strc-
fural change; (i) only one (Asp-B7T) is present i Ho-N
and It s wery closa ta HK; (iii) there are three corserved
carboxylaio rosidues in the L chain and ey aoe cheslered
n tha N-terminal ragion, n sgreameant with the poasibiliy
that the M tarminal segment datachss upon profonation
and anters imo e H channal, 8 sugpested mthe N o C
direction of ranslocaton postulatad by Monial (2010);
and (i) tha camparisan ol fe pka values of Table 51
suggasis thal the first residues to be protonated ere Glu-
643 and Ghu-48, The naviralization of the laker msidus
migy bring atoul & partial detachnent of the M-terminus of
the L chain which would be functional io its engagement in
the H channel, Togathar with Ghe-857, Glu-653 & part ofa
segment (meskded In pink in Fig. 7) predicied w Interact
with tha membrane (Eswaramoorby efal, 2004), and,
clearly, [he profonation ol hese bwo residuss  would
strongly enhance s hydrophooicity. 0 should be copsid-
amid hat what is snpordand hene @5 ha roldive values of
the plas end ihe fact thal tha initkal protonations can hen
mflance the pka values of fhe siher carboxylaies.
However, ha mast srcking aspect is that-almost &2 he
conserved carbowylate residues, wih. estimeled pKa
walugs close b0 or inchded in lhe mierval dolormined
nere, lie an one side of the malecule (compare Fig. TA
with B), meaning that the proten surface marked by the
prasanca of he hydiophabic disutfide band (s the ona that
bacomes ydriophobie upon lowsring the pH

Tha present resulls am very releanl with respect o a
set.af imporiard previous findings. Thesa are: (1) low pH
doaf nob induce mage sinicteml changes In BaNT/B
{Swarsnathan gnd Eswaremoonhy, 2000, Eswaramoar-
Iy afal. 2004). (i) tha high membrana intesragtion pro-
pansity ostamated lor segmend G37-060 (pink in Fig. 7)
|Eswaramoorthy st ai, 2004}, () thicredoxin reduces the
Intgr-chain disulfide bond of TeNT adsorbed on iposomes
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54



Results

Fig. 7. Surlace vime of BONT/S. (A} shicws the intirchain cisUfiod beidge-conaning surtace and panal (5] shows the anapasila ora.
Congeried residoes wit predicied pin betwsen 4.0 and 7.0V are coloured in red. Ganglicaide and symopiotagmin binding =ie ame highlighted
in rlnge nnd bhse reapecivels. The nter-chain disillde bond ard e sublandea teg betn st s colouned m yelios and ok yelkne

raepeciierly. Thil seghment B37—558 & in pink.

af bovine brain lipids 5l neutral pH but nof al pH 45
{Schigwvo &t al, 1880), and () this disuflide bond must
remain intacl unkil complate fransiocation of tha L chain
{Feacher and Montal, 2007b). They can be combined with
the present results In-a stepwise molecular madel for the
insartion of Ihe 1oxin o the membrase upon lowaring pH,
The first step |5 the binding of the loxin 1o bwo mem-
brane recepiors with Iocalization on the lumanal suface
o SV (BoMTs al peripharal nere 1aimingls and TeNT al
ceniral synapses). As tha limen pH lowears folicwing the
activity ‘of the v-ATPase, the dsullide bond containing
surgce of HN becomes hydroghoble by peotonabon of
conserved carbooylate mesdues (3 particular rola - pre-
dicted 10 b played by Qh-EES and Gl-857). This avent
promotes tha inferactan of this part of tha tomn molecule
with fhe marnbrans surlace and would bring the hydro.
phobie 58 bond in contact with the membrane surlace,
thus limiing #s accessibility - busy reducing agents
such as thigedosin, [l s then templing 1o sugoes! hat
segment G37-668 and tha [-hairpin subtanded by the
hydrophobic and polarzable d@sulide inar-chain band fin
weliow In' Fig, 7) are the first parte of the oxn molecule
thial penatrte o tha bpid bilikyer This haipin inoludes
charged residuss: e caboxylies can be neulralized by
protonation, while the positively chamed meidues could
b novtradised by mberaction wilh the negatively chargoed
head groupa of acdic’ phosphalipids, 2s- It has bean
shown 1o nocor with colicns (van der-Goot et al, 1983)
© 2011 Blackeel Pubiishing L, Cafulsr Micmbioiogy, 13; 1731=1743

Considenng (he length of the kwe HN ceniral halices and
ihet & menimam of tour transsnemibrang helices ara
neaded 1o form a channal, § can be speculated ihal. once
fying on Ihe membrane surface, ihe bwo long o-heices
temak in the middie and band fowards the oiher sida of
the mambrane, possily logether with pan of segment
E37-668 and with the accessory shorier -helices. Some
of the evenis of this sequence are highly hypoethetical, bt
are amenable bo sxpeamental lesting, and the oeliular
assay presenied here wil be exiremely valuabhe in this
Tespic],

Exporimental procedures
Reagents

Esiheriniy cal XLI-Blug was from: Stralngane ann pEGFP-NI
was from Clordech. Anli-VAMP2 Mab, anli-Syrilaxin Mah and
Crystar 550+ lnberted anti-Synapictagmn | {lumens domain) Mak
woen from Ejrup_il:&pqrm Pnl'rt!.mll anth EMAPES wan pros
duced by injecling i rabb# tha C-4amminal pepeda ARGRATHM-
LGEEE ol SNAPES conugatad fo keyhalk lymphat hasmocyanin
FAestriciion ereymes were rom Naw England Biolabe, HiTrap
Chataling HP. ECL Adwasiced were from OE HeaMeare Lis
Boence. TeMT, BaMTIA, /B, /T and /0 wens gurilisd 83 proviausly
desenbed [Share and Tranier, 1958). In soma expermants, i
NELFDEIKTS WEN mdm’jwmbnmﬁm L] rrM!:II'Tu_a?'G
tor 50min: The eompleda reduction af the hlﬁf-chph disuifirda

bornd was essessed by SD5-PAGE undar noncmiducng

GONEIRMS.
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Call gilturas

P12 weia plated anfo 100mm Pedn dishes and maintaingd in
FPMI suppdamecied wih 10% HS, 5% FBS, 2 mM L-atanyl-L-
glutaming (GittakAK] 100U mi " pencilin, 100 g ml " strapia-
mycin, 280 npml ! amphalerion B st 37°C n 0 homid oo bator
Whion stadad, PO 1S wer dilfemntiaied in BPRI 1% horsa saum,
2 GhaahaAk, 100 L mb panicling 100 jig mi-! strspiomyein,
250 rg mi-" amphotericn 8 it 53 ng mi-' NGF {Aloemgne Laka-
raledias, Hiaall i b caps

Frimary cullses ol ral cerabalas granule naumons (COME]
weana prepared fram - to 8-day-okd rois {Rigoni ef al, 2004}, and
oo an paty-Lelysime (Sigma) coated plales. Exponments wom
partamad afar -8 days from paating.

PC12 call ing sxpressing EGFP-mymapiotagmin |
Traganent i—i40

The DHA sequence encaiing lor ral synaplotagmin | Ikagment
=140 was purchased from Blue Horan Biglechnology a< a Xhat!
BamH1 lnearl and-subsequantly subclorsd Inlo' & pEGFP-AS
vechor (Cionlech), FOI2 cals wera barsfected using Lipo-
Feczaming 2000 (Invlinagent Balowing the manulaciumers insfruc-
ticeis and sslectsd with BOG pg i Genalitn (Invitioges), A
PC1E oal line expressing cyicsolic EGFP wars: genansied os. o
comtol. Indivitiaal oobs, choson oftar fuorascance: microscony,
wore sciatad and plaled. Stable clenes of P12 axpmssing an
thair surnca the chimane syraphsagmin-EGEFR protain (ROA2.
YT M240Q) and EGFF In their cyleged [PT12-M3) ware main-
el I sandard medium suppiemented wilh 50 g mi" of
Genslice,

oH jmp protocol

Antal of 100 PEIT calls werm saoded Inlo 12wl plales and
watrs ciflarisntinted with NGF foe ug ko B disys, Whee uzed in the
uriifférerssaind fomm, wild-bypa PC12 ar PCEZ-SYT N24O were
pated nlc Ye-well pates @l 107 cell per well 24 h bators the
mpanmant. CGENs wirn platad into 12wl plalesa 5 < 10° calis

par wall and ussd af the B8 di, Thi tay' of the aeparmant, calls.

wang Incubalad with oale in ice-Cocted MEM 10% FBSaH 7.4
vl bk ot 4°C o 15 min. Aller washing bwic with the same cold
imediom, pra-warmesd. medom A (123 mM MaClL 8w RKCL
D8 mM MgCl, 1.8 mM CaCl, 5mM NaP, EmM oo acid
B fimh glooose, 10-mkd NHGH, odjusted ot difarent pH ealues
w1 M TRIShasa, wis afdad and ket tor 5 min gt 3770, Calis
wharg: 1han washed wice with MEM and hudhar incubated in
MEM 10% FBS pH 7.4 conaining 100 nM Ballamycin A1 80 the
indhcabad femed. The iranslocalion of b L cless of ke vanious
reunatoaing. wis evdlusted lollawaryy teir specilic probsahdc
actvity {next secton),

Toin redaetion

TelT, BoNTAD ami BoMNT/D wan bresisd. win reduting Bular
{180 mb NGl 10 mbd NaH: POy, 18 mb OTT pid 7.d4) for B9 min
o470 Aoduclion was nssessed by SOE-POGE padommo
ureler non-eackicng condfons. Afler reduction, the nawohoers
wiaTa andad 10 calte &g arpesimes ol i pH ump wara per-
Tarmed a8 descrited st

immunatiating

Gells wane hegad with 100 mid Tri-HGI, 19 508, pH 6.8 con-
taining probeass. inhibilors (completes Mini EDTA-fres, Rochs).
Protain concentmbion wis detenmined wilh he BGA test (Pice
BCA protoin assay, Thoma Scisntic), and aqual amaurts wan
Ioqded orio a 4-12% MuPage:gal (Invifragen} and sapamted by
akcirophodssls In 1= MES buffar {Irmétrogan), Protens wane
tangtaried ondo Pralran rerccellulose mambnane (Whalmsn).
The imersitiades wens e safucalsd far-1 s PBS-T (PES01%
Twean 200 cormaining 5% ron-lal mik, inoubsted with. prenany
antiboddins {specific far BHAPZS, or VAMP 2 or Syntamin) for2 hat
room iemperohen of ovornight af 4°C, washed sroo times with
PBE-T and mneobated wih secondary  ansbodins  HAP-
conjugated. Afer tes washas wilh PBS-T, visualization was
cafral ool uging Ihe ECL Plis Westem Blofing Delection
Syabem (GE Healncars), Tha arount of ceavad VAME (TelT,
BT/ anal D) was gelermiined as a ratio with regpest 1o SNAP-
28, while the opposile was dona in i cose of BoNTA m
adition, in the case of BoM T/C, syriaxin was avalunbed ising as
Irfamal contral VAMESR,

Biplnfonmalic analysis

Towin sequencas wen dotieved fom UniProtkB cetabass -or
from GanHank  dalabasa [apcassion numbars P1084S (4},
BALIGNE (A1), ©O5BGHT (A2}, CALRXE [A3), ABAZSONE (A4),
CTBEAD (A5, PI064 |B), BUINFS{E], P18640IC) COLBET
|CDY, ASJGME (D), PI9321(00 QD0a6 (E). PIOSEG |F.
a0 (G, RIM958 (T1] Alignmant have been perloritesd Lsing
CLUSTALWS and lhon manuaily refired, Bori/B laleral chain pKa
predicion wan obfanad wil PROPKAZS submeing tha pob
sinetum 2P0 Tridmensional visualization of  BoblvB and
amminaackls mapping were parformed uaing PyMOL solveirs,
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Tetanus sl Datalinan neuropogins #i |I-'r‘.ii.l1ll‘ nere ternanats. aned, thenefore, they hine 1o ranshddals
acmoss 3 memnbeane fo reach ther fargets. This trarslocabion is doveen by g pH gradsent, acidic on the
cis side and neutral on the cyrosol. Becently, 2 protoml o indure tremslocation from the plasma mem-

Brane wias estabiished, Here, wie hine bsed thes approach to srdy che femgperaiure dependence and ol

Frywnis:

Roanilsdim neansoxis
Hoauiizis

Telama

Telans nearoboin
Tifta Dourss

vorse al the entry oF the L chaan ol etaus tewrctoxincand of Botulnum neorotooans g C and D sieoss
the plasma membrane of cerebellar granular neorons: The bme oo of Eranslocation of the L chain var-
tes for the three neurniomins, but it nemains in ke mnge of minstes at 37 °C wilst it @akes moch bonger
A 200 BONTRC does non ennes peanons ar 20 °C Tramslocasion akso depends om the dimensicn of the pH
gradient, Thise daty i disdussed wills reapect 1o Hhe contribution of The meibesne trandlocation stepls

the totad fime fo paralysis and fo the bow boccty of these neurotoxing in cold-biood vertebrates:

1. Introduct bon

Tetands is cavsed by the letanis neuratoxin (TeNT] which i
produced by Closeridiven detand | Ll TeNT bnds to peripheral moto-
nearons and migrates retroaxenally to enter inhibitory intermen-
roms of the spinal cord where it bocks neamtransmitter release
CALISINE & spastic paralysis [2 ], Atvariance, the batulinam reurotos-
Ins {seven serofypes with many varants: BoMTIA to |G act mamby
on peripheral cholinergic nerve terminals [3.4). TeNT and BoMTs are
magde of two chains linked by a sioghe infer-chain disulfide baond:
thie L chadi {one domain of 50 KDa) and the H chain | 103 kDa, thres
dumaing) [15-9], The C-terminal hall of the H cham (B ] is respan-
sible for neurespecific binding [10] and consists of two 25 kla da-
maing; the M-terminal cne is highly conserved, and has been
proposed to assist the correct positioning of the toxin on the mem-
brane for the subseguent membrane Insertion via binding FIPs
[ 11,82], The C-terminat 35 kDa domain of He of TéNT, BoMTC and
D were recentty shown to harbor two petysialoganglioside binding
dites |13-19]. This s a unique leature amang the clastridial neura-
toncims [ 14020 and it albows them t band o the nevronal membrane
in sucha way that exposure to lsw pH is sufficient b induce their
entry into’ the membrane with rranslocation of the L chain into

= Conesponding authon Addiess Depanment of Bimedicd Sl Via G
Coifamiles 3 - 3513F, Paluva Daky, Fas: #0045 0376040
J-myd fidreary erumrennircaritgmal o, rveen e inoiodiinimd
| Whmstecyern]

[ 201K - ser Do maimer © HHT Eleeviar e Al ight s resareed
Tt driw e e LU b 20834, 81 D

M Elsevier Inc. AR righes resenved

the cytosod [Z21], This is nof the case of the other BoNTs which re-
quire the presence of their protesns recepears | 10|

Alter bending, the BoNTs are endocyosed inta an intracetialar
compartiment whose luminal plis acidified boa v-ATPase proton
rump, which i ecifically inhibited by baflomycin At [22,27).

Loww pH incluces the N-terminal half of the H chain [Hy) to insert
inta the membrane with Fiemation of a transmembrane lon chan-
nel [24-28]. There [s evidence that Hy acts as a chaperone that as-

_ilsts the rranslecatbon of the L chain into the cytasol in a process

dependent on the tranamembrane pH gradient [229-330

In the cytosnl ol nerve terminads, the L chains cleave ane ol
the three SNARE proteing; VAMPiiynaptohrevin [y TeNT, BoMTf
B, /0, JF and (G) SMAP-25 (hy BoNT(A. [C and {E) amd syntaxin
(T BaNT{C) [34-38),

The Intexication of rerve terminals by TeNT and BalNTs can be
aszayed noneunons [37-43), but the process of membsane transi-
catkon Frdm the bow pH intracellular companment s sor accessile
o ivestigation. Recently, methods fo bypass Lhis entiy process
amel mduce the translocation al the L chain Fromm the plasma mem-
hrane have been desisex] |21,28) Using this approach, we have
made an extensive analysis of the time course of the membrane
translocation of the L chains of TeNT, BoNTiC and 11 and have
found that at 37 °C the mansbocation of the L chain from the cell
exrerior o the cyrosol Is very rapid, i.e. 1T gooues in minmes. Trans-
lpcatian is stronghy temperature dependent and virtsalky ne ranms-
lpcatbon takes place at 20°C
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2. Materials and methods
1 Towins

TeNT was isplated and purified from supernatant of C cerand as
previowly described |44 BoNTIC was isolated and purified Fom
supermatants of Clostridiem fatufmem strmin NCTC 8264 as previ-
ously deicobed [45], whilst BoNTM {derived froan strain 1873)
was prodiced in Eschenchin roli and purified as described [46),

220l culiupes

Primary coltures of rat cerebellar granule nevrans (CGNs | were
preparedd from G- to B-days-old rats. Cerebella were mechanically
disrupted and then mreated with trypsin (Sigma, 800 pg/mi) in the
presence of Dhase | (Sigma, 100 pgiml) Cells were collecied and
plated into 24 well plates coared with poky-i-fysine (50 pg/mL] at
a cell denzity af 3« 10° cefls per well, Cultures were maintained
&l 37 0. 5% 00y, 95% humidity in BME supplesménted with 10 feral
bovine serum, 25 m3d KO, 2 mM ghutamine and 50 pe/mb genta-
mycin Toarrest growth of non-peeronal cells, cytosine arabinoside
{Sigma, 10 ph) was added o the medivm 18-24 h after plating.

2.3, Assay af SNARE clenvmge in CGNg by tetanus and Botulimm
neieranahivs miter tropsient [ pH exposure

Cells wene incubated with taxin in ke-cooded MEM 105 FBES pH
7.4 and left a1 4 <C for 15 min, Alter washing twice with the same
cnld medium, pre-wammed medium A [ 123 mM N0, 6mM KO,
GEmM MaCl, 1.5mM Cacl;, S5mM NaPy, SmM otric acid,
5.6 mM glucose, 10 miv MHALH, adijusted at pH 7.4 (pasitive con-
trodl PCL 5:5ar 4.5 with 1 M THIS-base. was added and left for indi-
cated times ar the indacated temperatune, Celis wihere then washied
rwice with MEM and Turther incubated & 37 °C in MEM 10% FBS
pH 7.4 comtaining 100 nM. Bafilamycin AT (Sgma) for 12 h The
transbacation of the L chains of the various neurodoxins was svaly
ated fallowing their specific protealytic activity by immunablet-
ting with anti-SHAREs antibodies,

24, Immumsobioditng

Celts were lysed with 100 mM Trs-HCl, 1% 505, pH 6.8, con-
taining protease inhibitors (complete Mimi EDTA-free, Roche), Pro-
tein concentration was determined with the BCA test [Plerce BCA
protein assay. Thenmo Sclentific), and equal amounts wese loaded
anba A= 12 NaPage gel (Inviteogen ] amd separated by elecirophio-
resis in 18 MES bulTes { Invitrigen ). Proteins were Lhen transferred
ante Protran mitrocellulose memnbranes [ Whatman ) and then satu-
rated Tor 1 b oin PRS-T (PRS @15 Tween. WY containing 5% non-fat
milk, Encubation with- primary - antibodies: specific for VARMP2
{monoclonal. Synaptic System, Germany ), for SHAFES [21], and
for Syntaxin 14 [47] was perfonmed owernight ar 4 “CC The mem-
branes were washed three tmes with PES-T and incubared with
seconclary antibodies HRP-conjugated. Finally membaases wene
washed several times with PES-T apd wvisualizateon was carmed
aut ugng Lumimata Crescencda (Meccke Millspare),. The ameowns of
cleaved VAMI (TeMT, BaMT/D) was determined as a ratio with m-
spect b SNAPLS, whilst in the case of Bab1!C SNAIFES and Syn-
tanii cleavage was repormed a3 a ratio vs, VAMP

3 Resuls
A1, Translocarion of ife TeNT L ciin info e

It is wll psiablished that TeNT and HalNTs enter imto neree ter-
minals wia endocytoss inside ackdec comparmments, but the malec-

ular mechanism of membrane translocation of the L chain remains
Il known. Recently, the L chain was induced to enter Into nerve
terminals from the plasma membeane with a protocal that by-
passes edocyrogis-and imalves the exposure af the cell surface
ouml toxin fo A law pH mediom [ 28]: b soch 2 way several
parameters of the process can be determined. Here, we have used
this appraach te study the temperature and time dependence of
the membrane transtocation of the TeMT, BabT/C and /I into pr-
mary cultures of cerebellar pranubar nedrons (CGH) which are
hilghly sensitive fo neurotoxins. These thiee nedrateing were cho-
sen becaute they bind 1o twio polysizlezanglioskdes and therelore
canenter intd cells at Iow pH withoet tee requirement of cell cul-
ture manipulation o expase the synagtic vesicle receptor | 28],

Fig, 1 shaws that the L chain of TeWNT enters the cytosed of CGN
within minutes of exposure at 37 7. as dedoced by the fact that its
metalloprotease L chain cleaves the same ameunt of VAME as that
cleaved by controts where the toxin was allowed 1 enter via (s
mimal endocytic rowte wikich invalves synaptic vesicles in nei-
rons ol the central ménious systém [3948], In prebiminary expert-
ments we had established that an incubation time of 12h at
47 *C, in the presence of bafilomycin A1 1o block the normal endo-
cytic route of entry, was sufficient fo achiove maximal VAME cleav-
age and therefore the read-out time was nat limiting. The mumber
of L chalns which are transiocated in the cytosol 5 sHghtly higher
when the external acid pH was 4.5 than when it was 5.5, This s
e o the (2t that TeNT maust be protonated o inserl inlo the
membrane and at the bwer pH o wallee a higher propaciion of the
profonatable groups are titrated.

Membrane franslocation is much less efficient at 28 °C and i is
prevented ar 20 °C. This latter finding is important because it con-
tnbutes b0 explain why oold-blood animals: like -reptiles and
amphiblans are poorly sensitive o TeNT [48-51].

3.2 Trwnsfocation af the BalNTC L cfrain o mearons

HeMTIC is the anly BoMT, which cleaves two SNARE proteins at
the same time: it cleaves both SKAP-25 within its C-terminus and
syntaxin close fo the ransmembrane segment [9.34,36), The kow
pH driven translocation of BofTIC into CGNs ks different from that
of TeNT | Fig. 2). In fact rhis neurotoxdn shows 2 samilar time course
an 37 A bt B is aneMective at 28 °Ceven wihen it was expased 1o a
miedinm of pH 4.5, Thas halds true for the assay of syntaxin cleav-
age as well as Tar that of SNAP-25 (kelt panels of Fig. ). As the
cleavage of a SHARE protein depends an both the number of L
chain that reach the cytosol and oo their metalloproteolytic turm-
over number, a strict comparsson amoeng different nedrcioxins s
ot warranied. However, the extent of difference 18 remarkabe
arud data obtained wills e same LoKin type témain conyparalie.
BalNT[C has been associated with outhreaks of botulisom in birds
[3.4,52] and it is tempting (o associate this fnding to the fact that
birds hawve a higher body femperatore than mammals BaNTc
coulel have been modified through evolution to act in animals en-
dowed with a high body temperature.

3.3 Trowsfocaiien af 1he Bol D L chabil info seurons

BoNT(D is the most toxicof the BalNTs and this high toxcity is
paralleleel by s actwvity af mewrms in culture. Fig. 3 shows thar al-
ready at a concentration af (LG5 nM the Large majority of VAMPFZ is
cleaved by the L chalns that have translocated across the plasma
migmbrane within ome minute of exposure at 37 "C. Even at 20°C
[all el the cebl content of VAMPY (s proteclysed (n the samples ea-
pased tooan external pHoof 45 for 10min, These results indicate
that the membrame translocation of the L chain: of BaNT!D @5 very
rapicl anel has an apparent lower temperature dependence than
those of TeNT and BalT(C.
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4, Discussion

The main ;:en-?ml resalt presented here 15 that the membrane
rranslocation of the L chain driven by a wansmembrane pH gradi-
ek, acidic o the wmsin side, is very rapid and i s complered with-
b eminutes ab 37 70 Given (e lasge semictural similariny among the
known clostridial nearotoxin |7, tles conchision may be extamsded
to the ather neuratoxins, but this remains b be nvestagated, Tot-
anus and botulsmn dewslop over many henorsidays Froem indboxica-
tion [1-4}. Adso inbexication af the hemidiaphragm preparatien
of of neurans i celtore fequire at least hall an howr or pa: owss,

respectively. The present results indicame that the long pernind of
uime between toxln application and blockade of nearotansmitter
release caused by SMARE cleavage cannol be attobuted te the
membrane translocation siep. Most 1Ekely, the hme reduired (o
cleaye 4 substantial Faction of the SNARE prateins takes the Larges
part of the time fo intbxication e vigre and &0 viva,

The experimental system used here offers the possibiliny of dis-
secting the low pH driven membrane ranslocation step, bt re-
duires thar the nan toxin receptors are exposed on the surface
12t Another aspect that has to be conskdered Is thar irs read
Ol L tee extent of cleavage of the SNARE prideln rasget, de-
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pencls on both the pumber of L chain translecated into the cytosel
and on their catalytic activity, The latter onivical parameter has
been analyzed in a scattered series of smdies for only some BoNT
twpes and always using amificlal substrates in wira [14,53-58]
anmdl peyer an the sanee teme for e three oxing wsed hege. Maore-
over, ane dies ol know 0 what an extent the enzyme kioetics
data abtained in vitro cin be franslated Do e i vive Sitoation
as the membrane environment amd other parameters can change
substantially the kinetics [5%]. Therefore, the data ohtained here
for the same toxin at the different temperatures are homage-
neous, bt the comparisen of those ohiained with the different
toxing is less stringent. Within this limitation, some dilferences
af passible hiological relevance have emenged. TeNT, BoMTIC and
BalNT/D differ i the temperalure dependence of the membrans
transtocation of their L chains, BeNTC does not translocate ot
28°C and this property may be correlated with the fact that this
BaWT serotype 15 associated o outhreaks of botulism in birds
which have a body temperature of 42 °C. As a certain degree af
L chain unfalding is believed mo be imvodved in membsane transio-
cation |9, 1t Is possilde that this toxin is the resul of an evalution
that has led 1o the long keown higher resistance of BoMTC (o
temperature |[§0]. On this line, the present finding that the action
af TeNT is very limated il newrens are exposed to bow pH at 20 °C
fits in the well-documented temperatune dependence of the TelT
sensitivity of amphibians and reptiles [49-51] Howewer, the out-
came of i vive fotlcity experiments s the results of several steps,
including tissoe destributhon, binding, endocytosis,  membrane
transbocation and enzyimaric cleavage of SMARE targer, whilst
the profocal employed here selectd out only the membrane trans-
locazion step,

The extent of cleavage of VAMEP2 by TeWT and HaNTD ar 28°C
imiddle panels of Figs, 1 and 3} in the samiples incubated for
10 min at pH 4.5 s similar to the one achieved under the optimal
conditions af incubation without bafilomycin A1, whilss a signifi-
ity lawer pxtent of Cleavage was found ot pH 5.5 This is coneis-
et wilth the possibility that the pH ol the hmen of symapdic
wesicles i dioser to 4.5 than to 3.5. This interesting possibility de-
serves tr e studied with derect mesthods,

Further studies involving the otheér BalNT types ane megained to
Tally sabstantiate the relevant podnts that hinee emerged from the
present study, But-one conclusion that appears 1o be extendatle
to all the clrstridial npewrationins 65 that the membrang transioca-
Hon . step al 37 °C is wery tapad and shendd sat be eonsidecsd in
the attemnpt 1o explain the kang Loy phase exiting helween taxin
expesizre and bockade of neunotmnsmitter release with the devel -
apment af a newroparalysis
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CIULE P by cleaving SNARE ins within the oy i

of merve terminaks. They are endocytosed Iuﬂe:ﬂﬂl:nﬂdﬂmdﬁepﬁpﬂeuamﬂwm

Accepoed I November 2012
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Riwanie

Metnminmn

brane drives the mranskecation ol thelr memBoprotease | domain in the cytesol This domain s
Timkedd fo b rest of the mobecule by 4 single ingerchain disulfide bridge (hat has oo be oeducmd
an the cybosodic side of the membrane (o free its enymatic activity, By using specific inhibitors of
the variows cytosalic protein disulfides redscing systems, we show here that the MADPH - thiored oodn
reductase-thinredexin redox system is the main responsible for this disulfide reduction. In additon
wr indicate avranelin, as 4 possible basis lor tse design of sovel inhibitors of Dsese peurodexing,

@ 2002 Pederation of Enropean Biochemical Socketies. Published by Elsevier B, Sl rights reserved.
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Mhirriliais traiialocation
Thenpegkxin

L. Introduction

Bacteria of the genus Costridium produce one fetanes neuro-
towin (TeNT) which causes the spastic paralyss of tetanus and se-
wen different botolinum nevroroxins {Bob A, (8 (C /D, JE JF, and |
] which cause the flaccld paralysis of batulism | 1], They differ far
antigenic properties and for their intracellular @rgets |23) They
have 4 similar four-dormains structure [4-7] which makes them
capabile of entering, ¥ia a four step mechanizim, U cytosed af nerve
terminals {7-9]. Only the N-terminal domain of Sk, termed L
chain, reaches the cytazal where it Ceaves the three SNARE pro-
teins which form the core of the neuroexocytosis apparatus thus
blocking neurstransmitter release causing paralysis [10017], Teta-
nus has been 3 magr Rlller in the past, but nowadays It is pre-
venmed by a very effective vacose except for those countres nar
prowided with an cperativie system of preventive medicise | 12),
Bogulimer neurotoxing are 50 toxic 10 bamans |MLID 8 o che
range ol 61.3-1 nefkg! as m be considered for potential wee in hiot-

Shbrevirioes AR auanofin ATO. ansenic mmide: fokT botulimomn soers
e, HSOL birttioedne stifesinane. COW, cetchellar framike eowun. TeT, felams
niiesEn

* Cnnespoading author. Fac <38 48 0ET G0H4E,
Fnal ol resrr mamiemooaSimipd i (O Mmoo,

errorismm [13], bur, af the seme time, they ave currently used as
therapeutics Lo treat a nurmber of human symsdrames characterzed
by hyperfunction of peripheral perve. terminals |14=16], Human
botulism is rare. and it follows the ingestion of BoNT contaminated
foad or of spores of neuratoxigenic Clostndia, contamination of
wounds or excessive dosage during cosmetc treatments [1.17)
The duration of human bowlism depsends on the amednt and type
al BalT, with BeNT/A amd [C having the longest duration. and
BoNTE the shortest [ 1,1E,191 This situation calls for the develop-
mient ol novel dregs that can counteract TeNT and BaNT acton by
affecting any of the four steps af the mechanism of intexicatian: (a)
hinding; (b) endocytosis; (c] membrane manslocation and (d}
metalloprotease cleavage of SMAREs, Before their binding to the
presynaptic membrane of neurens, the wxins are best pewtralied
iy epecilic anri-toxin antibedies [2021] which grevenr e fist
step of the entry of TeNT aml BoNT into Their Largel meurons.
Carrently, several grougis are attemmpiing (o block any of the three
subseguent steps [22-30],

The prosent knowdedge on the mode of membrane transiocation
of these neuratoxing is summanzed in & model which envisages
the insertion of the Hy demain into the membrane of the acidic
tosin-rontalnlng vesicle to foom a don chanmel which aces a6 a
chaperoe assisting the unfdding and rransiocorbon of the L chain.
wiliich remaind linked to the Hy domain ¥ia o Segle inferchain

igila-5 2206 00 = A3 Federaron of Furspras Bischemical Societes Balillihed by Bavler B Al sighis reserand.

T e vt g U 0 F 006, Eebrsbert 0 1 00
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disalfide bridge [7.37.32]. The L chain then refalds at the neuatral
pH af the cytosol and deraches following reduction of the inter-
chain 55 bond by an wnknown reducing-agent of the cytosol (321
Am Nt 55 bond s etsential fee neorotacity [33,34) and for
trarsbacation al the L chain and it must be recloved on the cytasalic
sidle |12,

There are several dusalphide bond reducing systems in the oyto-
sol af cefls [35,36] and, here, we have used a pharmacobojscal ap-
praach w identify which of them is imodved in the reduction of the
interchain 55 bond ol TeNT and BoNTs. At the same tinbe, this soudy
T sdentified a mabecule, wiich may lexd 1o novel dougs ellective
Tor the treatrment of tetamus and botulism palientd.

2. Materials and methods
2.1, Reagerats

Aurancfin, {1-thio-g-v-glucopy ranpsatoariet hyfphos phinee gobd-
23 A6-tetraacerate) B50 [buthionine-sulfoximine), ATD (drsenic
trioxide), KAuCL, | porassiwm errachloroawrate] 1) hydrate ), cODP
{oisgplatinl, cytosine arabinodide, DNASe |, paly-c-lysine, were pur-
chased rorm Sgma Aldrich, Anti-YAMP2 Mab, anti-Syotaxin Mab
were from Synaptic System, TeNT, BoNTiBE, and JC were purified
as previously describes) [37.38] whilst BoNT/E was produced fn
Escherichia coli via recombinant methods as described [39]

22 Cell cultures

Prirnary cultures of ral cerebellar granule neurais (CGH) were
prepared {from G- to 8-days-old rats [40], Briefly, rat cerebella were
firstiy mechanically disrupted and then trypsinated in the presence
of [Mase 1, Cells were collected and plated into 24 well plates,
coated with poly-c-lysine (50 paiml ) at col! density of 3 10° cofls
per welll Cubtures were makntained at 37 C, 5% 00x 95% humidiny
i BME supplemented witly 10% feral boviee serum, 25 mb KO,
2mM glutaming an 50 ppim] gentanncine To arrest growth ol
nan-newrenal cells, oytosine arabinaside (10 pM} was added to
the medium 18-24 b alfter plating,

2.3 Assay af ihibdiars of the intoxicarion of COMs with receaws and
botlimum peurofoxing

DOMs were ihed ar B-B div, Cells were pre-incubated with AF or
BEC pr ATO ar cisplatin or EAuCl; at increasing concenirations in
BAE 10 FRS, 25 mM KCL and kel for & bag 37 C and 55005 Then
the indicated toxin was added and left Tor 15 min at 37 °C, There-
afrer, the cefls wene washed with BME in order to remowve the toxin
amnd the normal culmre medium was restored with the indicated
canceniration of inhibitor for 1250 ar 37 °C. The mranslocatiodn of
the L chains of the wariows nearoloxdns was evaluated Following
Hezir specalic pratesiylic achivily by immuncdlalling with anti-
ERARES antibodses,

24, Immunnbiaiing

Celts were lyaed with 100 mbd Tris—HCL, 1% 505 pH 6.8, contain-
Ing protedse inhibitors (comgpléte Minl EOTA-free, Roche). Proten
codcEiralion was determined with the BCA best {Pierce BCA pro-
tein assay, Thermi Scientific), and equal amauns were |losded oanto
@ 4- 15k NuPage gel [invitrogen | and separated by elecraphoresis
in 1= MES buffer (Envitrogen}. Prateins were then transfermed onio
Protran nitroceilulose memibranes {Whatman] and then ssturared
for 1 h im PHS-T (PES 01% Tween 20) containing 5% non-far milk
Incubation with primary antibodses {gpecific for VAMPZ and S¥i-
tasiin 1A was perfarened overnight ar 4 °C The membranes wise

wished three times with 'BS-T and incubased with secondary anfi-
sodies HRP-conjugated. Finally membranes were washed several
tiemes with PBE-T and visualization was cardied oul wsing the Lumi-
faka Crescensdn [Merck Millipore) The smount of deawed VAMP
|TeNT, BoRT/R and [N wad determined as a ratio with réspect ta
Syntaxin 1A, whilst the opposite was done in the case of BalT]C,

25, In vitro protealytic acrivity

TeNT and BoNT(D (2 pg) were treated with reducing bufler
(150 mh Wall 10 mi Nali;POw 15 mbd DTT pH 7] for 30 min
at 3740 The activated ks were splid iote different tubes and
in hatf of themm AF was adeed |1 pM final concentration), Five
micragrams aof recomibinant GST-YAMPE was added in each mbe
and the reaction was left for 2 b ar 37 °C, SNARE cleavage was as-
sessed by Comassse stalning in SDS-PAGE.

26 Winbility test

CGNs were seeded ina 96 wells plate at a cell deénsgdty of 107
cells per well, Alter G div, different concentration of AF, ranging
Froam 0 to 10 pM, were added and left for 24 h. Neurans were then
washed and MTS assay ( Promega) performed acoording to supplier
Indication. Absorbance was recorded ar 490 nm using a Spectra
Cont™ plate reader {Canberra Indusiries, Meridien, USA} and cell
widbality Bas Deen reporied a5 percentage v, man-Lreated negoons,

2.7, BaNTJI} LI uxsay

For in vive experiments. Swiss-Wehster adult male OO mice
weighing 25-30 g were used. Mice werne housed under controdled
lightidark condithons and food and water was provided ad Lo,
Al experiments were performed in socondance with e ltakian
puidelines, bow no 1161952 and were approved by the Animal Eth-
ical Cammittee al sur Universty. AF was dissolved ina stock solu-
tion with ethanol, Mice were ip. mijected (injection volume 250 pl]
with 12 mg of AF per kg of body weight or with the vehicle {0L0%
Matl}l, Amimals were incubated for Gh before the ingection of the
Indicated dose of BoNT/ diluted In 0.9% Macl (injection velwme
250 plp Thee antmals were monitesed every 3 0 lor 96 alver
wehich U e periment was considered snded.

A& Esttmmtion of thiorednaires reductase ooty

Thioredaxin reductase adtivity was assayed as previoushy de-
scribed (41 ] Bricfly, 0.1 mg of coll cxract was tested at room tem-
perature in 0.2 M MaK-phosphate baffer {pH 741 supplerented
with 2 M EDTA and 0.4 M NADPH. Reactions weie stared adid-
ing 2 mb DTRE and its reduction was [alkeeed speciraphatoneel -
rically at 412 nm. Valoes after 1 min after start had been reported.

3. Resules

Fhe miapor progedn disulfide reducing systems af the cefl cyrosal,
In addition o the glutathione pool. ape the NADPH-thioredoxin
reducrase-theoredosin (T system {35] and the glutsthsene-glur-
aredoxin Systerm |36), They are inapdicated in controliing a variery
of cell fundions aliered in a meidber of huaman dideases [d2].
Accocdingly a large number of drng: have been developed o be
pvalizated as candidate dnggs for clinical wse [4344] We have 1a-
ken here a pharmacobogeeal approach and used a set of inhibilars
of these cell disulphade redscing system o identify which of them
|5 kmplicaned in the redoction of the imerchain disulphide bond of
closersdial neursoging, a rediction that rakes place in the cytosod
j32-34).
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Buthionine sulfoximine (BS0 and arsenic trioxdde (A1) are
well characterized for the depletion of the cytosalic pool of gluta-
thiome [43 44), Uider conditions in which pesidual GSH of cerebel-
lar pranubar nearons was lovoered by these dougs below 205 of the
normal cantent, ne effect on the VAMEP2 cleavage indoced by
HoMNT (D and TeNT was obsereed [Fig, 51 A and B, indjcabing that
peither GSH nar the glutathione-glutaredaxin sysbem play a rede-
want rode in the process. This negasive result Beft open the passibil-
ity than the Tre sywstem might be implicared.

Several inhilitors of the T system are avallable, incloding cur-
cumin asnd ather favonoids, cisplating KAGCL;, bul the most specilic
one 1 auranofin (AF) [45]. An altractive Teature ol AF i that it s
currently used in the treatment of human rheamatoid art hritis
[44] in agldition to being considered for the treatment of differene
forms of cancers and HIV infection [45A47]

Fig 1B shows that AF protects cerebellar granular newrons from
thie action of different doses of re@nus mearodaxin (TeNT 1 and thar
aboit 1 M AF canlers a Tull protection against TeNT intoxication
[Fig. 1AL measured i cheavage of VAMP-2, whibe if doed nol allece
cell witality {Fig. 521

The inhibitory effect of AF is not limited to TeNT as it protects
CLH from the cleavage of VAMP-2 induced by BaNT/B (panel &
of Fg. 2] amd the deavage of syntaxin 1A induced by BoNTC
(Fig. 2L It is noteworthy thar AF protects the incoxicarion of
CGN fram different neurctoxing in the same range of concentra-
tions. This is consistent with an attion of AF on the seme sep of
the intexicatian process. Auranafin i reported o be very specific
for T [41,48 49), however we tested its ability 10 inhibit the T
ol CGY, Fig. 53 shows that the same hodds true fior the neurons used
here. The different range of concentration values found for the
innititien of the activiog of the nearotoxins and for the Trx inhdbi-
tion could be arcributed o e different permmeabdliy of the plasma
membirane of AF indilfesent cell lines (o 1a the different acrivity of
T in different o=l types) [41]:

I addition fo syntaxin, BoWTIC cleaves SNAI25 |S0]. However,
we coithil not guamtify the inhibitony acvity of AF on the action of
BoNFIC on its second substrate because AF interferes. with the
immunshlorting assay of SMAP-25 cleavage used here. As AF inter-

A
s L
E T
£g
5% ;]
-
o]
I ¥ e
#0F gk ar g N

STEIA -— e —

VARP] - ——_—

acts with selenium and sullur conraining compounds, it might a5
well Inberact with the cyssedne quarter of SNAP-25 after cell solu-
bilization. In vive, this does not ooour as AF 5 nol optotoxlc o new-
rans, and no AF nedralogical side plfects in humans have been
reparted. This difference i likely to be due ta the Fact that the
SNAP-ZS cysteine quoartet is mserted in the membrane and is
therefore profected from the interaction with AF, Howeser, this ef-
fect all AF provented. s bo test its activity an BoNT(A and BalT/E
W anempred to wse twia other Tre inhibitors thar may avercame
this problem; cisplatn and KAuCle. Howewver, they were found o
bie very toxic to CGM in culture a1 concentrations chose £o theis re-
jrarted Wy (not showin) [48]:

In terms of toxicity in mice, the mast peaerful dostridial nea-
matrxin is BolNT/D dthis preparation gave a LDy valee <004 nano-
gramigl. Fiz. 3 chows thar AF also. progects CGN from the
cheavage of VAMPE-2 induced by this nearotaxin type and again in
the same range of concenrratkons.

The inhibitary activity of AF o0 the intoxication of pecrns by
TeMT and BaNT{E; |C amd D is ot doe g oan effect an the fourth
atep of the process, ie. their mesalloprateasy activity as control
experiments performed in vitroowith toxing and substrates alone
cligd nat reveal in any case an inhibition by AF (not shown ),

These results prompted us to test the pussibie protective activ-
Ity of AF [n wivo in méce injected with BeNT(D, chasen because It is
the mast powerful clestridial neurotozin in mice. However, AF
used a the dose of 12 mglke correspanding te about 175 pM con-
sidering the total body Muids a8 108 ol the mouse weight, did oot
pratect mice fram the Aaockd paralysis mdoced by BalNTTD (Fig. 41
Thisdoze was recently wsed o show that AF inhibits the activation
af the Nirp1 b inflammaseame [51]

4, Discussion

The main frding reported here i thae auranatin {AF), a specific
active sile dnhdbitos of thioredaxin reductase. a member of one ol
the magar cell protein disullbde rlociog systems, inhibits e
wntracelinlar activity of TeMNT and of BoNT/E JC and (D Af the same
time, AF daeg nat inhibit the metailloproteclytic aoivity of the L

B B Mo AF [ aF 1M

T

&0

VAMPI I SYRTATIM 0K
W ows WG

& & & F &
P
K&

Fig. 1, TeRT cleavage of WARP s inhisled by sanme in cerebedlar granoiar neurci. The neurans vere pre-inoshaced for f B the indsaial Sonoeses s (4] o wiis
1 e of auramalin l, Py Bare A 7 0 washedl wirh coltice ssdian b incubaned sith |kl (R e e idicaed cosceraradiogs of TeNT (B! & 570 for 15 mik =
aitiune mediom. washed and incubated for 12 hoai 37 °C in e preseoce of the epected inhibee oonceniceton, bn pined 1, Black bar represmi the samples incubuied

wirhotr surannbin. Cells wiere fysed and rhe SHARE probsing wers sirfimsated by i

bkorring wech specfc areibodies (lower panel T Resduat WAMES wad quaniliied by

denginnmiry il Dx peentage ramn with oyass TA jlotusd, tikieg the' valie L son-oeanad ol Dgeey b s D0 S0, vilioes dervee from e independing
wxparane i perdnrmesd w Enplicaies. The lverr panel shosvs a epremtaiee inmmeabloiting
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Fig- L EohTiBand C cleavage ol VAME in coreleilar grasular ssrurmen s inhibisd By aosannbin T neunsn wei gee-imcshaed S 66 owath Dhe indkated coneemraloni af
auranafin st 17 S wanhnd veith B24E and sncobabed wearh V0 nb Dok T AT o oot e TR (R b 37 56 Tor 15 mem i cubture mediom, seshed o incobated S 12 bat 3770
i the presence of the reported indhiior concentratioe: Cells were fysed e the SMARE peoteing were estimared By immursbioing with specic anibosies: Residnal ¥AMF2
(Ao desadiua] syntasin 1A was quantified by dessiiometsic analvsis and it percenrage ratio with the respeciive san-subetrate SMARE plered. Lsling the walue in noa-medced
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Fg. % Aaranodm inkibits the VAMP clesvage by BORTIO in ceretellr granular iearons: The nesrons were pre-incshated far 6 b wiih thedodicated concenirations (&) orwith
1 jiM zuranofs (B ety bars)ar 37 -C, washed wirh modisn s incubaied for 15 mis with L1 aM 0A) ar the indicared concentracion { 8] of BakTD ac 37C in culiure
vwsghinarty, windeed apain aml mculuied for 12 at 5750 o ghe provence of (s jectind sshilitor conentestion, {B] black T negeesmt (e sample inodind wiilio
aurarafin, Cells veete haed and the SNARE probeins were estimaied by immuosgbaiting with specific antibodes: resdual VAME was quanified s om g, 1 50K valves denve
fram thres indepenent Expermens perfarmed in trplicanes.

chains of these neumtokins, The NADPH-thicredown reductase-
thioredoxin system wery efficiently reduces in witro the singhe
Incerchabn disilfide bond of TeNT |33 and of BoNTs (our wpub-
lished resulish The reductsn of this 55 bond in (he cytosol is
easential to [Mee the SNARE cleaving activity of the L chain
[31,32]. Taken tagether, these findings pravide a strong indication
4 that the thinredowin system plays a major role, if not a anigue one,
in refeasing the L chain of TeNT and BoNTs after thedr franslocation
across the membrane of the endocyiic wesscle assisted by their
4 respecmive Hy domains,

A attractive feature of thioredoxing is that dsey share stoc-
taral siorlaritics with group-l and grosp-ll chapehoning |52,53
17 4 and dmeleed thioredoxins proonaete the falding of proteing inore-
b <independent reactions [53-55], Thus, it s tempting o speci-

361 & Vataci
84 F

L F - T ® w ey g |late that the thioredaxin system not only detaches the L chain from
B o as L v the Hy domain by severing the remaining disulfide link, bur also
BaNTID |ng'ka) acts-befare by assisting the refedding of the L chain & It eserpes

Fig. 4. Effeci al fikibiofs ai (e BusTD ML dasay. Al diae TIF Ak weie
ap mjecisd miih 12 mplkg of AF o with the welicle § h befoee ihe o Injection of
ahe indicared dose of Fo®TT The animals wee moniored ¢eerg 3 R for 56 b 500
ddbuis divie fnen chie Seen o pedoined wath, greap of e
animals suh

Froans Hy transmembrane cdhannel

The disappointing lack af pratectiee sctivity of AF on e invivo
intowicatian of mave with BaNT/D can be explained by the fact that
AF.dpes mur rross the blood < brain barrier and @t may 25 well be not
capable of reaching the cytosnl of the moior axen teominals
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protecied by the terminal Schwann cells-onone side and the mus-
cle fiber on the orher side. However, the present data Indicate thar
it i passible o use auranolin as a bead to desipn awranofin-lased
ol inhilivos of the clostridial peunsoxing capable of acting
[ERTRTN
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Batullnuem neuroloxin lype A s lhe most requent cause al humian batulism and at 1he
sama lime is largely used in human herepy. Some evidance indicabes hat it enters.
Inssitde narve tarminals vie endocytoses of synapba vesicles, though this has nok bean
farmasy proven, The metaloprabeass L chain of fhe neunstaxn then resches he
cyiesnl n @ process drivan by low pH, bud the addic comparmant wharadnom i
transkocates hes nod besn idendifled. Lsing immunoalectron microsoopy, we show Thal
BT does indeed enbér inside synaptic wasiches and Bt each vesicls contning
eithar one or two toxin molecules. This finding indicales thal @ Is the BaMT/A protain
receptar SV2, and nat ils palysialogangiioside receplor thal detarmines the numbsar of
tertin malesubes tken up by @ singla vesicle. In adddion, by rapsd quenching the
vesits ransmembrane pH gradient, we show that translocation of the newratoxin inta
the cylosol is 8 sl process: Taken logethar, These reaills stongy indicate fhat
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Abstract

Bomlinum neurotoxin type A is the most freqoent cause of human botulism and at 1he same time is
larpely used in human therupy. Some evidence indicates thot it enters inside nerve terminals wia endocyiosis
of synaptic vesicles, though this has not been formally proven, The metalloprotease T chain of the
meurotoxim then reaches the eviosol 3 process drven by low pH, but the sodic comperment wherefrom it
translocates has not been identified. Using mmunoclectron micrascopy, we show that BoNT/A does indecd
enter inside synaplic vesicles amd that each vesicle contains either one or two toxin molecules. This finding
mdicates that it 15 the BoNT/A protein receptor S%2, and not ats polwsialoganplioside receptor that
detesimines the numiber of toxin molecules mken up by a single vesicle. In addition, by eapid guenching the
vesicle transmembrane pH gradient, we show thit translocation of the newretoxin into the cytosol 15 o fust
process. Taken together, these results srongly indicate that ranslocation of BoNT/A tokes place from
syoaplic vesicles, amd not fromm endosomal companments, and that the translocation machinery is operated

by one or two neurotoxin molecules,

Keywords: Botubnum neurotoxin |/ electron  microscopy  (endocviosis’  membrane  trunsiocation/

neuramuselar janction’ synaptic vesicles
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Introductien

The seven known diftferent serodypes of bomlinum neurotoxins (BoNT A to 0 are produced by
bacteria of the: genus Claviridinn and are the sole cause of the flaceid paralysis of bowlism [1]. These
neuraloxins are the most peisonous substances known so T, and their podential use in bioterrorism [2] 15 @
matier of great concern, The BoNTs consists of three domains of 50 kDa each, which are termed L chain (the
Meterminal onel, TN (the intermediate ene) and HC (the C-terminal dosmain) [3-3], This structune 5 closely
refuted 1o their mechanism of poisoning nerve terminels, which consists of four steps: a) binding to nerve
werminals mediated by HC, b endocytosig, ¢) a low pH-driven membrane wransiocation of the L chain
mediated by HN. and d) L chain mediated cleavage end mactivation of the SNARE proteins with ensuing
imhibition of neurocxocyiosis [6-8). The BoNTs are peculiar with respect to their presynaptic menvbrane
binding which is medinted by o polysialopanglioside and by o protein receptor, which is the luminal portion
of o synaptic vesicle membrane protein [8,9]. BoNT/A, /E and /F bind to S¥2 [10-14], whilst BoNT/B and
MG bind to synapictagmin [15-18]; the prodein receptor of the other BoNT serofvpes has not been
conclusively determined. While the fourth step of intoxicstion has been clanfied long weo [19.20).
endocytosis and membrane translocation remain largely unknown, The fact that letanus nelirotoxin is taken
up by small synaptic vesicle m neurons of the central nervous tssue [21], but net ol the sewromuscoolar
junction (MM} where it is endocytosed inside coated vesicles |22], and the fact that the known BoNT
protein receptors are in the lumnenal domain of proteins of synaptic vesicles strongly supggests that BoNTs are
endocviosed inside synaptic vesicles at peripheral nerve tenminals.. However, their actual presence inside
vesicles, and the type of synaptic vesicles, has not been determined. Even less s known about the mode of
membrane. translocation, but biephysical studies have indicated that, ar low pH, the HX of BoNT forms
transmembrane channel conducing the L chain into the cytosol and involving from one to four neurotoxin
molecules [8,23-28],

Here, we have studied the eniry of BoNT/A into the nerve serminal of the mouse MM, because this
serodype s the one responsible for the mejorty of cases of human botulism, amnd because BoNT/A = almsost
imvariably wsed i the therapy of human diseases caused by hyper luncton of persphersl cholmengie nerve
terminals [29-31], We have generated & chimera L‘hﬂﬁii‘tiﬁb" of & green fluorescent protein hinked 1o the HO
domam of BoNT/ A EGFP-BoMNT A-He) in order o visualize s distribution at the NS wsing Nuorescence
microscopy and immunoctectron microscopy with gold-labelled ant-GFP antibodies. This protocol avoids
artefacts of binding deriving from the cross-linking of a number of neuromoxin molecules 1o the same gold

particle,
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We found that the injection of EGFP-BoNT/A-He into-a mouse skeletal musele leads 1o its specific
binding o the presynaptic membrune at the active zones of the WM, and that oneftwo gold particles are
prasent inside small clear synaptic vesicles, We also showed that the transiocation of the L chain into the
eytosel 15 a very rapid process, and we discuss the general inplications of these Andings:

Material and Methods

Preparation of the BaNT/A-He chimera

Polvmerase cham reaction was performed using as a template the DA of BoNT/A-He cloned in pGEX4TI-
GET-HA (kind gift of Dr. (. Schinvo, Cancer Research, UK}, and the DNA of EGEP cloned in N1. The
following  prmers.  were:  used:  for  the MO of  BoNT/A. residues  845-1295
AAACTCGAGAGTACAGATATACCTTITTCAGOTT and
AAATTTAAGCTTTTACAGTGGUCTTTCTOOCC A, fiiwr EGFP
AAAGGATCCATOOTOAGCAAGOGOGAG and AAACTOGAGCTTGTACAGCTCG TOCATGOC, The
amplified sequence of He was digested with Xhol/HindIIl and then eloned tn the pRSETa vector to obtain
pRSETu -BoNT A-He: then the EGFP sequence digested BamBLXhol was Tgated inio the previous veclor
at the N-terminal domain in order 1o obtain finally pRSETa-EGFP-BoNT A-He. DMNA inseris were
sequenced by CRIBE (Padovay,

BL2Z1 (DE3) pLyss £ eodi struin transformed with pESETa-EGFP-BoNT/A-He were grown in LB
medium until the Oy (optical density o 600 nm) reached 0.6, Cufures were induced with 1 mM IPTG
{usopropyl f-D-1-thiogalactopyranoside) for 4 boat 30°C. Cells were pelleted, frocen in liquid niteopen and
kept at -80°C, Cells were then Iysed by two passages of pre-cooled French Press, The lysate weas centrifuged
(17,000 % g 20 g, and the supernstant was loaded on a HiTrap Chelatng HP on a AKTAprime system
{GE Healthearey and eloted with a linesr gradient from O to 500 mM Imidazole. Pooled fractions were
diglyzed against 20 mM Tris, 200 mM NaCl, 0.1 mM DTT, 3% trehalose, 108 glycerol, pH 7.4, Protein
purity was assessed by staining with SimplyBlue Safestain of o 12% SD5-PAGE gel. Protemn identity was
confirmed by Western hlotting using an anti-Tag antibody.

In vivo mouse intramuscular injection of fusion proteins

Expeniments were performed sccording to the Ialian, French and Evropean Community guidelines for
laborasory  anirmsl handling. Young Swiss female mice were obined from Chardes River  Breeding
lnboratones. EGFP-BoiNT/A-He (25 pg) dissolved in phosphate-buffered suline (PBS L was injected mio the
sternaeleidomastond muscle of mice anesthetized with sodium peniobarbital (90 mg/Kg, ip) The animals
were saenficed by imtteeardine perfusion of [reshly prepasied 4% parsformaldevde (Electron Microscopy
Sciences, Hutfickd, PA, TISA) 3-10 min after the njecsion of EGFP-BoNT/ A-He.

Muogse stcrnocicidomastond muscles
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The muscies were dissected, their fibers were teased apan and statned for 30 min at 4 °C with AlexaFlucr-
5304- or AlexaFluort®l-conjugated e-bungarotoxin {2 pp'ml, ASM-a-BTX. or ARK-o-BTX: Molecular
Probes Europe BY, Leiden, The Netherlands) in PES and mounted with Vectashield antifade mounting
medium | Vector Laboratonies, Ine, Burbingame, Ca. USA), and newromuscular junctions (NMJs) were
analyzed using a Leica wpright SP2 DM RXAZ confocal microscope through an oil-immersion objective x
630132 NA, controlled by Leres Confocal Sotware version 261 Build 1537 Argon laser 488 mm for EGFP,
HeMe laser 543 for ASSd and HelMe luser 633 nm for A6S0). Intensity profiles analyses were performed on

series of “look-through™ projections of mean intensity,
Frnmsanopold electron microscopy

After 4% paraformoaldehyde perfusion, mouse EGFP-BoNT/A-He-imected - sternoclaidomastond  maescles
were dissected oul, and postfixed for 1 b with a mixture of 4% paraformaldehvde, 0.1% slutaraldehyde
{Electron Microscopy  Sciences, Hatfield, PA, USAY 0.2% pieric acid (Sigma-Aldrich Chimie, Saint
Cuentim, Fullavier, France) and 3% sucrose in PRS solution: Muscle regions contamimg MMFs were treated
with 11,5% osmiwm tetroxide (Ebectron Microscopy Sciences) for 30 min in PR3, followed by dehydration in
a graded ethunol seres and embedded 1 LE-White resin (Electron Microsocopy Sciences), Silver-gray thin
seotions (65 nmjp were treated on grids with 0, 1% sodium borohydride in PES for 15 min, After washing with
PBS contaiming 0.1% acetylated BSA solution {solution A), non-specific labeling was prevented with a 30
min meubation with 5% BSA in (0L1% gelatine {Aurion, Wapeeningen, The Netherlands) & 5% normal goat
serum (MNGS, Sigmal, Sections were incubated for 2 h with polyclonal rbhit anti-GFP antibedy (diluted
Lol incsolution A, MBL, Waterown, USA) followed by | b incubation with goat anti-rabbit 1gG
conjugnicd with 10 nm-diameter coltoidal gold {Aurion, ImmunoCold Reagents, The Netherlands) at 1:25
dilution in solution A, Afler washing, the sections were fixed with 2,55 glinaraldehywde in PBS, Finally, the

erids were counterstained with 2:5% uranyl acetate and 1% lead citrate soluttons and examined using a Jeol

I40H) transmission electron microscope,

Cell cultures

Bt embryonic spinal cord motoneurans | MNs) were prepared essentially as described [32], Briefly, spinal
cords were collected from fetal rats-ut pestation day 14, and first mechamcally disrupted and then cells were
dissociated by mild irvpsination in the presence of DNAze L Fmally, isolated cells were plated on 24 well-
plates, pretreated with poly-ommithing (1.5 pp'm] overmight) and then with laminm (00 pe'mi for 2 b
Cultures were mamiamed ot 37°C and 3% of OO before stiring the assay ot DIV 15 The culture medium
consisied of Meurobasal (Gibeo) supplesented with 2% heat-ingctivated horse serum, 0.5 mM L-glutaming,
15 mM Z-mercaptocthanol, 25 mM L-glotamic scid, B27 supplement, 10 ng'ml CNTF, 100 pg'ml GDNF
and 5 mg'ml penicillin/streptomycin,

Bat cerebellor franutar nevrons (CGNs} were prepared a2 previously desenbed [33]0 Baob pups were
sucrificed f days after birth, cerebella was splited and celis dissociated by trypsination in the presence of
DMAse L Collected cells were plated in 24 well-plates, pretreated with poly-L=lysine (50 pa'ml overnight),
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ai cell density of 3107 cells per well, Cultures were maintained ai 37 °C, 5% COy, in BME supplemented
with 10% fetal bovine serum. 25 mi KCL 2 mM glutemine and 530 pe/ml gentamyein, To arrest growth of
mon-neurcaal cells, cyiosing arabinoside {10 pM) was added 10 the medium 18-24 h after plating.

Experiments were perlormed on neurons that were 6 DIY,

Meutrlization of the acidic compartment on BoNT/A entry imto cultured neurons

MM or CGNs were treated with BeNT/A {10 aM) i high-potassium buffer (85 mb NaCl, &0 mM K12
mbd CaCl;, 2 mM MgCl, 55 mM glocose, 100 mM 4-(2-hydroxyethyl)-1 -piperazineethancsulfonic acid
(HEPES), pil 7.4) fir 5 mun. Unbownd neorotoxin was washed out using low-K buffer (140 mM NisCl, §
mhd KCL 2 mM CaCly, 2 mM MgaCl,, 5.5 mM glecose, 10 mM HEPES. pH 7.4) ond normal cultwre mediom
was restored, Before, together or at the indicated tme poinis after newrotoxin addition, Bafilomycin AL (baf
Al 100 nM, Sipma-Aldrich) alove, or in combanation with monensin {Sigma-Aldrich, 100 nM} or MHC]
(50 mM) was added 10 the culwre media. After 15 min, the medium was removed and replaced with one
contaimng only baf Al and the neurons were further incubated for 12 b, and cells were lvsed directly m
Laemmmii buffer. BoNT/A entry was cvaluated by determining the extent of SNAP2IS cleavage hy
imnunoblot analysis using a polvelonal antthody which specifically recognizes the C-rerminal par of
SMNAPZS [34] A monoclonal anobody (Mab) pgainst Y AMP2 (Svnaptic Systems, Gottingen Germany ) was
wsed as an intermal loading control. Clenvage was reported b the percentage ratio of whole SNAP2S with
respect o VAMP2, considening daia collected from three independent experiments made in iriplicate. Values
dreexpressed gs the mean £ S0,

Results

A characteristic of BoNT A, which s essential for its clinical use. 15 is rapid and specific bainding 1o
the presynaptic membrane of the vertebrate WM with limited ditfusion near the site of injection [35]. Fig. |
A shows that this property is conséived by the EGFP-BoNT/A-He chimera, since it labels only motor nerve
terminals within the boundarics defined by the post-synaptic nicotinic acetylcholine receptor visualized here
by the very specific binding of fluorescent a-BTX, The neuromuscular branches side view presented in row
B ool Fig: | clearly show that the chimern binding 15 restncted 1o the presviaptic membrane. However, the
level of resolution of this analvsis docs not alfow one to distinguish wexin bound o the nerve terminal surface
fromm internolized neumiosin,

To visualiee the distnbution of the bmding domam of BoNT/A ai higher resolubon we performed
immunoekeciron microscopy, teing as @ read oul @ GFP specific antibody, which wis then revenled with a
pold-labelled: secondary antibody_ This procedure 15 somewhat more febonous than the direct coupling of’
BoMT/A-He to gold particies, but was chosen to avoid possible anefacs owing to possible multi-receptor
binding of the several BaNT/ A-He melecules cross-linked 1o the same gold particle. On the other hand, ihe

present procedure can imroduce some unspecific gold deposition due t0 increased possibility of antibody
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eross-reaction, Fig. 2 shows that the majarity of the neuratoxin molecules are inside small clear synaptic
vesicles (55%) in muscle samples fixed 5 or 10 min after inpection (arrowheads ), while few are stll bound o
the presynaptic membrane, mainly at active zones {lang arrows); only oecasionally gold particles are: fiund
i the cytosol, possibly owing o antbody cross-reaction: This eleardy indicates that Binding and endocytosis
in viver is rapid and that the foxin ends up inside S5V,

Plany modor nerve terminals were analyvsed, amd Table | reports the statistics of the gold particle
distribution. This distribution 15 cather simalar in samples anolysed 5 or 10 min after neurotocn mpection, as
expected from ihe fact that only the He presynapiic membrane binding domain of BoNT/A is present heve
and therefore tmanslocation m the cytosal cannot ke place. The average number of pold particles. and
therefore of BoMNT/A-He molecules. present inside S8V is around 1.5 molecule per vesicle {see table 1. This
miethod may over-estimate the number of toxin molecules present in the Jumen of a single S5V owing to the
use of & secondary antibody, 1o possible antibody cross reactivity, and to sccidental deposition of a gold
particte, In addiion, the simultineous binding of one gold labeled sccondary antibody to more s one at-
GFP antibodies cannot be excluded. Remarkably, the average figure of 1.5 correlates well with the number
of BoNT/A protcin-receptor-5V 2 molecules present in a single 583V, estimated (o be berween 1 and 2 [36].
To provide o funetional estimation of the time course of the translocation process of the BoNT/A-L chain,
wer used different agents able to guench the transmembrane pH gradient existing across the S5% membrane
at defined time peints: Bafilomyein Al (bafAl) which inhibits the S5V ATPase proton pump, imogensin
which is u very rapid exchunger of H for mosovalent cottons, and smmuonium which buffers the lomen pH.
The effect of their addition ar different time points before and afier a bacterial 1oxin, whose entry into the
eylosel ocours via an scidic compartment, provides a refieble estimation of the tme course of the entry of the
towin fctive chain entry into the cyvtosal (37,38, When & rapid quenching is needed these agents can be
cernbined [37). Twe different prmary neuronal culiures were used to obiain information of more general
rebevance: cerebellar granular neurons and spinal cord motoncurons. Fig. 3 shows that whatever pH gradient
guenching method was used (hafA ], bafAl plus monensin, bafA ] plus ammonium) the neutralization of the
lumenisl pll of 55% prevented the low pH diven membrime translocation of the L chain of BoNT/A only for
a few minutes after BoNT/A addition indicating that the entry of it L chain in the cyvtosol fakes place carly
after endocviosis, These data compare well with previous Nindings obtained with concaiamyein A which is
another intrbitor of the Y-ATPase [3%,40] and indicate that the quenching of the transmembrane pH gradient
of 35V is sufficiently rapid alzo with this slower inhibsitor [37],

Driseussion

The mast imporiant informaton delivered by the present work are: 1) BoNT/A 15 mtermalized into the lumen
of small synapiic vesicles, i) it then translocates very rapidly its L chain ingo the cviosol, and iii} the L chain
translocatmg chimnel 15 mode of one. or ol the most, two HN dompins.. These conclusions derive from o

guantitative viswalization of the mxin molecule within the lumen of small synaptic vesicles and fronva time
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resolved quenching of the effector of the translocation, which is the lumenal low pH. This latter experiment
was performed with two different types of neurons and three different transmembrane pH o gradient
gquenchings in order to obtain results of more geneeal value The present data fit very well with the estimation
that & population of small svoapbc vesicles contam an average of one 10 two SV molecules per small
synaptic vesicle | 36]. At the same time, this finding indicates that it 15 the 8V 2 profein receptor and not the
polysialoganglioside receplor that determines the number of toxin molecules loaded within one 55V,

These constderations are not limited to BoNT/A, but can be extended with large confidence to BoNT/E,
witich differs structurally from BoNT/A [3.5] but enters the cytosol of synaptic terminals within fow minutes
[39.40] oz BoNT/A does, The similar time-course amd the fact that BoNT/E shares with BoNT/ A the 5V2
pratein recepior speaks strongly in favour of the pessibility that also the L chain of BoNT/E enters the
eytosel shorly afler nevrotoxin endocyiosis in the S8V lumen by crossing the 55V membrane.

The present study has not found evidence for an internalization of BoWT/A inside other type of vesicles nor
does it support the possibility that the membrane translocation of L ehains of BoNT/A and BoNTVE takes
place at the level of endosomes of synaptac terminals after fusion of the 55V with such compariments.

The conclusion that the protein conducing channel made by the HN domaim in the 55V membrane involves
o more than o moleculbes has o be confronted sith previcus dita obtaimed with mode] svsterns thit the
lowe pH driven membrane insered BoNT/A s a tetramer [23,24]. However, these data were obtained wsing
viry different conditions that may explain the different figures obtained. In ong case segment 639-081 of
BoMT A was used 1 a planar lipid bitayer [23], whilst the other one used sn artificial hpoesomal system [24].
More recently, using atomic foree microscopy of BoNT/B inmeracting with polysialoganglioside containing
liped Bilayers ot pbl 4.4, a sipmificant ameunt of tnmers-of the twxn were detected and 1® wis sugpested that
thie L chain conducing channel of this neurctoxin is composed of three HN domains [28). In & more receit
study, the formution of oligemers of BoNT/E was not detected [40], and though negative, this lnding is in
agreement with the sarpestion advanced here.

In eonclugion, the present work visualizes for the fiest ime BoNT/A ingide small clear symaptic vesiclos
present within the main target of this neurotoxin, L2, the motor nerve terminal of the NMJ, The present data
were obtamed with a method that avoids the possibility of receptor cross-linking, and provide a reliahle
catintate of e aumber of pemrotoxin molecules present withiin o vesicle. The figure obtained in (his way is
comprised within one and two suggesting that membrane translocation occur al the level of the membrane of

srmiall clear svnaptic vesiches via g protomer congisting of no mose than two neurotoxin molecules
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FIGURE LEGENDS

Fig. 1 The Botulinum neurotoxin type A HC hinding domain (BoNT/A-He) hinds to axon terminals of the
otz sternocieidomastond neuromusculir junetion {1 shown by confocal Muorescent microscopy. Panel
Az Top view of two MWMIs, revealed by the staining of the postsynaptic acetylcholine receptors with Alexa
F94-fabelled a-bungarotoxin {o-BTx), showing that the EGFP Musrescence of BoNT/A-He toxin { EGFP-
BoNT/A-He) is distributed along the motor nerve tenmanal and restricted to the MM defined by the a-BTx
staining (Merged, Panel B Side view of a NMJI branches clearly shows that EGFP-BoNT/ A-He lahel is
miadnly found at the synapiic side of the nerve terminal (around the presynaptic membrane) and does not co-
localize with the facing Alexa 680-labelled a-BTx (Merge). Scale bars: Pancl A= 20 pm : panct B= | Opm.

Fig. 2 Immunogold clecton micrographs showing the ulirmstructusal localization of the binding domain of
BaNT/A in  the mouse stermocleidomastord neoromusculur junction (NMIL A fluorescent derivative of the
binding domain of BoMNT/A (EGFP-HoMNT/A-Hc) was intradermically imjected at the sternocleidomastoid
miseie and immunoeyiochemically processed with 3 ant-EGFP following & postembedding procedure using
a secondary LU nm gold-labelled antibody. The electiron micrographs show that toxin is rapidly internalized
and 15 localized mainly within the lumen of small symaptic vesicles [S8Vs amowheads), with some
molecules still bound the presynaptic membrane mainly at the active zones (AZs; long mrows) either at 5 (A

and B} or 10:min (0 after toxin injection, Scale hars: A-C= 150 nm,

Fig. 3 Time course of the entey of the L chain of BoNT/A i cerebellar granuliar neurons (A ) and i spanad
cord motoneurons (B) . Cells were moubated with BoNT/A (10 oM) at 37 °C and, at the times indicated,
bafilomycin A1 (100 oMy alone (black bars), in combination with mosensin ( 100nM, striped bars) o with
NELCT {50 mM, empty bars ) waoe added. The meubation was prolonged for 12 hoand the content of SNARE
proteins was estimated by immunoblotting with specific antibodies. Yalues are reported s the ratio between
the staining with the antibody specific for SNAP2S and the staining with the antibody specific for
VAMPsynspiobreyvin? expressed as the control value taken as (0085, SD values refer o three different

experiments performed in iriplicae.
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Table
Chck here to download Table: Tabla 1.docx

Table 1. Estimates of the number of 53Vs |labelled with EGFP-BoNT/A-Hc,
revealed with a 10 nm colloidal gold labeled anti-EGFP specific antibody, in motor
nerve terminals 5 and 10 min afler a subcutaneous toxin injection in the mouse
sternocleidomastoid muscle.

Time after BoNT/A-He- 5 min * 10 min ®

EGFF injection
‘Number of SSVscounted | 67.64+076° | 65403050
%% 35Vs labaled AT52 4012 4034 + 015

Mumber of grains/SSWY 1.46+0.18 151 +0.25

counted

? Data obtained from 26 different motor nerve terminals examined.
5 Data obtained from 24 different motor nerve terminals.

“Data represent the mean £ S.E.M.

90



Figure
Click hare i ckrmnbaad high resabSon inega

A BoNT/A-Hc-EGFP
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Botulinum neurotoxin serotype D is poorly effective in
humans: an in vivo electrophysiological study
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1. Introduction

HIGHLIGHTS

= The E‘ﬁE‘El al betusdinwm rosie type O has-been tested Sor the first fime 0 hemans @ eva.
o In injected baiman EDB musscle, rhe mrn[u.u.md sl acrion potepitial was maasiened,
& Botulionind tawin Cype O s very efecivee i mioe bl poofly elfescive in Buimaes.

ABSTHRACT

Obkirive: Botulitnin iedrotoxing a0 of aefve erdings anmd block meanolransmines meloase. Their
potency is due to Their enzymatic activity and kigh affimity bindicg to neurons. Botulimnm toxin type
M im used n the treatment of buman diseases characierized by hyperacivicy of pedpheral cholinengic
P rErminale, Duesome PaTienTs ane or ecomse pesisant 0o i1 This can Beaveroomie b bsing arfier bot-
ubenum tosivs gl studies have been performed with dilfeent fegin serotypes. Bofulimum neuroiosin
type D bas never been tested i bamans in vive, anel, themelore, we imvestigated the actian of this oo
in mistse and Fuman massces
Merhods: Boralingm coxle 1ype I porency wias debemnined on msoise heindiapheagm and an rab neuin-
nil cultures. From these experiments. doses bo be injected in human volumteers were decided. The oom-
pound muscle actian potential of boocin-ingected Exsensor Digitonam Hrevis musce was measured at
differeir times poines alter injecticn in human weamieers.,
Beiwes: Botulivsm oxin rype O s pooly effecive i fndetivg human Seleal masche pasalyses,
Conglusione: Botalimam toxin type O i very polerst in mice ad alrsast inelfectnee in Bumars in vivo,
Sgnificance: The resulis shed new lighs on the mechanism of toon type O binding s the newronad sorface
TECEp tars.
© B2 efernarimal Federation of Clinical Nevrophyssotogy, Pablishid try Elsevier ircfand Led, Al vights
resereid

and enter peripheral nerve terminaks, and cause a flaccid paralysis
with aulonomic sympoms ©Rossecto ef al. 2006, [ohmson and

Taxkgenic bacterid of the penus Cosiridien prsduce seven dil-
Terent servtyped of botulinum seurotoxin (abbreviated as BoNTIA
b BoMTIC ), which i the sale responsible ol all the symptoms af
hatudism (Rnssette ot al, 2006; [ohnson and Botulism, 20087 0
addition several isalorms of serotypes were idennfied [Mariishi
et al, 19E; Arnde er al., 2006 Kalb et al, 20121 The HBoNTs hind

= Coirspodding aubons Adfvesses: Mowsidogical Deparinsem, . Univeisicg-
Herypetal 5. Mamna dells Wrenoondia, pele b Sariadells Miseproedia 13, 3500
Ud ine, Italy, Tel: 435 (MO02332560; lan: +39 32552789 46 Eleopra Depariment
of Bamedical SoEnces, Vide G Cokdmbo. 3, 35020 Madeva, Iy ¥eli =33
ERDEITENTT: lix) +H0 (HOEL RN | 11 ot
matl e elepronheripiaislgmer il (R Beopral, emells,
st i |0, Fnsetinl

Botielism, 308k These nedroloxing consst of a Tight chain
(L S50kDa} and a heawy chain (H, 100kDa) lmked by a single
inter-chain disulfide boad (Lacy and Stevens, 1995 Swaminathan
and Eswaramoortiy, 2000, Kumaran ef al,, 2008, Monsal, 2000],
Their process of nerve terminal infoklcation can be comveniently
tividied it faar steps (Montecuoco ot al, 1994) (a) hinding v a
sialogangicside motecule of the presynaptc membrane, midiated
Iy thie C-terminal part af H; (1) endocytosis inside synaptic wesice
mmediated by the binding ol H 10 a recepios located on the honen of
ther wesicle; (o) membrane translocation driven by the acidification
of the fummen of the vesicle [ Pirazzimi et al, 2011; Sun et al,, 2002}
() cleawage of a SNARE protein vin the metallnproteodytic ammivin
of the L chain {Schiovo et al, 19504,
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it has long been known that animal species vary extensivedy
in terms of sensitivity o the different BoNT serotypes
[Payling-wWright, 1955; Gill, 1982; Smih and Sugiyama, 1988},
such differences could be due sither (o different membrane bind-
tng el for fo differences in the SNARE protealidic substrates; ather
aspects such as inefficient membrane ranslocation appear 1o be
bess likely a5 hasic membrane structure is preserved amang differ-
b animai species (Montal, 2000 Ferazzini et al, in prepazation),
Indéed, nsects are BoNT-insensithve becawse they do not possess
priysialogangliosides (P3G), though may have SNARE profeins
clegvalsle by the BaMT L chaims. In coatrast, tais: bind tetanis
neurotaxin [TeNT] very efficiently, bul are highly resistant 1o
tetanus  because the rat spinal cord SMARE pratein  iscform
VAMP- | carries a Gin-¥al mustation ag the cleavage site of the TeRT
L chain [Fatarnello ot ak, 1993)

af particular Importance is the determdnation of the suscepribil-
Ity of humans m the variows toxn serotypes and Boforms of sero-
types, and of their kinetics of action, because of the lasge
emuplipmient of BaNTA in the therapy of 4 Lirge variety of human
diseases | Hallett, 2000; Jankovic, 2004; Mantecucce and hMalgo,
0% Dressler and Halkett, 2006, & largely uxplored, but paten-
tially important area af investigation s that of the improvemnent
achievable in the treatment of different human diseases with
different HONT seronypes: \We were the first to report the grear
pogential of the dse of BoMT/C injection in humans by using an
slectioplysiclogical testing (Eleopes o al, 10071) atsd have alter-
wards comgrared several setotypes in himan musches (Eleapra
et al., 2H41 | these works it was emoneaushy reparted that
BoNEC was from Wako Chemicals, whilst we hasl actually
used BeMTIC purified from strain NCTC 8264 (Shone and Tranter,
198151

BONT{ D is & very powerful toxin which idhibits nearotranseali-
ter release [Malgd e al. 1989] by cheaving VAMP |Sclkavo et al,
1997 Yarasaki et al. 1994 and has been reported not 1o be active
on surgically excised huoman pyramedalis muscle | Caffield et al,,
194971 In a recent review, however, Andersom et al, 2009
mentioned their unpublished studies in which human intercastal
muscles wiere found to be BoNT/ D sensitive. This nearotaxin is very
active in mice {Nakamura et al., 2012} Very receit investigations
have révealed thar rie C-terminal pare of the H chain of BolNTIC
and (D binds Do molecules of PSGoab twao different sifes
[Karalewitz et al, 2000 Strotreier ef al, 2000, 20115 Zhang
et al, 2011} In addition, it was reported that the endocytosis of
BoNT(D is mediated by the lumenal domain of the synaptic vesicle
SV [Peng et al,, 20111 As it is well established thar PSG doexist on
the presynaptic membiane of the nouromuscelar junctions (NM]}
ol both mice and humans (Cochran et al, 1982 Wiegandr, 1985,
Eeddeen er al. 1986; Chiba er al, 1992; \Willison et al, 1954
Lefimann e al., 2007], and given the conflicting reports on the
stnsitivity of human muscles o BoNTiD, we decided to mvestigate
the action af BaMT(E in meuse and in human muscles e vive by
the electrophysiologecal evaluation of the compound muscle action
posential amplitnde; which s a quantitative nevrophysislogecal
Eesting of the ewrmmasciar paralysts;

2, Methods
1. Towwns prepararion

BoWTiA wsed for mowse study was prepared as described (Shone
and Tramter, 19951 BoNT{D was from WAKD Chemicals, [apan
{strain CO-16) and puriled a5 described previcusly [Schiava
e al., 1953 Schiave and Mantecucon, 19895 The faxins were dis-
sotved in 1 mM Hepes, 150 mib MaCl, pH 7.4 containing 2% defat-
ted buman or mouse alhomin, st passage through

i 1

K Evogra ot nl#Cmaend e ey sone (30000 -

0.22 pm microfiloers and stored at —80°C after freezing In Hgusd
NTogeTL.

22 Antibudies

Anti-VAMP monoclonal antibody was from Synaptic System,
Germany [cat, m, SYSY1042111 Polyclonal ant-5MAF2S was pro-
doced by Imjecting in rabbit the C-terminal pepride AN-
QRATEMLGSG of SMAFZS conjugased to keyhole lympet
M yamiL

21 Ariraals

Swiss-\Wehster adult male COT mice weighing £5-30 g were
used, Mice were hawsed under controdled light/dark coaditians
and had free access to food and water was provided ad libbium.
All experiments were performed (0 accordance with the Ialian
guidelines, law n. 11611982 amd were appraved by the Animal Eth-
ical Cammmittes af our Universaty;

24, Mouse lebhnity nssay

The L0y of cach newrotoxin was determined following Lp
Injectian into mice {Peasce ot al., 19941 Five doses weré wsed to
determine the L0w;, and 6 animals were used per dose. Mice were
evaluated a1 12 b intervals after sdministration

A5 Phrewic merve hemidiaplrugm

Mouse phrenic neree-hemidiaphragm proparations were used
an previously described (Rigonl er al, 20040 BoNTIA or BoNT/D
were adided at a final concentration of &0 08 and iscubated in
physiological nwedivm ar 20 °C for 30 min witlvout nerve stimli-
tiee. At the end ol Uee incubation, tssoes were washed and tram-
fermed to 37°C in a hath withoot taxin and phrenic  mene
stimmulation was applied via bwo nng platinum electrodes by supra-
maximal stimuli of 3-6% amplitude and (.1 ms palse duration
with a freqoency of 0.1 Hr. Toxin-induced paralysis was measured
&5 @ P00 redection In mvuscle twitch response to neurogenic stim-
ulation. The time required 1o decrease the amplitude to 50% of the
SLanTing walue [paralytic half-time ] was also defermined,

A Primary newromal ondiures amd Western biot

Rat cersheflar granule neurons (CGNs] were prepared from
G ilays neanatal Wistar rars’ as previously described {Lew et all
19H4: Rigonl et al., 2004). Briedly. fresh cerebella were disiupted
mechanically in presence aof rypsin and DMNase | and the cells pla-
texl onta 24 wedl culture plates functimnalioed with poly-L-lysine
(10 pgimL], Coltures were maingained &t 37 °C 55 COy, 955
humadity in BME supplemented with 10% fetal bovine serum,
25mM KO 2 mM glutamine an S0 pgiml gentamycing To arrest
grovwth of noa-neuronal cells, cytosine arabinoside {10 p) was
added 1o the medium 18-24 h alter plating.

Primary vaf spinal cord matoneunons (MRS} were isolated Tram
Spragee-Dawley ral embogas (Embryomic day 14} and cultured Tol-
lwing prevanusly described protocods {Arce et al, 1599

After -8 days al newronal differentiation m vicm, CGNs and
M5 were incubated for 24 b at 37 °C with different doses of either
BolT{ [ or BoNT(A diloted m Basal Medism Eagle (BME) supple-
mented with 10% FBS and 25 mM KCI for OGNS or n Mearobasal
medium supplemented with 10T barse serum for MNS, in same
experimeils OGNS wene istubaled with BoNTD in ice-coobd
MEM 105 FBS pH 7.4 and 160t af 4 °C for 15 min; After washing
rwire with the same old medium, preowarmed mediom A
MiCly, 1.5 mM CaC)y, 5 mM
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Wal,. 5 mM citric acid, 56 mM glecose, 10 mbd MHACL). adjusted at
different pH valoes with 1 M THIS-base, was added and left for
5 min at 37 “C Celks were then washed twice with MEM and Pur-
e incobated for 126 in MER. 10 /S5 pH 7.4 containing
100 M baflomycin Al in pedés b6 mdouce entry of the taxen from
the ¢zl surface which bypasses endocytosts [Pirazzind et al, 20111
After incubation with the toxing, oells were directly lysed in the
wells with Lacmmbi buffer containing pratease inhibitors {cam-
phete Minl EDTA-free: Roche] and separated by SDE-PAGE electre-
phoresis for Western immunoblating. Primary antibodies agalnst
SRAPZS ad VAMPlsynaptobrevin wene inculsted overnight af
A, weashed three Bimes with PBS-Twoaeen, and incubated with sec-
andary antibodies - conjugated] to horeradish perosidase,  After
theee washes with PES-Tween and one with PES, viswalization
was carried out using enfanced chemiluminescence kit (ECL GE
Healthcare ), SMAP-25 and WAMP bands were guantified by densi-
tometric analysis and the amount of cleaved substrate was deter-
mined &8 a rario with respect to the uncleaved SNARE protein.

27, Effect of BoNT{D infectom m hmman muscles

A groug of ten healtly homan volunteers was gathensd among
the members af our leboratories, including some ol the authors of
the present paper; all voluntesrs were knovamn to be sensitive to
Bal T4, A written consent was obtained from each of them alier
a derailed explanation of the procedure tocbe used and of the bie-
chemical. cellubar and tissue procedures of characterization of the
BaNT/D prepararion to be injecred in the Extensor Digitorum Brevis
(EDB) muscle of the Teet. in five subjects | 10 EDB muscles)a dose of
30 ol BaRT{Dr was injected and its efect was derermicied: After
callection al these results, five subjecs [ 10 EDE muscles) were in-
Jjected with a higher dosage of BoWT/D [ 90 [U ), The effect in the DB
injected with the toxim was quantified hy the electrophysickagic
evaluation of the compound muscle action patential (CMAR)
amplitude, elcited by supramaximal etectrical stimulation of the
perongal nerve at the ankile, Defore and after the frearment (at
the 1, 2, 3. 4, 6 and B weeks ) Electiical stimalation was peifosimed
by using a siogle sheck ol (L5 me of duration, delivensd in a candom
pattern at low Freguency, The reconling electrodes  placements
were the same for each patient, wsing simikar environmental condi-
tinns, at the same time of the day and after checking the skin tem-
perature, Before the study, the long-teome stabiliny of the CMAR in

400 -
Bl TA,
BO - —— BoMTD
& 60
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20 -
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Fig . Pindbch o sy o inuiniise i nerve heriibapleagin RaNTA (Sild
trace ] or Bafi TS (Ehem trave] was added s 3050 for M) min in resting condviins if 4
dival concearrathon of L1 nfd, The tssie was ihen washed iwice. the iempesanun
weset ot AT U aned the never atimulansd widva Sogquency of 18 He Taalng effec war
wvateiinl @ biick rofugiion spun seumgmie stieoliten meer the tme

20 normal EDBs was checked by testing in various subjects this
technigue in different days and abtaining & CMAR percentage trend
varlation {test- retest amplitude varlability ) within 20%, Thesefore,
the peak-to-geak amplitude of the evoked OMAP was mexsured
and commpared in percentage with the baselme's valoe.

3. Results
3.1 Compormtive toxicily of BaNT/D end FoNT/A fn mice fn vive

To determine the toxicity of BoNTD and BoMTIA used. in this
stidy, we estimated their béologsc activity using the mosise lethal-
lry assay, BolMTs were npected Lpin méce at doses ranging beoween
0.2 ing/Kg and 0 nglBg and percent of lethabity was dececmined at
vach doses over four days, The resulting specific sctivity was
04« 10% Wy fmg Tor BaNT{A and &6 = 10° LDgp0me for BoNT/D.

For the tnjections in human voluntesss, the LD, was expressed
in International Uanits (L)) with, the resulting specific activity of
[0TE ngliu for BONTD and 0025 nglil for BaNT A

32, Comparative Toxiciiy of BoN1D and FoNT/A i the mouse
Temidinphragm preparation

The mwuse phrenic nerve-hemidiaphragm preparalion @ a welk-
estabfished method of testing the biclegic sctivity ol a BoNT and,
because of its reliability, the Hme course of paralysis is taken as
a standard by several health agencies and production Labaratories
| Dressher et al., 2005 Raserri-Escargueil et al., 2009], Fig. 1 shows
the development of the musche paralysis induced by the progres-
sive silencing of the NMJ by BaNT/A and BoNT/D: BoNT doses of
comparable efficacy it causing modse: death exhibic different
kinetics of actiore BoNT(D acts faster than BoNTA In principle
thes= kinetics differences can be attributed to any af the fowr steps
of their process of nerve enry and intoxication, k & unlikely that
binding is 2 major determinant as the interaction of a protcin 1i-
pand with'a membrane receptor, not invelving protesdysis or other
chemical modificarions, 1s weually very rapsd. Available evidence
Indicate that the endocytasis of ol BoNTs is mediated by acidic
compartments of the nense Lerminals, most likely synaptic vesicles
[Montecuceo and Schiavo 1995), and therefore this second step
camnat accaunt far the different kinetics, Therefore, the different
timee caurses of paralysis of the two BalTs have tobe arnbated
tothe third and{os the fourth seeps of cellular intoxication process,

3.5 BoNT/D clewves VAMPspigprobirevin b culnmed v newnoms

To eomplete the chasscterizatbon of the sctien ol the BaNT/D
preparatian ta be used in hurman volunteers, we tested its VAMP
cleawage activity with rat cerchellar granular neurons and spinal
cord mmatomeurans, using the traditiona] precedure of incubation
of the roxin in the cell culture medium (Fig. 2} or the low pH jump
induced ey of the oxin from the cell surface which by-passes
endacytosis {nat shisn ] (Piraeeind et al, 2001 Fi 2 shows that
thee present preparation of BEoMT/D s wery elfective in cleaving
VAMP synaptalrevin in both neuranal cultuses. This resull is very
imparant 2 the light of the Tact that the predominant YAMP iso-
farmi in the centrab nervous system (CMS) is Bsoform 2, whalst
WAMP-1 predominates in spinal cond and peripheral motoneurons
{Edferink eral, 198 Patarnella et al, 1993 L et al, 19946
Jscobsson et al, 1998 and that in human and rat VAMP-1 the
pssevitial MecdB of mowse (Pellizzarl ot al. 1998 i repiaced by 2
It resiloe which remsders VAMP-1 less sensitive 1o e deavage
by BoNTD @ wire (Yamasaki 2t al, 1984; Makamira &t al,
MN2) The present Andings indicate that despite the Met/lle
replacement et VAMP-]  memams  semsitive o BoNT/D in
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Fig, 2, balT!A and BabFL Ceavage of e SRARE Lapet poosenns in val covelsd lar gramsbar meoemom (4| ezl s orad sgnal cond motsnssrona (B, Cirlly wene moubuiod s J4 &
& 5T with mdicated concestiration of BoRNTIA or Bof T diluted i ghe respective culbsre medium, Cells weve then yeed and their SNARE prosrine were estimaned by
Imimnirobikodting with specific antihodies [iower parslss SHAP-25 and YAMP bands were guansified by densiiometric anssysks (upger peaeis] and their faccs peroentge
pubcbind, Cakion g D v bt ik raon-E e reedd ool o DO0A VAME vehich i ool Chuived iy BebdTU S i i an intesml seandand Do BebTA roatid SellE and vics v m BeTID
trratesd colln, The hrwer paneds shrs the smmunobinsting ohigned in 8 represenbsne sggenment,

rmatoneurons. [ shoubl alse be considered that much kinger times
are implicated in human intoxication {botalism) or therapeatic
imjection and this renders the time course of deavaze of the BodTs T ' I I
suhstrates a less stringent parameter, -

™

g

T4, Effere of the Injecrion of BoiVTR in the fuman EDE musoke in
vomparison with fhiose omsed by FoNTA

&

BoNT{D was injected inte the EDE musdes of five human valun-
teeTs using a low dosage [ 310 of BabT)0, 10 EDE muscles tested ),
The temporal profile of the mean CMAF ampinads pereentage
varlatian in EDB revealed no sign of paralysis when BalT/D was in-
feoted falver 1, 2. 3, 4. 6 and B weeks) [Flg. 34 and Supplefmentany Basal ] 3
Fig. S1AL On the contrary, BeNT(A, Injected 6 months before in the Weak #
saime sulxjects, was very effective ancd showed a prodfile of action in
terms of percentage ol inhibition and times course of recavery iden-
tical to those detenmined previonsly by our amd by other laborato- T
ries (Eleopra of al, 1997 1998, 2002, 2004; Anki, 2001; Rosales 104 T
et al., 200G

0n the basis of the neganve resulrs of Fig. 34, we performed an-
atherset of injections using 2 higher dose {10010 of BaNT/D. 10 EDE
rarscles tested | The results are shown in Fig 36 and in Supple-
mentary Fig. S10, Here, a slight paralytic efect can be miticed at
the frst wesk after injection, which retums within congml value
afready ar the sceond week as the CAAP amplitude hecomies statis-
ticaily indistinguishablé from valises obtained &t Later rime poimts Basal 3
and From controls, Howewer this effect s really minor and if ap- Weok #
pears: that much langer doses have to be infecmed to degect an
.]nplﬂ:lahlz effeci. Fig. L Peneniage trend vaitation of the compouml menoular aetion patential

(CARAP] mver tame. The waluey are expresed 25 mean and sandard desaation of the
perentage TVAP olstained in wluniany sobjoos oested with 300 af BoNT A

CMAP wariation
[% Vs basal)

(% Vs basal)
8

CMAF variation

1 2 4 & 8

&, DEscussion and vl 1000 BaN T R),
Experimental and epidemiological studies have identified dif-
ferences in epidemiology of bowlism in momans compared of ype C aml [ are available. Lamanma | 1959) mentions: two

mamny other animal speces. Few repants citing. human outhrealkes hurman iype © ootkreaks and one type B outhreak bt prowvides

T aahe i Y R T i

ol nessrdn sexoeype 11 oary efcsive n hunaos A i v
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. Bloprn o i Clined Menmmphyinbegy oo S3002) aor-mey a

na reference for these cases and no recent reports of human type C
amd O borulism 15 present i Heerature but for oaly one regort ol
type C poisoning in & single infant {Dgwma et al. 19901 Lack of lu-
iran sescepiibilicy o BoNT/C and (D intoxication could be atrls-
ulex] either bo poor absarption of these specific toxins: from the
hurman gastrointestinal tract or to resistance of homan cholinergic
nerve erminal to the activity of this toxin, Far BalTIC the former
possibiliey is the miost probable stnce BolT/C has been extensively
demonstrated to be active an injected human nearomuscular junc-
ton ard it has been proposed as a valud therapeutic Atermative o
BalT/A [ Eleogra et al_ 1997h, 2002, 2004} Human susceptibility o
lype D nsuratoxin remains unclear, with contrasting reposts (Col-
firld et al, 1997 Anderson et al., 20091 and therelore we decided
t tackke this issee by comparing the toxin activicy in mice and rats
I wigri, e viva and in vive and i humans in wiva

The majar finding described here ks that a preparation of BoNT/
D, wehch ks very active in mice and rats, |s pooely effective in (ndwc-
ing human skebetal musche paralysis. This woek performed in vive
exlendi e work of Collield éf al {1997 cared oul with &x viva
preparations of human pyramidalis musches and establishes that
HBal /L has & mimimal effect on an ir vive human compoand mus-
cle action patentiat which is used as a standard for resting the sus-
coptibility of uman patients to BoNT|A [Eleopra ot al., 19973 ) The
present wark also explains the statement that BolT{D 15 efective
an human muscles [Anderson e al, 2008) because the slight elec-
troplysiolezical CMADR inhibition Taund after ane week Traem (e
injection of 10 W inte the EDE ninicle indicates that moch higher
doses may procloce parabysis.

The present “negative” result is very significant in light of the
recent efforts. bo characterize the presynaptic receptors of BoNT(
. BokT D has been wiell documented 1o/ bind (o viro Dao polysia-
leganglioside molecules and their inding sies i the C-aerminal
damatn of the H chain have been defined by site-directed muga-
genesis and X-rays crystallmgraphy (Strotmeser et al, 2000; Thang
et al, 2011 These stsdses led to the suggestion that PGS are
responsible for the hinding and entry of BaMT/D inside peripheral
nerve terminals, Om the cantrary, anather laboratary repored evi-
dence pbtained i vitro that the synapssc vesicle: protein 5w may

bea co-tecepror of BaNT{E in addiclon 10 & PSG moleouke. as it s

of BOMT A and BaNTIE { Peng et al_ 2001 ). The present finding that
laurnans aiwd ce hasve a very large difference in sensitivity 1o
BaNT!D, whilst are similarly sensifive to BoNT(A indicates that, if
indeed 5¥2 is the protein co-receptor of BoMT it must bind to
a segment different from those bound by BoNTIA and HoNT/E

It is well known that mice and human skeletal M| possess a
simifar array of PG {Cochran of ak. 1982; Wiegandt. 1985; Ledeen
et al. 1986; Lehmann et al, 2007] aml P56 which are bourd by
BaMT|D are also bound by anti-P5G specific antibodies that in the
presence of complement do darmage both the mece and buman
nerve terminal (Chiba ef al., 1992, ‘Willisan ot al., 1994; Willison
and Yulei, 20037 Halstead et al. 2004), Therelore, P50 cannot be
the sobe functional receptors that bind BolT/L and dive it inside
intracellular acidic compantments. Clearly the biological activiry
of BaNT{D depends o0 the expresskan of complex PSG a5 demon-
aredted i plireic nerve-bemidiaphragm  prepanations - dedwved

fraim mice aialy expiessiing either GM3I or e a-series gangliogides:

(GM2, GMZ GM1 and GDEa) {Strotmeies = al, 20607 but they can-
not be the sol= funciional recepbms af Be® T,

0 the ather hand. the work where 5V was progosed as the
pratein co-receptor of BoNT/D { Peng et al, 3071 ) has not reported
the identificarkon of the segment of protein involved In BaNT/D
Iamding. Ar thie present sTage; & way 1o seconcile the vailable re-
Aults s o adwme Tt DoNTID interacts witl the oligossccharide
lateral chagn ol SY2 {or of another nerve tEmminal vessoular mem
brane pratein} and this opens 3 novel and relevant possibility to
be expecimentally tested,

Wie thank Br. Clifford Shoae (CAME, UK] for providing bors-
limum toxin type A The present work was supported by the
University ol Padova Propetio Strategico “Physiopathology of
signalling in- mewronal lssuesd an in vive apgproach” and the
Fondazione CARIPARG Project on “Synaptic nctions and rale of
Glial Cells in Brain and Muscle Diseases fo CM and by Grants of
Ministero delllniversitd e della Ricerca {PRIND and Progemo di
Areneo of the University of Fadova to OR The authors declare that
there is no potential conflicn of Interest.
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Discussion

Membrane translocation is the less understood event along CNTs intoxication
process. Actually, it is very hard to study such event because it takes place inside
endocytic compartments of neurons which are poorly amenable to manipulation.
We therefore decided to avoid this limitation by making the process occur at the
plasma membrane level, taking example from an experiment first performed with

diphtheria toxin**1%°.

This assay permits a tight control of translocation
environment which can directly influence toxins behavior. We firstly attempted
with BoNT/A and BoNT/B, because they are the most investigated and are used
in therapy. Unfortunately, the experiment performed with them clearly shows the
lack of translocation, but, interestingly, TeNT, BoNT/C and BoNT/D displayed the
ability to translocate across the plasma membrane. Given that CNTs are very
conserved from the structural point of view but maintain proper features which
make them unique, we ascribed such difference to the diverse binding modalities.
It has been discussed above that BoNT/A and BoNT/B interact with only one
exposed molecules on neuronal membranes, while TeNT, BoNT/C and BoNT/D
have at least two anchorage point. We therefore speculated that, once bound,
CNTs must limit their rotational degrees of freedom in order to properly
predispose the structural rearrangement for translocation. Accordingly, providing
BoNT/B secondary binding partner on the plasma membrane, it recovers the
ability to translocate in our experimental conditions. This is an interesting result
because it extends the double receptor concept to the low pH induced membrane
insertion and translocation of the L chain and demonstrates that, providing the

correct binding configuration, CNTs can be inserted also into cells which normally
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Discussion

are refractory. This in turn gives the possibility to use CNTs as an interesting tool

to study the role of SNARE proteins in secretion in non—neuronal cells.

Interestingly, all the toxins tested have similar pH dependence for the induced
membrane translocation. This suggests that the machinery which governs
translocation is probably maintained among different serotypes. Accordingly, a
bioinformatic analysis has shown that a pool of aminoacids is strategically
conserved in one face of the translocation domain. Interestingly, they are acid
residues. Their properties can therefore compensate for histidines absence on
the toxin—solvent interface, other feature shared among CNTs, and provides a

mode to the toxins to sense pH variation.

More importantly, we found that our low pH induced translocation assay is a
reliable method to study other parameters which generally influence molecular
dynamics. Accordingly, we adjusted our protocol by changing the time and the
temperature along the low pH period. The main general result was that, at 37 °C,
translocation is very rapid for BoNT/C, BoNT/D and TeNT and is completed
within minutes. On the other hand we also found that temperature strongly affects
the translocation. BoNT/C is completely blocked at 28 °C. It is possible that this
toxin is the result of an evolution that has led to the long known higher resistance
of BONT/C to temperature. Accordingly, this could be correlated with the fact that
these serotypes mainly affects birds, which have a higher body temperature.
Similarly, the finding that TeNT action is very limited when translocation is
induced at 20 °C, fits very well with the low sensitivity of cold-blood animals such
as amphibians and reptiles to tetanus. BoNT/D seems to be less sensitive to

temperature decrease.

At the same time, our assay has shed light on the importance of interchain
disulphide. Some evidences had already demonstrated that disulphide was

149158 " put it was not known which of the four main

important for CNTs toxicity
steps was affected. Here it has been shown that the disulphide is fundamental for
the structural rearrangement and it is possible to speculate that probably it
provides a third anchorage point in the membrane to help HN insertion during pH

drop.
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Besides its role along translocation, when L has passed the vesicular membrane,
the disulphide must be reduced to allow the release from a membrane bound
compartment into the cytosol. To date little is known about such event and it has
been poorly investigated. Interestingly, given its importance, it could be
considered as a new target to block CNTs entry in neurons. We decided to
exploits the vast knowledge available about cytosolic reducing system and
focused our investigation on the main two: the glutathione pool and the NADPH-
thioredoxin reductase-thioredoxin system. Employing a pharmacological
approach we found that thioredoxin reductase is involved in CNTs entry into
neurons because its inhibition results in the block of TeNT, BoNT/B, BoNT/C and
BoNT/D toxicity. Given that thioredoxin reductase in not directly involved in
disulphide reduction/isomerization of cytosolic proteins, we guess that the directly
involved reducing agent is thioredoxin. Interestingly, it has been reported that
thioredoxin shares structural similarities with group-l and group-Ii chaperons154’
1% and indeed thioredoxin can help the folding of proteins in redox-independent
reactions'®® 7. Thus, it is tempting to speculate that the thioredoxin system not
only detaches the L chain from the HN domain, but also assists the refolding of
the L chain which must necessary unfold in order to pass through the HN
transmembrane channel. It remains unclear whether thioredoxin alone can
accomplish such process or specialized chaperon proteins rather must assist it.
Interestingly a well documented system of SV chaperons assists SNARE proteins

folding turnover necessary for SNARE complex assembly and disassembly '8 1%°,

Here it has been investigated the mechanism of internalization of BoNT/A.
Electron microscopy experiments allowed us to visualize the internalization of
BoNT/A into the lumen of small synaptic vesicles of NMJ ex vivo preparation.
Moreover, by screening many replicates, we have reported that, along
intoxication, there is an average value of 1.5 toxin molecules per vesicles. This
fits very well with the estimation that a population of small synaptic vesicles
contain an average of 1.7 SV2 molecules per each vesicle® and underlines that it
is the proteic receptor, rather than the polysialogangliosides, that induce the
molecule internalization and trafficking. In addition, this finding supports the idea
that L chain translocating channel is made of one, or at the most, two Hy

domains. Such evidence reinforces the concept of BoNT/A as a nanomachine®,
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which provides a model where each molecule is sufficient for the correct
translocation of the own catalytic subunit. These considerations could be
extended also to other toxins which exploits SV2 as proteic receptor. Recently, it
has been reported by Sun and colleagues that BONT/B and BoNT/E form a trimer
and that the translocating channel is composed of three Hy molecules' .
Oligomerization is of course possible in the case of BoNT/B which interacts with
synaptotagmin I/ll, present inside synaptic vesicles in many copies (average
15.2)*". In the case of BoNT/E, the authors reported that oligomerization takes
place on the plasma membrane, suggesting that, even if the number of SV2
copies per vesicle is lower than three % the interaction of one molecule of the
trimer with the luminal portion of SV2 is sufficient for the internalization of the
neurotoxin—receptor supercomplex. On the other hand, this cannot be the case of
BoNT/A, since just one-two gold dots per vesicles are present. Moreover, the
extreme potency of CNTs push the option of a non-cooperative translocation.

We also demonstrated that the achievement of translocation competent
environment is very rapid, with a kinetic compatible only with the rapid
acidification which occurs in small synaptic vesicles'®® '®3. Therefore it can be
stated that translocation occurs from SV and, accordingly it can be excluded that,
as many bacterial toxins do, BoNT/A exploits other cytosolic acid compartments

like those found along the endosomes pathway.

The employment in human therapy remains one of the main goal concerning
BoNTs research. Even if BONT/A remains the first-choice toxin for human
diseases treatment, sometimes intrinsic resistance as well as the development of
antitoxin antibodies hamper its use. It is therefore important to explore the
potential of other serotypes. The lack of reports citing human outbreaks of type C
and D botulism is consistent with the fact that these serotypes are mainly
correlated with animal botulism. BONT/C and /D scarce susceptibility could be
attributed either to poor absorption of these specific toxins from the human
gastrointestinal tract or to resistance of human cholinergic nerve terminal to the
activity of these toxins. Nevertheless, the latter hypothesis is for sure wrong, at
least for BoNT/C, which has been found to be a good alternative to BoNT/A™2 146
147,184 "On the other hand, little is known about BoNT/D human susceptibility. We

therefore decided to increase the knowledge in this field, by testing, for the first
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time, BoNT/D in human muscles through the electrophysiological evaluation of
the compound muscular action potential (CMAP) amplitude. We demonstrated
that this toxin serotype is very effective in mice either in vitro, ex vivo and in vivo

but is poorly effective in in inducing human skeletal muscle paralysis.
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5.2 Congresses attended

25-28 May 2011: 1% French-ltalian Joint Meeting on Subcellular Trafficking
(Padua, Italy)

Abstract with poster presented: Tetanus and botulinum neurotoxins need two feet
to jump into neurons

2-5 October 2011: 7" international conference on basic and therapeutic aspects
of botulinum and tetanus toxins (Santa Fe, New Mexico, USA)

Abstract with poster presented: Tetanus and botulinum toxins need double
anchorage to the membrane and intact disulfide bond for low pH induced entry
into neurons

30 November 2011: Giornata di presentazione dell'attivita di ricerca dei dottorandi
del XXV Ciclo (Padua, ltaly)

Abstract and oral presentation: Tetanus and botulinum neurotoxins need two feet
to jump into neurons

20-21 April 2012: Membrane Trafficking and Organelle Biogenesis meeting
(MTOB) (Bertinoro, Italy)

Abstract with poster presented: Tetanus and botulinum neurotoxins need two feet
to jump into neurons
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