
 

  

  

 

Sede Amministrativa: Università degli Studi di Padova 

Dipartimento di Scienze Biomediche 

 

CORSO DI DOTTORATO DI RICERCA IN:  

SCIENZE BIOMEDICHE SPERIMENTALI 

CICLO: XXX 

 

 

STUDY OF THE MECHANISM OF ACTION OF 

 BOTULINUM NEUROTOXINS TO DEVELOP INHIBITORS AND TO 

IMPROVE THEIR PHARMACOLOGICAL APPLICATION 
 

 

 

Coordinatore: Ch.mo Prof. Paolo Bernardi 

Supervisore: Ch.mo Prof. Cesare Montecucco 

 

 

              Dottorando: Giulia Zanetti



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Alla mia famiglia 

 



 

 

 



Table of contents 

I 
 

Table of contents 

Summary ......................................................................................... 1 

Riassunto ......................................................................................... 5 

Chapter 1: Introduction .................................................................... 9 

1.1 NEUROMUSCULAR JUNCTION AS A TARGET OF TOXINS ......................................... 9 

1.2 BOTULINUM NEUROTOXINS ........................................................................ 12 

1.2.1 BoNTs: from bacteria to paralysis .......................................................................... 13 

1.2.2 BoNTs structure and mechanism of action ............................................................ 15 

1.2.3 The double face of BoNTs....................................................................................... 27 

Chapter 2: Aim of the thesis ........................................................... 33 

Chapter 3: Results .......................................................................... 35 

3.1 STUDY OF PAN-INHIBITORS TO PREVENT BONTS TOXICITY .................................. 35 

3.1.1 Thioredoxin and its reductase are present on synaptic vesicle, and their 

inhibition prevents the paralysis induced by botulinum neurotoxin ..................... 37 

3.1.2 Inhibition of botulinum neurotoxins interchain disulfide bond reduction 

prevents the peripheral neuroparalysis of botulism .............................................. 59 

3.1.3 A novel inhibitor prevents the peripheral neuroparalysis of botulinum 

neurotoxin .............................................................................................................. 71 

3.2 BONT/C VARIANTS FOR CLINICAL USE ........................................................... 99 

3.2.1. Botulinum neurotoxin C mutant reveal different effects of syntaxin or SNAP-

25 proteolysis on neuromuscular transmission .................................................. 101 

Chapter 4: Discussion .................................................................... 129 

Chapter 5: Extras .......................................................................... 135 

5.1 OTHER PAPERS AND REVIEWS .................................................................... 135 

5.1.1 The thioredoxin reductase-thioredoxin redox system cleaves the interchain 

disulphide bond of botulinum neurotoxins on the cytosolic surface of 

synaptic vesicles .................................................................................................. 137 



PhD Thesis-Giulia Zanetti 

 

II 
 

5.1.2 On the translocation of botulinum and tetanus neurotoxins across the 

membrane of acidic intracellular compartments ................................................ 145 

5.1.3 Snake and spider toxins induce a rapid recovery of function of botulinum 

neurotoxin paralysed neuromuscular junction ................................................... 155 

5.1.4 The ablation of S1P3 receptor protects mouse soleus from age related drop 

of muscle mass, force and regenerative capacity ............................................... 173 

5.2 CONGRESSES ATTENDED .......................................................................... 189 

References .................................................................................... 191 

Acknowledgments ........................................................................ 205 



Abbreviation index 

III 
 

Abbreviation index: 

ACh = acetylcholine neurotransmitter 

BoNTs = Botulinum neurotoxins 

CDC = center for disease control and prevention 
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Summary 
 

Seven antigenically different botulinum neurotoxin types (BoNT/A through /G) 

and many subtypes (BoNT/A1, BoNT/A2, etc.) constitute a growing family of 

bacterial exotoxins that specifically paralyze the cholinergic peripheral nerve 

terminals of vertebrates. Most notably, BoNTs intoxicate the neuromuscular 

junction, thereby causing a severe neuro-muscular paralysis known as botulism. 

Despite the heterogeneity of their primary sequence, BoNTs are structurally and 

functionally conserved and composed of a 50 kDa light chain (L) and a 100 kDa 

heavy chain (H), linked via a unique, and fundamental, disulphide bridge. The C-

terminal (HC, 50 kDa) and the N-terminal halves (HN, 50 kDa) of H constitute a 

sophisticated nanomolecular machine that mediates both the neurospecific 

binding of the molecule to peripheral nerve endings and the delivery of L into the 

neuronal cytosol. L is a zinc-dependent protease that specifically cleaves SNARE 

proteins (SNAP-25 (synaptosomal-associated protein of 25 kDa), VAMP (vesicle-

associated membrane protein) and Stx (syntaxin)), the three proteins that form 

the SNARE complex which is the core of the nanomachine that mediates the 

fusion of synaptic vesicles (SV) with the presynaptic membrane, thus allowing 

neurotransmitter release. Cleavage causes impairment of SNARE complex 

assembly/function and thus a blockade of neuroexocytosis, which results in the 

flaccid paralysis typical of botulism. Patients can die for respiratory failure but, if 

vital functions are maintained by intensive care, they fully recover as the 

botulism neuroparalysis is completely reversible. 

The mechanism of action of BoNTs can be conveniently divided into five 

fundamental steps: 1) binding to nerve terminals, 2) internalization by SV 

recycling, 3) pH-dependent translocation of L into the cytoplasm, 4) reduction of 

the interchain disulphide bond and 5) hydrolysis of SNARE proteins. BoNT/A and 

/E cleave SNAP-25, BoNT/B, /D, /F and /G cleave VAMP. BoNT/C is unique 

because it cleaves two substrates, SNAP-25 and syntaxins. 
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BoNTs are the most poisonous substances known to vertebrates, and are 

classified as potential biological weapons. Currently, the only treatment available 

consists in passive immunisation with antisera raised against the seven main 

toxin types. Unfortunately, antisera are variably reactive against subtypes and, 

moreover, no licensed vaccine are available for human use. This situation has 

promoted an intense research to develop new antitoxins. 

At the same time, neurospecificity and reversibility of action make BoNTs the 

therapeutic of choice for the treatment of a heterogeneous number of human 

diseases characterized by the hyperactivity of peripheral nerve terminals. 

Given this dichotomy of BoNTs, the aim of my PhD has been double: i) to develop 

pan-inhibitors that would prevent/treat botulism and ii) to better understand the 

toxin functioning in vivo to improve its use in human therapy. 

i) BoNT’s intoxication strictly depends on the reduction of the interchain 

disulphide bond. Without it, L remains attached to H and cannot exert its 

catalytic activity. By using a pharmacological approach, I found that the 

Thioredoxin-Thioredoxin Reductase (Trx-TrxR) system is responsible for the 

reduction of all BoNT serotypes and that inhibitors of Trx-TrxR strongly reduce 

their neurotoxicity in vitro and in vivo in a model that recapitulates clinical 

botulism. These results are remarkable because they show for the first time that 

the different BoNTs can be inhibited by a single drug (a pan-inhibitor) by 

impacting on their common mechanism of action. 

Following the same concept, the trafficking of BoNTs within the synaptic terminal 

represents another rational target to develop pan-inhibitors. Recently, it was 

reported that the chemical compound EGA inhibits pathogens or toxins that 

enter cells via acidic endosomes. Since also BoNTs have a similar requirement to 

trigger the translocation of L into the cytosol, I tested the activity of EGA and I 

found that it significantly inhibits the neurotoxic activity of BoNT/A, BoNT/B and 

BoNT/D in vitro and in vivo, tested because are serotypes frequently involved in 

human and animal botulism, respectively. Interestingly, none of the main steps 

underlying toǆiŶ’s Đellulaƌ ŵeĐhaŶisŵ is directly affected by the drug. Rather, I 

provided indirect evidence that EGA interferes with the sorting of BoNTs inside 
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nerve terminals, hampering their trafficking toward acidic compartments 

essential for L translocation. 

Togetheƌ, these studies shoǁ that BoNT’s aĐtiǀitǇ ĐaŶ ďe sigŶificantly mitigated 

independently from their intertypic differences by using drugs targeting common 

steps of their mechanism of action. These inhibitors represent lead compounds 

for the development of new drugs against botulism. 

ii) BoNTs are successful human therapeutic agents. Despite their use is almost 

invariably restricted to BoNT/A and BoNT/B, recent data on human volunteers 

suggest that BoNT/C can be used to treat non-responder individuals with 

similarly effective pharmacological outcomes. However, little is known about the 

mechanism by which BoNT/C paralyzes peripheral nerve terminals in vivo. In fact, 

at variance from all the other BoNTs, BoNT/C cleaves two substrates, SNAP-25 

and syntaxin-1A/1B. Therefore, I undertook a study to evaluate the individual 

contribution of SNAP-25 and syntaxin cleavage to BoNT/C activity in vivo. I took 

advantage from a recent publication where two triple-mutated BoNT/C L, 

L200W/M221W/I226W (BoNT/C α-3W) and S51T/R52N/N53P (BoNT/C α-51), 

were reported to cleave selectively syntaxins. 

Thanks to a collaboration with Dr. T. Binz, I received the full-length BoNT/C 

mutants produced by recombinant methods and I tested their biochemical and 

toxicological properties. I found that both mutants cleave syntaxin with similar 

efficiency with respect to wild type BoNT/C (BoNT/C-wt), but unexpectedly, they 

maintain a residual activity on SNAP-25 which is higher for BoNT/C α-3W than for 

BoNT/C α-51. Interestingly, this different activity on SNAP-25 strictly correlates 

with the lethality of mutant toxins in vivo. At the same time, the proteolysis of 

syntaxin provides a substantial and prolonged neuromuscular impairment 

without the complete blockage of neurotransmission. These results suggest that 

SNAP-25 cleavage is the main determinant of BoNT/C neuroparalyzing activity 

and that BoNT/C derivatives with selective activity for syntaxins represent an 

appealing strategy to develop BoNTs endowed with long lasting activity and a 

wide safety margin. 
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Riassunto 
 

Le neurotossine botuliniche (BoNTs) sono esotossine batteriche, agenti eziologici 

del botulismo. In base alla diversa antigenicità si possono dividere in sette sierotipi 

principali (BoNT/A-/G) che comprendono ulteriori sottotipi (BoNT/A1, BoNT/A2 

ecc.). Presentano tutte tropismo specifico per la giunzione neuromuscolare dove 

eseƌĐitaŶo uŶ’azioŶe ŶeuƌopaƌalizzaŶte. 

Nonostante la sequenza amminoacidica eterogenea, dal punto di vista strutturale 

e funzionale le BoNTs appaiono altamente conservate: sono composte da due 

catene polipeptidiche, una pesante di 100 kDa (H) e una leggera di 50 kDa (L), 

unite da un unico, ma fondamentale, ponte disolfuro. Il C-terminale (HC, 50 kDa) e 

l’N-terminale (HN, 50 kDa) di H costituiscono una sofisticata macchina molecolare 

che media sia il legame neurospecifico della molecola ai terminali nervosi periferici 

che la traslocazione di L nel citoplasma dei motoneuroni. L è una proteasi zinco-

dipendente che idrolizza in modo specifico le proteine SNARE (SNAP-25 

(synaptosomal-associated protein of 25 kDa), VAMP (vesicle-associated membrane 

protein) and Stx (syntaxin)), tre proteine che costituiscono il nucleo della macchina 

molecolare, il cosiddetto ͞SNARE complex͟, che media la fusione delle vescicole 

sinaptiche (SV) con la membrana presinaptica permettendo il rilascio di 

neurotrasmettitore. Il taglio di una di queste importanti proteine provoca una 

riduzione nella funzionalità del complesso e quindi un blocco della neuroesocitosi: 

ciò determina la paralisi flaccida tipica del botulismo. I pazienti possono morire di 

insufficienza respiratoria ma, se le funzioni vitali vengono sostenute, essi 

recuperano completamente la mobilità in quanto la neuroparalisi è reversibile. 

Il ŵeĐĐaŶisŵo d’azioŶe delle BoNTs può esseƌe ƌiassuŶto iŶ ĐiŶƋue fasi 

fondamentali: 1) riconoscimento specifico e legame al terminale sinaptico, 2) 

internalizzazione tramite il riciclo delle SV, 3) traslocazione pH-dipendente di L nel 

citoplasma 4) riduzione del ponte disolfuro intercatena e 5) idrolisi delle proteine 

SNARE. 
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In particolare, la BoNT/A e BoNT/E agiscono sulla SNAP-25, mentre BoNT/B, /D, /F 

e /G idrolizzano la VAMP. La BoNT/C è unica perché taglia sia SNAP-25 che la 

proteina sintaxina. 

Le BoNTs sono le sostanze più velenose note, classificate dal Centro per il 

Controllo e la Prevenzione delle Malattie (CDC) come agenti in categoria A, cioè 

tossine potenzialmente utilizzabili come armi biologiche. Attualmente non esiste 

nessun vaĐĐiŶo appƌoǀato peƌ l’uso uŵaŶo e l'uŶiĐo tƌattaŵeŶto dispoŶiďile 

consiste nell'immunizzazione passiva con antisieri prodotti per contrastare i sette 

sierotipi principali e di conseguenza variabilmente reattivi nei confronti dei 

sottotipi. Questa situazione ha promosso un'intensa ricerca per sviluppare nuove 

antitossine. 

Tuttavia, allo stesso tempo, la loro neurospecificità e la reversibilità della paralisi 

rendono le BoNTs degli agenti terapeutici di prima scelta per il trattamento di 

uŶ’aŵpia ǀaƌietà di ŵalattie umane caratterizzate da iperattività dei terminali 

nervosi periferici. 

Considerando questa dicotomia, il mio progetto di dottorato si può dividere in due 

parti principali aventi lo scopo di: i) sviluppare pan-inibitori in grado di 

prevenire/trattare il botulismo e ii) capire meglio il funzionamento delle BoNTs in 

vivo per migliorare e ampliare l'uso di queste molecole in terapia. 

iͿ CoŶsideƌaŶdo il ŵeĐĐaŶisŵo d’iŶtossiĐazioŶe delle BoNTs, uŶo step 

fondamentale è la riduzione del ponte disolfuro intercatena, senza la quale L 

rimane attaccata a H e non può esercitare la sua attività catalitica. Utilizzando un 

approccio farmacologico ho dimostrato che il sistema Tioredossina-Tioredossina 

Reduttasi (Trx-TrxR) è il principale responsabile della riduzione per tutti i sierotipi 

di tossina botulinica e che inibitori di questa coppia redox producono una 

sostaŶziale pƌotezioŶe dall’iŶtossiĐazioŶe sia in vitro che in vivo in un modello che 

ricapitola il botulismo. Questo risultato è importante perché è il primo che mostra 

che sierotipi diversi di BoNTs possono essere inibiti da un'unica molecola (pan-

iŶiďitoƌeͿ Đhe agisĐe sul ŵeĐĐaŶisŵo d’azioŶe ĐoŵuŶe. 
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Un altro aspetto importante nella tossicità di queste neurotossine è il loro traffico 

all'interno del terminale nervoso. Questo potrebbe essere un altro target 

razionale. 

Recentemente, è stato riportato che il composto chimico EGA inibisce agenti 

patogeni o tossine che necessitano del passaggio attraverso compartimenti acidi 

(endosomi) per poter penetrare nel citoplasma di cellule bersaglio. Dal momento 

che anche le BoNTs necessitano di condizioni simili perché avvenga la 

traslocazione di L nel citoplasma, ho saggiato l’effetto di questa molecola 

sull’azioŶe delle BoNTs. Consistentemente, ho trovato che EGA inibisce 

sigŶifiĐatiǀaŵeŶte l’attiǀità ŶeuƌotossiĐa della BoNT/A, BoNT/B e BoNT/D in vitro e 

in vivo. Sono stati scelti questi tre sierotipi perché sono quelli più comunemente 

associati al botulismo umano (BoNT/A e /B) ed animale (BoNT/D). È interessante 

notare come nessuno degli steps del meccanismo d’azioŶe sia diƌettaŵeŶte iŶiďito 

dalla molecola: ciò è compatibile con la possibilità che EGA interferisca con il 

tƌaffiĐo delle BoNTs all’iŶteƌŶo del teƌŵiŶale Ŷeƌǀoso ostaĐolaŶdo il 

raggiungimento del compartimento acido essenziale per la traslocazione di L. 

Complessivamente, Ƌuesti studi ŵostƌaŶo Đoŵe l’attiǀità delle BoNTs possa esseƌe 

significativamente inibita, indipendentemente dalle loro differenze antigeniche, 

usando molecole che agiscano su steps comuni del meĐĐaŶisŵo d’azioŶe. Questi 

inibitori rappresentano lead compounds per lo sviluppo di farmaci capaci di 

prevenire il botulismo. 

ii) Le BoNTs sono agenti terapeutici di successo. Nonostante il loro impiego sia 

quasi esclusivamente limitato alle BoNT/A e BoNT/B, dati recenti ottenuti su 

volontari umani suggeriscono che la BoNT/C possa essere utilizzata per trattare 

individui non rispondenti a BoNT/A e BoNT/B con risultati farmacologici 

altrettanto efficaci. 

Tuttavia, al momento ci sono poche conoscenze riguardo al meccanismo con il 

quale la BoNT/C paralizza i terminali nervosi periferici in vivo: infatti, a differenza 

di tutti gli altri sierotipi, la BoNT/C è l'unica che idrolizza due substrati, SNAP-25 e 

sintaxina-1A/1B. Per questo motivo, ho intrapreso uno studio per valutare il 
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contributo individuale del taglio di SNAP-25 e di Ƌuello della siŶtaǆiŶa Ŷell’attiǀità 

della BoNT/C in vivo. 

Per fare questo mi sono basata su una recente pubblicazione in cui è stato 

riportato che due BoNT/C triple-mutanti, L200W/M221W/I226W (BoNT/C α-3W) e 

S51T/R52N/N53P (BoNT/C α-51), sono risultate selettive per la sintaxina. 

Grazie alla collaborazione col gruppo del Dr. T. Binz, ho ottenuto queste due 

BoNT/C mutanti, prodotte con metodi ricombinanti, e ne ho testato le loro 

proprietà biochimiche e tossicologiche. Quello che ho scoperto è che entrambe le 

triple-mutanti idrolizzano la sintaxina con uŶ’efficienza simile alla tossina WT 

(BoNT/C-wt) ma, inaspettatamente, entrambe mantengono anche un'attività 

residua nei confronti della SNAP-25 (più elevata per la BoNT/C α-3W rispetto alla 

BoNT/C α-51). È interessante notare come questa attività sulla SNAP-25 sia 

strettamente correlata alla letalità delle tossine mutanti in vivo. D’altƌa paƌte, la 

proteolisi della sintaxina fornisce una sostanziale e prolungata compromissione 

neuromuscolare senza provocare il completo blocco della neurotrasmissione. 

Questi risultati suggeriscono che il taglio di SNAP-25 sia il principale determinante 

dell'attività neuroparalizzante e che derivati della BoNT/C, aventi attività selettiva 

per le sintaxina, potrebbero rappresentare una buona strategia per lo sviluppo di 

BoNTs dotate di attività prolungata e con un ampio margine di sicurezza. 
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Chapter 1 

 

Introduction 

 
1.1    Neuromuscular junction as a target of toxins 

The nervous system plays an essential role in animal physiology and any 

perturbation can cause enormous variations in its activity, resulting in deep 

changes in the behavior and health of the individual. Synaptic transmission, the 

mechanism through which a nervous impulse propagates, is the key event of the 

functioning of the nervous tissue, as it provides the ability to receive and spread 

stimuli, thus governing all body functions. Synaptic transmission occurs both 

between neurons and between neurons and other cell types, such as muscle and 

secretory cells. The structure that allows this communication is the synapse. The 

best characterized synapse is the neuromuscular junction (NMJ), which is 

composed by the motor axon terminal (MAT, presynaptic) and the skeletal 

muscle fiber (postsynaptic effector)1 (see Figure 1). 

 

Figure 1. Anatomical structure of mammalian 

NMJ. Immunohistochemistry on soleus muscles. 

Nerve is labelled with anti-neurofilaments 

antibody (in cyan); nerve terminal with anti-SNAP-

25 antibody (in green) and the muscle end-plate is 

staiŶed ǁith α-Bungarotoxin Alexa 555-

conjugated (in red). From Duregotti et al., 2015
2
. 
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The NMJ is a chemical synapse where the electrical stimulus, running along the 

motor axon, is translated into mechanical movement of muscles following the 

fusion of synaptic vesicles (SV) with the presynaptic plasma membrane and the 

release into the intersynaptic space of the neurotransmitter acetylcholine (ACh)1 

(see the figure 2). 

 

 

Figure 2. Neurotransmission at the synapse. From Rossetto et al., 2014
3
. 

 

SV are present at the MAT in a reserve pool and docked to the active zone, a 

specialized site of presynaptic membrane where the neurotransmitter (NT) 

release occurs4-9. Upon motor neuron stimulus, an action potential propagates 

along the axon and enables the rapid fusion of the SV with the active zone in 

response to Ca2+ influx. Fusion is promoted by the interaction among vesicle-

associated membrane protein (also known as synaptobrevin (VAMP)), 

synaptosomal-associated protein of 25 kDa (SNAP-25) and syntaxin (Stx). These 

three proteins form a coiled-coil complex, known as the SNARE (soluble N-

ethylmaleimide-sensitive factor attachment protein receptor) complex. This is 

the core of the nanomachine that mediates NT release. Interestingly, it has been 

reported that multiple SNARE complexes can assemble in a radial supercomplex 
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which mediates SV fusion10-12. This latter phenomenon is calcium-dependent, 

since the Ca2+-sensor synaptotagmin has been shown to regulate the fusion of 

the SV juxtaposed to the plasma membrane (primed SV), thus allowing NT 

release13. NT diffuses out of the nerve terminal and is captured by specialized 

receptors (nicotinic receptors) located on the postsynaptic membrane. The 

opening of these ionotropic receptors induces a depolarization of the end-plate 

giving rise to an end-plate potential; this in turn opens neighbouring voltage-

gated sodium channels, eventually leading to the onset of an action potential, 

which propagates along the muscle fiber promoting muscle contraction1. 

During NT release, the lumen of SV is transiently opened to the outside, but it is 

later internalized into the nerve terminal by endocytosis14,15. Exocytosis and 

endocytosis of SV are strictly coupled, and the inhibition of one process leads to 

the inhibition of the other15. Upon membrane retrieval, SV need to be refilled 

with NT, a process driven by the electrochemical proton gradient generated by 

the vesicular ATPase proton pump, located in the SV membrane. At the end of 

this process, a new cycle of neurotransmission can start again (see figure 2). 

Throughout evolution, many microorganisms and animals have developed 

different strategies to alter neurotransmission at the NMJ as this synapse is not 

protected by anatomical barriers like central synapses. This is often achieved 

through neurotoxins, which can act with different mechanisms of action 

according to their molecular properties. 

Many are relatively small molecules that bind ion channels and block the 

propagation of the nervous impulse through the modification of ion 

permeability: this is the case of tetradotoxin and charybdotoxin. Others, such as 

α-latrotoxin or beta-bungarotoxin are proteins which perturb the integrity of the 

presynaptic plasma membrane causing a massive calcium intake. This, in turn, 

induces a massive fusion of SV and Ca2+ toxicity leading to the complete 

degeneration of the presynaptic terminal and ensuing neuroparalysis. Some 

other toxins have evolved a more sophisticated mechanism which allows their 

internalization into the nerve terminal and the modification of a cytosolic target 

to alter the normal physiology of the neurotransmission; this is the case of 
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neurotoxins produced by certain Clostridium strains such as tetanus and 

botulinum neurotoxins (TeNT and BoNTs). 

 

1.2    Botulinum neurotoxins 

Clostridium is a genus of sporulating and anaerobic Gram-positive bacteria, 

including more than 150 species. Several Clostridia, such as Clostridium difficile, 

Clostridium perfringens and Clostridium sordelli, are pathogenic, owing to the 

release of protein toxins, that are not neurotoxic. On the other hand, six 

phylogenetically distinct Clostridia (Clostridium botulinum groups I-IV and some 

strains of Clostridium butyricum and Clostridium baratii) produce seven distinct 

BoNTs (serotype A-G) distinguished on the basis of their immunological 

properties. Recently, the development of next generation sequencing has 

permitted the analysis of clinical cases of botulism accumulated over time16. As a 

result, the number of BoNT molecules known has dramatically grown (see Figure 

3), reaching more than forty molecules in a few years, and this number is 

continuously increasing17. 

As a consequence, BoNTs have been categorized as subtypes, i.e. toxins 

immunogenically related to the parental serotypes but with an amino acidic 

composition difference higher than 2.6% (indicated as BoNT/A1, BoNT/A2, 

etc.)3,17,18. Moreover, it has been discovered that some other molecules are 

composed by the combination of different serotypes: accordingly, they have 

been classified as mosaic toxins and indicated as BoNT/CD and /DC19,20 (see 

Figure 3). 
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Figure 3. Different serotypes and subtypes are produced by several neurotoxigenic species of 

Clostridia. Six phylogenetically distinct Clostridia produce seven antigenically different botulinum 

neurotoxins (BoNTs serotypes A-G). From Rossetto et al., 2014
3
. 

 

1.2.1 BoNTs: from bacteria to paralysis 

Clostridia are obligate anaerobes and are present in the environment as spores, 

strongly resistant to both chemical and physical agents21,22. Germination can only 

occur in an anaerobic situation, low acidity (pH> 4.5), in the presence of 

nutrients and low saline concentrations23,24. In a proper environment, spores can 

undergo transition to a vegetative state, growth and, via autolysis, release the 

neurotoxins3,25. 
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Poisoning is mainly caused by the ingestion of mature toxin rather than a real 

infection, indeed, competition with saprophytic flora blocks Clostridium 

proliferation in the intestine. The occurrence of a real infection takes place in 

infants and children where the poorly developed of resident microbiota is unable 

to stop colonization of the gastrointestinal tract; this case is referred as infantile 

botulism26. However, there are other uncommon forms of intoxication, such as 

iatrogenic botulism caused by inappropriate administration or toxin abuse during 

pharmaceutical and cosmetic treatments27. Skin lesion infection (as for tetanus) 

is much rarer although some cases have been reported. Last, the casual 

poisoning by inhalation, due to BoNT-containing aerosols, is unlikely but could be 

used for the exploitation of botulinum toxin as a biological weapon3,24,28 (see 

Figure 4). 

 

 

Figure 4. Five forms of human botulism. From Rossetto et al., 2014
3
. 
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Among the five forms of human botulism the most common forms is food-borne 

botulism, which occurs following the intake of BoNT-containing foods, typically 

canned foods. Importantly, after the ingestion, the toxin must survive the 

proteolytic environment of the gastrointestinal tract to reach the intestines, 

where it is absorbed3,25. To this purpose the toxin is produced together with 

other proteins, NTNHA (nontoxic nonhemagglutinin) and neurotoxin-associated 

protein (hemagglutination activity (HA) protein or OrfX, depending to the 

strains). NTNHA is significantly similar to BoNTs structure but lacks the ability to 

bind the catalytic zinc29,30. This protein forms a handin-hand-shaped heterodimer 

with the toxic molecule31,32, suggesting that it shields and protects BoNT from 

chemical attacks25,31,33. On the other hand, accessory protein (HA or OrfX) seem 

to mediate the binding of the complex to the intestinal mucus and to the 

polarized epithelial monolayer25,34-42. All together, these proteins constitute the 

progenitor toxin complexes that, once reached the slightly basic pH found in the 

intestine, dissociates and releases the toxic molecule. 

Free BoNT actuates transcytosis through intestinal epithelium, thus dispersing in 

extracellular fluids, entering the lymphatic system and then in the blood 

circulation43. Eventually, BoNT reaches peripheral cholinergic nerve terminals 

where exerts its toxic activity blocking the neurotransmission and causing muscle 

flaccid paralysis. 

Human botulism is much rarer than animal botulism and is generally associated 

with serotypes A, B, E and F24, whereas for serotypes C and D there are no known 

cases of human intoxication. The latter two serotypes are in fact mostly 

associated with animal and avian botulism44,45. 

 

1.2.2 BoNTs structure and mechanism of action 

BoNT molecules share a very similar molecular architecture and mechanism of 

intoxication. All of them are produced by bacteria as a single polypeptide chain 

of 150 kDa which is subsequently nicked by specific bacterial or host proteases, 

resulting in the active toxin46. As shown in Figure 5, mature BoNT are composed 

of two chains linked via a single disulphide bridge40 (see Figure 5, in orange). 
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Figure 5. Structure of isolated BoNT/A1 molecule. Crystal structure of BoNT/A1
47

 showing its 

associated electrical dipole and the organization of individual toxin domains. 

 

The largest chain, 100 kDa, is called heavy chain (H) and can be functionally 

divided into two domains. The first one is the carboxy-terminal part (HC, 50 kDa), 

again subdivided in HCc (25 kDa, see Figure 5, in green) and HCN (25 kDa, see 

Figure 5, in purple). This domain is responsible for the specific binding to the 

neuronal surface and for the internalization of the toxin in the compartments 

exploited for their neuronal endocytosis. The second one is the amino-terminal 

part (HN, 50 kDa, see Figure 5, in yellow), also known as translocation domain. 

This domain is responsible for the toxin movement from the SV lumen to the 

cytosol46,48 and is composed of two long amphipathiĐ α-helices and four shorter 

ones running parallel to each other. In addition to them, HN also comprises a 

long unstructured amino acids string, called belt region, which encircles and 

partially shields the active site of the L (see Figure 5, in blue). This spatial 

arrangement suggests that belt structure could work as a false substrate to 

inhibit protease activity until the L is released into the cytosol49. 

The smallest chain, 50 kDa, is called light chain (L, see Figure 5, in red); its 

structure is globular with a mixture of both α-helix and β-strand. It is a Zn2+-

dependent protease that displays a very specific activity against SNARE proteins, 

the cleavage of which results in the flaccid paralysis typical of botulism46. 
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This particular molecular structure is functional to BoNTs action, in fact, each 

part plays an essential role in the sophisticated intoxication mechanism that 

takes advantage from the normal physiology of the NMJ. 

The intoxication process consists of five major steps50-52: (A) neurospecific 

binding of the HC to the MAT, (B) endocytosis into the neuronal cell, (C) pH-

dependent translocation through the membrane of the endocytic vesicle, (D) 

reduction of the disulphide bond that links H to L and (E) proteolysis of SNAREs 

with consequent blockage of neuroesocytosis (see Figure 6). Peripheral 

neuroparalysis is the most evident symptom of botulism, however, indirect 

evidence showed that BoNTs can be retroaxonal transported within spinal cord 

and brain neuronal circuits53-55. 

 

 

Figure 6. BoNTs mechanism of action. The nerve terminal intoxication by BoNTs is a multi-step 

process: (A) Binding of the HC domain (in green) to the nerve terminal. (B) Internalization inside 

SVs, which are directly recycled (B1) or inside SVs that fuse with the synaptic endosome and re-

enter SV cycle by budding from this intermediate compartment (B2). (C) Membrane translocation 

of the L into the cytosol thank to the acidification of the compartment. (D) Reduction of 

disulphide bridge. (E) Cleavage of SNARE proteins. Modified from Pirazzini et al., 2017
25

. 

 

A) Neurospecific binding 

The first step in the toxic mechanism is the cell-specific binding of BoNT 

molecules. Importantly, BoNTs only bind to peripheral nerve terminals, 

particularly to those of skeletal and autonomic cholinergic nerves56, whose 
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surface constitutes only a little percentage of the total cell area exposed to 

extracellular fluids. 

To explain the higher neurotropism of BoNTs, a ͞double receptor model͟ has 

been proposed48,57. The idea is that BoNTs bind neurons via two receptors: one 

with low affinity, that increases toxin density on the target membrane46,48,57, and 

a secondary one, with high affinity, located in the luminal part of SV. The second 

receptor triggers the internalization of the toxin into the endocytic pathway58 

(see Figure 7). This binding mode appears functional to BoNTs which, despite 

their low concentrations in circulating fluids and their high velocity of movement 

around peripheral nerve terminals3, can be efficiently captured by the 

receptorial system. 

 

 
Figure 7. Binding of BoNTs to the nerve terminals. The crystal structure of BoNT/B bound to PSG 

and Syt is shown on the left-hand side, while the crystal structure of BoNT/A bound to PSG and to 

SV2 is shown on the right-hand side. Modified from Rossetto et al., 2014
3
. 

 

More in detail, the first receptor is represented by polysialoganglioside (PSG): 

this ͞evolutionary choice͟59,60 appears to be perfect because PSG molecules are 

present at a high density on the presynaptic membrane, where they are involved 

in many pathways like cell signalling, protein sorting and in membrane domain 

formation and organization61,62. 

Importantly, the most distal part of the PSG is a negatively charged sugar head: 

this makes possible the interaction with BoNTs, that are dipoles, with the 
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positively charged end located in the HC domain, in particular in the HCC, where 

the PSG-binding site is localized. For BoNT/A, /B, /E, /F and /G this site is 

characterized by the conserved motif E (or D or Q)...H (or K or G)...SXWY...G 

(where X is any amino acid and points denote a variable number of residues)63-65; 

while, for BoNT/C, BoNT/DC and BoNT/D the PSG-binding side is found in a 

similar position, but the motif is different66-68. 

This recognition is probably very rapid and seems to promote BoNTs 

reorientation, thus allowing the interaction with the second receptor3. 

Accordingly, following the attachment to PSG, HCC binds to the luminal part of an 

integral membrane protein of SV. Unlike PSG, these receptors are not exposed 

on the nerve terminal surface, therefore, are not accessible to BoNT. However, 

they become available following the fusion of the SV with the presynaptic 

membrane: in fact, this process exposes the SV lumen to the extracellular 

environment3. 

Such recognition in mediated by another binding site, always located in the HCC, 

close to the PSG-binding site. The currently knowledge identifies Syt I-II as a 

receptor for BoNT/B, /DC, and /G65,68-75 and glycosylated synaptic vesicle protein 

2 (SV2) for BoNT/A and /E, in particular SV2C appears to be the main receptor 

involved in BoNT/A binding, while SV2A e SV2B mediate BoNT/E entry66,76-78. The 

second receptors of other BoNTs have not been fully characterized yet, albeit 

SV2A-C seems to play an important role in the uptake mechanism of BoNT/D and 

BoNT/F78. 

It is worth to note that BoNTs ͞choose͟ as receptors SV proteins that are highly 

conserved and fundamental for nerve physiology: SV2 renders primed SV 

competent for Ca2+-induced exocytosis79, while synaptotagmin is a presynaptic 

calcium receptor that may be involved in transducing a presynaptic calcium rise 

into the signal necessary for SV membrane fusion80. 

Also the HCN participates in the process but its specific function is still unknown, 

although there is evidence indicating that it may improve BoNTs adhesion to the 

presynaptic membrane by interacting with anionic lipids 3,81-84. 
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B) Internalization into nerve terminal 

The second step in the intoxication mechanism concerns BoNT internalization 

into motor neuron. Regarding the peripheral trafficking, BoNT/A take advantage 

from the SV recycling mechanism, indeed, after membrane fusion and NT 

release85, SV are directly recycled or re-enter in the cycle by fusion and 

subsequent budding from endosome compartiment25. 

In both cultured neurons and in vivo, BoNT/A1 enters into SV, and the number of 

toxins per SV (one or two molecules) seems to be strictly related with the 

number of SV2 molecules in the lumen (see Figure 8)86-88. 

 

Figure 8. BoNT/A1 is internalized within SV. The 

immunogold electron micrograph of the NMJ of BoNT 

injected muscle shows that toxins exploit SV for the 

internalization in the nerve terminal and that the 

number of toxins per vesicle is related to protein 

receptor abundance. Modified from Colasante et al., 

2013
86

 

 

Moreover, the rate of BoNT/A entry correlates with endocytosis velocity15 and it 

is consistent with toxin potency89. 

The mechanism of internalization of other BoNTs remains to be fully established 

but the various similarities among different serotypes suggest that the trafficking 

of BoNTs may occur via SV or different endocytic pathways depending on their 

protein receptors. 

 

C) Translocation into the cytosol 

The third step in the intoxication is represented by the translocation of the L 

within the cytosol. After the internalization, BoNT molecule is found inside SV, 

used as Trojan horse to penetrate into the neuronal cell. Nevertheless, to 

promote its toxic action, the molecule has to be in the cytosol where it can reach 

its protein targets. 
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Also in this case BoNT takes advantage from the physiology of the NMJ and in 

particular from the refilling of SV. When endocytosis is completed, the SV lumen 

is acidified by the proton pumping action of the v-ATPase present on the SV 

membrane90,91. This produces an electrochemical gradient able to drive the 

accumulation of NT from the cytosol to the SV lumen via a specific vesicle NT 

transporter85,92. 

To date, the molecular aspects of the translocation have been only partially 

elucidated and are still matter of debate84,93. However, it is well known that this 

step comprises a concerted structural rearrangement involving three players at 

the same time: the L, the HN and lipids. This conformational change results in the 

formation of ion conducting channel, which mediates the translocation of the L 

into the cytosol84,94-97. 

Montal and colleagues gave the major contribution in the comprehension of this 

process with patch-clamping experiments on the cell membranes and with 

single-molecule resolution technique, conditions that mimic those found in 

vivo
84,96,98. They propose a sequential mechanism (see Figure 9) in which the first 

event is the pH-dependent structural reconfiguration of the HN with the 

subsequent production of the translocation ion channel. 

 

 

 

Figure 9. Sequence of events underlying membrane translocation of BoNT L. 1) Crystal structure 

of BoNT/A before the binding to the lipid bilayers; 2) Ion channel formation; 3) L unfolding with 

consequent increase in the conductance among the membrane; 4) L translocation through the 

channel; 5) L refolding in the SV cytosolic side and increase of current flux that reaches its 

maximum (C and O denote closed and open states of the channel). From Montal, 2010
84,94

. 
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This corresponds to a limited increase of transmembrane currents across the 

plasma membrane (~ 10 pS) because the channel is partially blocked by the L 

(see Figure 9, step 2). This first event is a prerequisite and only after that, L 

unfolds and passes to the SV cytosolic versant. This allows for further increase in 

the conductance through the lipid membranes (~ 65 pS; see Figure 9, step 3 and 

4). Finally, the current flux will reach its maximum when L is refolded and 

released within the cytosol (~ 110 pS; see Figure 9, step 5)84. 

However, this model does not take into account of other significant data present 

in literature: i) the conformational change occurs only in the presence of lipids or 

PSG, in fact, BoNT/B or the L and HN domain of BoNT/A do not change their 

structure in solution even if a low pH 97,99-103; ii) membrane studies showed that 

both the L and H of BoNT/A1, /B1 and /E1 get in touch with phospholipids in a 

membranes model at low pH102,104; iii) the anthrax toxin complex consists of 

three different molecules, the protective antigen and two active enzymes. 

Protective antigen inserts at low pH in biological membranes forming ion 

channels, this is necessary to translocate the enzymes in the cell cytosol. 

Notably, the ion conductance along this transmembrane channel is blocked even 

by fragments of transported protein105-107. All these evidences do not fit perfectly 

with the model presented in figure 9, in fact, it is shown that L is protected from 

the contact with lipids by the H channel and that the channel conductance 

increase corresponds to the L unfolding. 

Recently, our group have provided a revised mechanism of BoNT translocation 

that takes in account of all these data93 (see figure 10). 

In this new model, we considered that the translocation occurs in a range of pH 

between 4.5 and 6, consistent with the pH found in the SV lumen. In this 

condition, amino acids histidine, glutamate and aspartate become protonated. 

BoNTs lack conserved histidine residues outside the active site but, importantly, 

in the structure there are nineteen completely conserved carboxylate residues 

(pKa~5): three in the L, five in the belt region, ten in HN and one in the HCN 

portion93. 
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Figure 10. A revised model of SV membrane translocation of BoNT. A) The upper panel shows 

the increase of plasma membrane conductance of Neuro2A cell induced by BoNT/A action at low 

pH, taking from Montal, 2010
84

. B) The bottom panel present BoNT structure and the molecular 

mechanism of translocation. The four domains of the toxin are depicted with different colours 

and with some conserved charged residues: L (red), HN (yellow), HCN (purple) and HCC (green). 

The HCc is bound to its two receptors (PSG, blue triangle, and protein, orange rectangle). (1) 

BoNT molecule has been internalized in the SV; (2) SV lumen acidifies (in pink) thank to the v-

ATPase proton pump; (3) electrostatic attraction between HN domain, positively charged, and 

the lipid membrane, negatively charged; (4) Structural changes involving at the same time L, HN 

and lipids. At this point there is an increase in the membrane conductance shown in the 

corresponding upper panel. (5) L arrives in the cytosolic side, refolds and, after disulphide bond 

reduction, is released. Modified from Pirazzini et al., 2016
93,95

. 

 

Notably, these carboxylate residues are located within the BoNT face containing 

the disulphide bond93 and the segment 637–688 (numbering related to 

BoNT/B1), the region that interacts with the membrane100. 

The position of these residues suggests a precise function, probably as pH 

sensors protonable in a sequential way, according to their pKa, with the lowering 

of the vesicular pH (Figure 10B, step 2). Partially protonated BoNT has a net 

positive charge that determine an electrostatic attraction with the negatively 

charged membrane, thus resulting in the transfer of BoNT towards the 

membrane surface (Figure 10B, step 3). The approach of BoNTs to the 

membrane promotes hydrogen bond formation, van der Waals interactions with 

lipids and an additional protonation of other carboxylate residues (with lower 

pKa). Owing to Guy-Chapman effect, in fact, the layer of solvent above the 
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membrane surface is more acidic (Figure 10B, the red layer) than the lumen 

(Figure 10B, in pink). All these interaction promote the reorganization of the 

molecule through a series of events: i) disulphide bond inserts into bilayer 

drawing L towards the membrane; ii) L becomes molten globule, thus increasing 

its hydrophobicity and making possible the insertion in the lipids; and iii) the α-

helices of the HN break and generate amphipathic segments. These, together 

with other shorter α-helices, open a transmembrane channel surrounding L, 

inducing lipids destabilization and promoting an increase in the membrane 

conductance (see Figure 10A and B, step 4). 

After L has passed through the SV membrane, the neutral pH of the cytosol 

promotes L refolding and, as a consequence of disulphide bond reduction, the 

catalytic activity of the toxin is released within the cell; on the other hand HN 

channel is empty and reaches its full conductance (see Figure 10A and B, step 5). 

This model is different from the previous one: translocation was seen as a 

concerted process in which the channel formation is a consequence and not a 

prerequisite for L passage and in which HN domain, together with lipids, act as a 

molecular chaperons for the translocation of L93. 

However, whether this actually occurs is unknown and additional studies are 

needed to clarify this step in the BoNT intoxication process. Anyway, is known 

that the acidification is necessary for BoNTs translocation, since, the inhibition of 

this process completely abrogate BoNT toxicity108-110. 

 

D) Reduction of disulphide bond 

The fourth step of BoNTs mechanism of action is the reduction of the disulphide 

bond that links L with the ion channel formed by H. 

The reduction of the S-S interchain bridge is a conditio sine qua non to free the 

metalloprotease activity of the molecule in the cytosol of motor neurons, where 

BoNT can reach its substrate. Consistently, more experimental evidences showed 

that BoNTs can exert the toxicity toward recombinant substrates exclusively if 

the disulphide has previously been reduced. 

At the same time, is important to note that the integrity of the interchain bond is 

a requirement for the toxigenicity of the molecule111, indeed, for a productive 
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translocation the disulphide must remain intact until L arrives into the 

cytosol112,113. For this reason, the reduction at any preliminary stage aborts 

channel formation and L translocation96,114,115. For example, single chain toxins 

cannot intoxicate cultured neurons and are not effective in vivo
116. 

In general, cytosol is considered as a cellular compartment in which the reduced 

state is largely favoured for maintaining ROS and cysteine oxidation at very low 

levels117. For this reason, there are several redox systems aimed to maintain this 

situation 118-121. The major are the glutathione-glutaredoxin and the NADPH-

Thioredoxin (Trx)-Thioredoxin reductase (TrxR) systems. 

Previous work has shown that the interchain disulphide bridge (but not the other 

intracatene disulphide present in the structure) of different clostridial 

neurotoxins can be selectively reduced in vitro in the presence of NADPH and 

Trx-TrxR system (expressed and purified from E. coli)111 or the same system 

present in a rat brain lysate122. 

Recently, it has been reported by Pirazzini and colleagues52 that the glutathione 

(GSH) system is not involved in the intake of TeNT and BoNT/D toxins, since 

specific inhibitors that almost totally deplete the GSH's reduced capacity, have 

been shown to be inefficient in protect cultured neurons from SNAREs 

proteolysis. This is confirmed also in vitro, where GSH has no effect on L 

release111. Conversely, Auranofin, an inhibitor reported to be specific for TrxR 

and therefore able to effectively decrease the Trx-TrxR system52,123, proved to be 

effective. Together, these data suggest that the couple Trx-TrxR is the system 

involved in the release of BoNTs catalytic domain in the cytosol. 

 

E) SNAREs cleavage  

The fifth and last step in BoNTs toxicity is the manifestation of its catalytic 

activity. Indeed, once released into the cytosol, L works by hydrolysing specific 

peptide bonds of neuronal SNAREs. 

L is an endopeptidase consisting in a compact globule of both α-helix and β-

strand presenting the characteristic zinc-binding motif, HExxH (where x is any 

amino acids). This sequence is conserved for all BoNTs and coordinates the 

catalytic metal, essential for the catalysis.49,124. Considering the tertiary 
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structure, the active site is located inside a large open cavity that shares a similar 

architecture among different serotypes, suggesting a common catalytic 

mechanism49. 

In the intact molecule this groove is occupied by the belt peptide, however, 

when the L is released, the catalytic site is depleted and the substrate can then 

inserts itself and be hydrolyzed47. 

Unlike other zinc endopeptidases, BoNTs hydrolyse large polypeptides (SNARE 

proteins), therefore there are many points of contact between the substrate and 

the enzyme (so-called exosites). These sites are unique for each serotype with 

different sizes and distances from the scissile peptide bonds. They are very 

important in the positioning of the target bond of the substrate and make it 

accessible to the active site residues of L49,125-128. Consistently, mutation in the 

exosites disrupted substrate binding to the active site decreasing BoNTs catalytic 

efficiency127,129. 

Although BoNTs active site is conserved and all serotypes are very similar in the 

structural organization, these different interactions away from the active site 

result in high selectivity for the substrate and hydrolysable bond selection125-

127,129,130. 

As shown in Figure 11, L has a unique SNARE specificity84,131,132, in particular, 

BoNT/B, /D, /F, /G cleave VAMP (blue); BoNT/A and BoNT/E cleave SNAP-25 

(green); and BoNT/C cleaves both SNAP-25 and Stx (red)25,133. 

With the exception of BoNT/A and BoNT/C, all BoNTs cleave a large portion of 

SNARE proteins and this prevents the formation of the SNARE complex. On the 

other hand, BoNT/A and BoNT/C cleave very close to the C-terminal of SNAP-25 

and remove only a few residues. This truncated form of SNAP-25 is still able to 

form a stable SNARE complex but decreases exocytosis efficiency134. This suggest 

that the C-terminal segment is necessary for protein-protein interactions 

underpinning the formation of a radial SNARE super-complex11,135. 

Nevertheless, each of these proteolysis is sufficient to abrogate SV fusion with a 

consequent inhibition of the neurotransmission, thus leading to the 

neuroparalysis typical of botulism11,135-138. 

 



Introduction 

27 
 

 

Figure 11. Cleavage sites of the neuronal SNARE proteins by the different BoNT types and subtypes. The 

BoNT proteolytic activity is highly specific and directed toward unique peptide bonds within the sequence of 

their respective SNARE protein targets. VAMP of the synaptic vesicle (in blue, isoform 1) or SNAP-25 (in 

green) or syntaxin (in red, isoform 1B) mainly localized on the cytosolic side of the presynaptic membrane. 

From Pirazzini et al., 2017
25

. 

 

To summarize, BoNTs have evolved to exploit two major physiological events 

occurring at nerve terminals: SV endocytosis (to selectively enter nerve 

terminals) and NT refilling of the SV (to deliver the L metalloprotease into the 

cytosol). Moreover, the efficacy of BoNTs is the result of targeting a physiological 

function that is essential for life in all vertebrates, the neuroexocytosis. This 

seems to be an obligatory survival strategy for an anaerobic organism that can 

multiply only within a non-oxygenated medium, such as a cadaver3. 

 

1.2.3 The double face of BoNTs 

BoNT can be defined ͞Janus toxins͟, from the Greek mythological creature with 

two faces25. In fact, these toxins are the most potent yet known, with an 

estimated median lethal dose (LD50) for humans around 1 ng/Kg of body 

weight25,139 and, at the same time, one of the safest drugs used in several human 

pathologies3. 
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Toxicity of BoNTs: 

Although many BoNTs exist, all of them hydrolyze SNARE proteins thus causing 

SV accumulation in the active zone of the MAT140, with consequent blockage of 

the neurotransmission. For this reason, the clinical manifestation of botulism are 

the same among the different serotypes. 

Following intoxication, symptoms start in the muscles supplied by the cranial 

nerves, the face and throat muscles becoming progressively weaker until 

complete paralysis is achieved. Diplopia, ptosis, loss of facial expression, 

swallowing problems and dysphagia may therefore occur (see Figure 12A)141. 

 

 

Figure 12. Examples of botulism patients. A) Adult botulism and B) infant botulism. Pictures 

collected on internet. 

 

Then, the paralysis progressively descends to affect muscles of the trunk, 

including the autonomic nervous system, resulting in dry mouth, nausea and 

vomiting. The weakness then spreads to upper and lower limbs142. Severe 

botulism affects also the visceral and respiratory muscles leading to dyspnea and 

respiratory failure, in this case death comes from suffocation141. 

Infant botulism was caused by the intestinal colonization of infants, it is 

characterized by lethargy, listlessness, feeble crying, poor feeding, weakness, 

hypotonia, ptosis and apnea141 (see Figure 12B). However, the disease does not 

affect the consciousness and the senses and mental state do not appear 

altered142. 

Importantly, from a morphological and anatomical point of view, the intoxicated 

neurons do not appear damaged and axonal neurodegeneration does not occur 

in vivo
143-148: in fact, the contact between the muscle and the nerve are 
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completely maintained. For this reason, if properly treated, muscle paralysis is 

followed by a complete functional recovery and botulism-affected patient 

survives24,25,141. 

There is currently no approved pharmacological therapy for BoNTs intoxication 

and no licensed vaccine available for human use. The only treatment consists in 

mechanical ventilation (to bypass respiratory muscles block), antibiotics (to block 

the production of toxins) and antisera (to neutralize any circulating toxins)3,24. 

However, the recovery is slow and the time needed to reverse the functional 

block may vary from a few months to more than a year, depending on the type 

of nervous terminal involved, the vertebrate species, the dosage, the serotype of 

BoNT and its half-life in the nerve terminal3,11,149-153. In particular, the order of 

duration in humans is: BoNT/A ~ BoNT/C > BoNT/B141 ~ BoNT/F, and /G > 

BoNT/E24,154-158 with the exception of BoNT/D that is poorly active in humans but 

very potent in mice25,152. 

Beyond the extreme potency, BoNTs are also relative easy to produce, reason 

why these toxins have been categorized by the Center for Disease Control and 

Prevention (CDC) as category A agents, hence substances that can be potentially 

used as biological weapons28,159-161. 

 

Pharmacology use of BoNTs: 

At the same time, their absolute neurotropism and reversibility of action have 

enabled BoNTs to be used as effective therapeutic agents. Scott and colleagues 

were the first to understand the potential of BoNTs in their studies in which, 

back in 1970s, they treated monkey and human strabismus by injecting BoNT/A1 

into the orbicularis muscles162-164. It was immediately clear that these toxins 

could be used for a growing and heterogeneous number of human diseases 

characterized by hyperfunctioning nerve terminals3,24,165-169. The first serotype 

used to treat human disease was BoNT/A1, approved by the FDA in 1989 for the 

treatment of blepharospasm, followed by BoNT/B1, which received FDA license 

in 2000 for cervical dystonia. Since 2002 BoNTs are also used in the cosmetic 

field170. Today BoNTs are approved also for the treatment of strabismus, 

hemifacial spasm, focal spasticity, cerebral palsy, hyperhidrosis, overactive 
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bladder and so on (see Table 1) and the number of possible therapeutic 

applications is growing171. 

 

 

Modified from Pirazzini et al., 2017
25

. 
a
USA approved indication; 

b
EU approved indication; 

c
evidence-based therapeutic indication and 

d
to be evaluated. 
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To date, unfortunately, little is known about the use of other BoNT serotypes or 

mosaic toxins, therefore, expanding knowledge could represent a great 

therapeutic potential. This could be also helpful for subjects who did not respond 

to BoNT/A1 treatment as well as for those who have developed resistance 

producing anti-BoNTs antibodies172,173. 

This, together with the numerous applications shown in the Table 1, highlight the 

importance to continue studying BoNTs both from a functional and a therapeutic 

point of view in order to make the most of their potential. 
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Chapter 2 

 

Aim of the thesis 

 
Botulinum neurotoxins (BoNTs) are the most poisonous poisons known3,24,25,139 

but, at the same time, their specificity and reversibility of action141 is at the basis 

of their therapeutic use for the treatment of human diseases characterized by 

hyperactive peripheral nerve terminals3,25,165-169. 

During my PhD I focused on both these aspects. 

Aim i) To study BoNTs mechanism of action to find new strategies to block their 

toxicity. Currently, available therapy is designed to neutralize circulating toxin by 

using anti-botulinum sera3,24,25. However, the discovery of many BoNT subtypes 

and new serotypes3,16,17 challenges the possibility of controlling BoNT toxicity 

exclusively via immunological methods24. In fact, antisera are raised against 

progenitor serotypes (i.e. subtype 1 BoNTs) and the real neutralization capacity 

toward BoNT subtypes is not known25. However, it may change significantly 

considering that intratypic variability may reach 30%174. At the same time such a 

variability strongly limit the possibility of developing an effective pan-vaccine175-

178. Moreover, the action of antibodies is restricted to circulating BoNTs and not 

to the molecules already internalized in nerve terminals. This situation has 

stimulated an intense research of alternative strategies all around the world. So 

far, many research group have focused on molecules aimed at blocking the 

catalytic activity of BoNTs inside nerve terminal179-181 or to prevent their binding 

to peripheral nerve terminals182. However, these approaches have been poorly 
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successful mainly because the molecular steps they target are still strongly 

dependent on the toxin type. 

As a consequence, no adequate countermeasures have been made available183. 

During my PhD, I explored an alternative strategy to block the intoxication 

process by targeting steps of their mechanism of action which are common to all 

BoNTs, regardless of their antigenic difference3,18. The results of this part of my 

work are reported in section 3.1. 

Aim ii) To better understand how BoNT/C displays its neuroparalytic action in 

vivo as this toxin was shown to be a valid alternative to BoNT serotypes licensed 

for human therapy147,148,184. 

The use of BoNTs as therapeutics is indeed currently restricted to BoNT/A1 and 

BoNT/B1. However, in the last years, other serotypes have been investigated for 

clinical use in humans148,155,184,185 to overcome primary or secondary resistance 

(development of anti-toxin antibodies). 

During my PhD, I investigated the mechanism by which BoNT/C paralyses the 

neuromuscular junction in vivo as this toxin, at variance from all other serotypes, 

cleaves more than one SNARE protein. The results of this research are shown in 

section 3.2. 
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Chapter 3 

 

Results 

 
3.1    Study of pan-inhibitors to prevent BoNTs toxicity 

Each BoNT serotype includes a growing number of subtypes (BoNT/A1, /A2, etc.) 

forming a large family of more than 40 different variants which are poorly cross-

reactive with existing serotype-specific antisera3. This calls for the research of 

Ŷoǀel aŶtidotes, effeĐtiǀe ƌegaƌdless of BoNT’s iŵŵuŶologiĐal pƌopeƌties. This 

can be achieved by interfering with conserved steps of their mechanism of 

action. 

 The reduction of the interchain disulphide bond offers a good target, as it 

represents a conditio sine qua non to enable the metalloprotease activity 

of all BoNT variants. During my PhD, I contributed to the finding that the 

Trx-TrxR system is primarily involved in this step and that it is highly 

expressed at the NMJ, the major site of action of BoNTs. Notably, Trx-

TrxR is associated with SVs, the organelles that BoNTs use as Trojan horse 

to penetrate in the neurons and where the reduction is expected to 

occur. I tested a series of well characterized inhibitors of TrxR (Auranofin, 

Juglone, Myricetin and Curcumin) and Trx (PX12 and Ebselen) for their 

capacity of inhibiting the action of all BoNT serotypes. Performing in vivo 

and in vitro experiments, I found that these drugs prevent the toxicity of 

all BoNT regardless of the serotype. Interestingly the effective 

concentration range of inhibitors is similar for the different BoNTs, 
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indicating that these neurotoxins are comparably dependent on 

disulphide reduction and that the Trx-TrxR system is part of the basic 

uptake mechanism of all BoNTs and can be considered a rational target 

for the development of mechanism-based pan-inhibitors. 

 BoNT’s toǆiĐitǇ is stƌiĐtlǇ depeŶdeŶt oŶ the passage thƌough aŶ aĐidiĐ 

environment, which is required to trigger the translocation of L within the 

cytosol. Accordingly, the trafficking of BoNTs toward acidifying 

endosomes represents another rational target to develop pan-inhibitors. 

In 2013, EGA (4-bromobenzaldehyde N-(2,6-dimethylphenyl) 

semicarbazone) was shown to inhibit the action of bacterial toxins and 

viruses with a similar requirement, by interfering with their entry 

route186. I decided to test the activity of EGA on BoNTs action. 

I focused my attention on BoNT/A, BoNT/B and BoNT/D because they are 

associated with human and animal botulism, respectively. 

I fouŶd that EGA hiŶdeƌs BoNT’s aĐtiǀitǇ iŶ ŶeuƌoŶal Đultuƌes iŶ a 

concentration dependent manner. Interestingly, any specific step of the 

intoxication process (binding, internalization, acidification/translocation 

and catalytic activity) is not directly affected by the drug, suggesting that 

EGA may alter the trafficking of BoNTs after their internalization, possibly 

preventing them to reach their translocation-competent compartment. 

EGA is effective also in vivo against BoNT toxicity, suggesting that this 

compound might be a promising candidate for the development of pan-

inhibitors. 
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3.1.1 Thioredoxin and its reductase are present on synaptic vesicle, and their 

inhibition prevents the paralysis induced by botulinum neurotoxin 

Marco Pirazzini1,5, Domenico Azarnia Tehran1,5, Giulia Zanetti1, Aram Megighian1, 
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doi: 10.1016/j.celrep.2014.08.017 (2014). 



PhD Thesis-Giulia Zanetti 

 

38 
 



Results 

39 
 

 



PhD Thesis-Giulia Zanetti 

 

40 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

41 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis-Giulia Zanetti 

 

42 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

43 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis-Giulia Zanetti 

 

44 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

45 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis-Giulia Zanetti 

 

46 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

47 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis-Giulia Zanetti 

 

48 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

49 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis-Giulia Zanetti 

 

50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

51 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis-Giulia Zanetti 

 

52 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

53 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis-Giulia Zanetti 

 

54 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

55 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis-Giulia Zanetti 

 

56 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

57 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis-Giulia Zanetti 

 

58 
 

 



Results 

59 
 

3.1.2 Inhibition of botulinum neurotoxins interchain disulfide bond reduction 

prevents the peripheral neuroparalysis of botulism 
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3.1.3 A novel inhibitor prevents the peripheral neuroparalysis of botulinum 

neurotoxin  
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3.2    BoNT/C variants for clinical use 

BoNT/C is a neuroparalytic toxin associated with outbreaks of animal botulism, 

particularly in birds. It is unique among BoNTs as it targets two intraneuronal 

substrates: SNAP-25 and syntaxins. BoNT/C has shown to be a good substitute 

for BoNT/A in therapy because of its long lasting effects. However, whether 

BoNT/C cleaves both SNAP-25 and syntaxins also in vivo and which proteolytical 

event accounts for its long duration is not known. Recently, two BoNT/C triple-

mutants were reported to specifically cleave syntaxins187, thus providing an 

advantageous tool to fill these gaps. 

In collaboration with Dr. T. Binz (Hannover Medical School), BoNT/C 

L200W/M221W/I226W (BoNT/C α-3W) and BoNT/C S51T/R52N/N53P (BoNT/C 

α-51) were produced in E. coli, and their biochemical and toxicological features 

were studied with respect to recombinant wild-type BoNT/C (BoNT/C-wt). 

I found that both mutants cleave syntaxin-1A/1B and that the extent of cleavage 

is similar to that of BoNT/C-wt, suggesting that mutations do not affect their 

capacity to enter neurons and the enzymatic efficiency of their L chains. 

Unexpectedly, and contrary to what reported in the original paper, I found that 

both mutants have a residual activity against SNAP-25, with BoNT/C α-3W being 

more active than BoNT/C α-51. 

Interestingly, their potency is strictly related to the extent of SNAP-25 cleavage, 

as evaluated by in ex vivo and in vivo experiments. Surprisingly, the poorly 

potent BoNT/C α-51 produces a very long-lasting and reversible paralysis upon 

local injection of one LD50. At the same time, one LD50 of the more potent 

BoNT/C α-3W has a very short duration. These results indicate that the duration 

of the neuroparalytic effects of BoNT/C mutants does not correlate with their 

respective potency. Remarkably, by staining intoxicated muscles for SNAP-25 and 

syntaxin, I found that neuroparalysis correlates with SNAP-25 cleavage, whereas 

syntaxin cleavage impairs but do not completely block neurotransmission. 

Indeed, a low amount of BoNT/C α-51 (1/75 of its LD50), which produces a nearly 

complete cleavage of syntaxin but no cleavage of SNAP-25, causes a substantial 

decrease of neurotransmission efficacy without paralyzing the injected muscle. 
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These results indicate that syntaxin-specific BoNTs have a further great 

therapeutic potential as they can attenuate nerve terminal activity without 

causing complete muscle paralysis. 
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3.2.1. Botulinum neurotoxin C mutant reveal different effects of syntaxin or 

SNAP-25 proteolysis on neuromuscular transmission 

Molecular effects of BoNT/C substrate cleavage at NMJ 
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Chapter 4 

 

Discussion 

 
During biological evolution, Clostridia have developed strategies aimed to survive 

and spread in the environment. They are anaerobic bacteria capable of 

sporulation to bypass nutrients scarcity and oxygen exposure. Under favorable 

environmental conditions they germinate and some Clostridia produce very 

potent neurotoxins. Despite the exact role of neurotoxins in Clostridia life cycle is 

not known, it is likely that they contribute in increasing the availability of a 

suitable anaerobic environment (cadaver and carcasses) which can support their 

further proliferation and dissemination3,25. 

BoNTs are efficient tools to achieve this purpose. Indeed, by blocking 

neurotransmission11,135,137,138, which is essential physiological features for 

vertebrates’ survival, they can kill hundreds of thousands individuals in a single 

outbreak188,189. 

Moreover, although the amount of toxin is not sufficient to cause death in the 

poisoned animal, even a small impairment in the functionality of the peripheral 

nervous system can significantly compromise animal viability in the wilderness 

(difficulty in eating, more susceptibility to predation and so on)3. 

BoNTs consist of two polypeptide chains (H and L) linked by a single disulphide 

bond40 and have evolved to take advantage from essential features of nerve 

terminal physiology50-52. 
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This suggests that BoNTs are the result of a co-evolution process with 

vertebrates178. In this respect, it is very meaningful that the seven antigenically 

different serotypes and the many subtypes, notwithstanding a significant 

variability in amino acid composition3,16-18, intoxicate nerve terminals via a very 

sophisticated but conserved mechanism of action. 

Despite botulism is essentially a disease of animals190 with only very rare cases of 

human intoxication158,190-192, the extreme potency and easy production on large 

scale, make BoNTs possible bioweapons28,161. To date, the only way to prevent 

intoxication is based on immunological approaches (toxin antisera)25, but the 

existence of many different subtypes is a major safety problem: indeed, BoNT 

variants are neutralized to a different extent by existing serotype-specific 

antisera16,18,25. Moreover, this diversity questions the possibility of developing a 

vaccine covering all BoNTs3. This calls for implementing more studies aiming at 

the discovery of new inhibitors capable of blocking BoNTs regardless of their 

antigenic differences, hence useful even without knowing the particular variant 

involved in the intoxication3. 

The results presented in this PhD thesis are very relevant in this context. I found 

that by targeting a step of the intoxication mechanism shared by all BoNTs, it is 

possible to block their activity regardless of intertypic differences. 

In this respect, the Trx-TrxR system represents an optimal pharmacological target 

as the activity of all BoNT serotypes and subtypes strictly depends from the 

reduction of the interchain disulphide bond, occurring after L translocation into 

the cytosol. The inhibition of this system is sufficient to completely abrogate 

BoNTs toxicity in vitro and, most important, to significantly reduce their lethality 

in vivo upon systemic injection. This last result is particularly relevant because it 

is obtained under conditions that recapitulate the human (and animal) botulism3. 

It is noteworthy that the scale of potency of the various inhibitors is closely 

similar for all BoNTs, indicating that these neurotoxins are similarly dependent 

on disulphide reduction. 

Moreover, I found that another fundamental step in the intoxication mechanism 

of BoNTs is their trafficking into nerve terminals. I used EGA, a molecule which, 

although being characterized by unknown specific target, interferes with the 
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maturation of the endosomal pathway, thus inhibiting pathogens requiring a 

passage through an acidic environment186. 

Intriguingly, despite altering the neurotoxicity of all BoNTs tested, EGA provided 

a different degree of protection from BoNT/A, BoNT/B and BoNT/D, both in vitro 

and in vivo. This is an interesting finding because it revives the possibility that 

different serotypes may be trafficked through diverse routes inside nerve 

terminals, in keeping with their specific protein receptors. Of course, this aspect 

deserves further investigation as the study of the specific pathways undertaken 

by BoNTs may be linked to the discovery of unknown trafficking/endocytic 

pathways of organelles, SV in particular, inside nerve terminals40. 

Clearly, both the inhibitors of Trx-TrxR and EGA, are not effective if L has already 

translocated in the cytosol. 

Nevertheless, it is known that in clinical botulism the neurotoxin remains in 

circulation for weeks after the initial symptoms43,193,194, and these drugs may 

prevent further entry of BoNT L. This is even more relevant in infant botulism, 

where there is a continuous supply of BoNTs from the vegetative bacteria 

implanted into the intestine3,24,26. Accordingly, these drugs should be considered 

as preventive antidotes, similarly to antisera, but with the significant advantage 

of acting regardless of the toxin type responsible for poisoning. This is actually 

relevant as the diagnostic procedures necessary for toxin typization may require 

even days, whereas this strategies may be used immediately after diagnosis. 

Such a prompt treatment, by preventing the entry of circulating BoNTs193, may 

contribute to significantly reduce the severity of the symptoms and shorten the 

period of hospitalization, associated with high costs of intensive care. This is also 

relevant to those cases of botulism caused by Clostridia able to produce more 

than one BoNT195-198. 

Importantly, by embarking on the study of BoNT inhibitors, I participated to the 

discovery that the Trx-TrxR system belongs to the protein inventory of SV. This 

result is very important as it shows for the first time that SVs bear a redox system 

on their cytosolic side. Intriguingly, Trx-TrxR is conspicuously enriched in the 

vesicles docked to the presynaptic membrane, suggesting that this redox system 

may play a physiological role in neuroexocytosis, possibly by regulating the redox 
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state of the many proteins present on SV9,88. In any case, from the point of view 

of BoNT mechanism of action, this result fits with the idea that BoNTs have 

evolved around essential feature of the host: SV are, in fact, the organelles 

exploited by the toxins58,86,87 to enter nerve terminals and wherefrom the L chain 

is translocated in the cytosol. In such way, the L chain finds the redox system 

capable of reducing the interchain bond, thus enabling its protease activity 

immediately after its translocation. 

As aforementioned, BoNTs are the most poisonous poison139 but, at the same 

time, their neurospecificity and reversibility of action are critical features 

required for an ideal drug. Indeed BoNT/A1 and BoNT/B1 are largely used to 

treat a growing number of human diseases characterized by hyperfunctionality 

of cholinergic nerve terminals141,167,168. The clinical use is based on the 

intramuscular injection of a limited amount of toxin, exploiting the very limited 

diffusion which is particularly important when small muscles are treated155,199.  

Unfortunately, several case reports have shown how recurrent BoNT/A1 

administration may trigger anti-BoNTs antibodies production, thus causing 

BoNT/A1 loss of efficacy. In addition, individuals have displayed 

unresponsiveness to BoNT/A1 even at the first injection25,200. 

To bypass this caveat, BoNT/B1 is largely used, being clinically effective as 

BoNT/A1 if used at appropriate doses. However, BoNT/B1 clinical use is 

characterized by painful injections, shorter efficacy and higher 

immunogenicity201. Moreover, frequent autonomic side effects have been 

reported201. These observations encouraged the use of a different BoNT155,185: 

recently, BoNT/C has been suggested as a novel effective botulinum neurotoxin 

serotype for the therapy of focal dystonia, with a general profile of action similar 

to that of BoNT/A148,184. 

Among the many botulinum neurotoxins, BoNT/C is unique because in vitro it is 

long known to cleave two substrates, SNAP-25 and syntaxins25,133. However, the 

single contribution of SNAP-25 cleavage and syntaxin cleavage in the mechanism 

of action of BoNT/C in vivo was not known. By comparing the activity of BoNT/C-

wt and BoNT/C mutants reported to be selective for syntaxins 187, I found that 
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BoNT/C cleaves both substrates also in vivo. At the same time, I also found that 

the key determinant of the toxicity in vivo is the proteolysis of SNAP-25, while 

the cleavage of syntaxin accounts for a substantial impairment of 

neurotransmission efficiency without completely block neuron activity. This is 

actually a surprising result according to the centrality of the three SNARE 

proteins in regulated neuroexocytosis. A likely explanation is the compensation 

of syntaxin biochemical knock-down by other non-cleavable protein 

isoforms25,202,203. This situation is completely different for SNAP-25, whose action 

seems to be not vicariable by other isoforms, suggesting that this protein is a real 

master framework in neuron physiology. 

Importantly, these results suggest that syntaxin-specific BoNT/C may be 

represent a suitable candidate for the development of engineered BoNTs 

endowed with very interesting features148. In fact, these toxins display a very low 

lethality in mice, suggesting that the range of concentrations usable for local 

injection in humans may be much wider than BoNT/A. In other words, these 

toxins may be featured by a dose-response with high safety margin. This 

possibility is reinforced by the finding that syntaxin-specific BoNTs provide a 

persistent modulation of nerve terminal activity without causing the complete 

blockage of the muscle. Accordingly, syntaxin-specific BoNTs would be very 

useful for applications requiring considerable amounts of BoNTs and where 

therapeutic efficiency is difficult to achieve without causing excessive muscle 

weakness204,205. 

In conclusion, these results highlight how minimal changes in the primary 

sequence (in this case three amino acids) can modify the biological activity of 

BoNTs187,206, and how the relationship between primary structure and toxins 

pharmacological properties may represent a new avenue to engineer toxins 

endowed with specific features for tailor made applications. 
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Chapter 5 

 

Extras 

 
5.1    Other papers and reviews 

During my PhD I participated also in the preparation of two reviews concerning 

mechanism of action of botulinum neurotoxins. 

In the first one, we discussed about the development of pan-inhibitors and the 

necessity of expanding the efforts towards the discovery of new molecules that 

can block BoNTs regardless of their antigenic differences (see section 5.1.1). 

In the second one, we proposed a novel model for BoNTs membrane 

translocation that consists of a concertized process instead of a sequential one, 

in which the H channel formation is a consequence of electrostatic attraction 

between BoNT molecule and lipid bilayers (see section 5.1.2). 

Furthermore, I worked on other two side projects, whose common ground is the 

neurodegeneration, both toxin- and ageing-related. These collaborations 

resulted in the production of other two manuscripts (see section 5.1.3 and 5.1.4). 
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5.1.1 The thioredoxin reductase-thioredoxin redox system cleaves the 

interchain disulphide bond of botulinum neurotoxins on the cytosolic 

surface of synaptic vesicles 

Marco Pirazzinia, Domenico Azarnia Tehrana, Giulia Zanettia, Florigio Listac, 

Thomas Binzd, Clifford C. Shonee, Ornella Rossettoa, Cesare Montecuccoa,b 

 

a
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Padova, Italy 

b
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Italy  

c
Histology and Molecular Biology Section, Army Medical and Veterinary Research 

Center, Via Santo Stefano Rotondo 4, 00184 Rome, Italy  

d
Institut fur Biochemie, Medizinische Hochschule Hannover, 30623 Hannover, Germany 

e
Public Health England, Porton Down, Salisbury, Wiltshire, SP4 OJG, UK 

 

Pirazzini M. et al. The thioredoxin reductase e Thioredoxin redox system cleaves 

the interchain disulphide bond of botulinum neurotoxins on the Cytosolic 

surface of synaptic vesicles. Toxicon. 107(Pt A):32-6.  

doi: 10.1016/j.toxicon.2015.06.019 (2015). 
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5.1.2 On the translocation of botulinum and tetanus neurotoxins across the 

membrane of acidic intracellular compartments 

Marco Pirazzinia, Domenico Azarnia Tehrana, Oneda Lekaa, Giulia Zanettia, 

Ornella Rossettoa, Cesare Montecuccoa,b 

 

a
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Italy 

 

Pirazzini M. et al. On the translocation of botulinum and tetanus neurotoxins 

across the membrane of acidic intracellular compartments. Biochim Biophys 

Acta. 2016 Mar;1858(3):467-74.  

doi: 10.1016/j.bbamem.2015.08.014. Epub 2015 Aug 22. 
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5.1.3 Snake and spider toxins induce a rapid recovery of function of 

botulinum neurotoxin paralysed neuromuscular junction 

Elisa Duregotti1, Giulia Zanetti1, Michele Scorzeto1, Aram Megighian1, Cesare 

Montecucco1,2, Marco Pirazzini1 and Michela Rigoni1 

 

1
Department of Biomedical Sciences, University of Padua, Via U. Bassi 58/B, 35131 

Padova, Italy; 

2
Institute for Neuroscience, National Research Council, Via U. Bassi 58/B, 35131 Padova, 

Italy 

 

Duregotti E. et al. Snake and Spider Toxins Induce a Rapid Recovery of Function 

of Botulinum Neurotoxin Paralysed Neuromuscular Junction. 

Toxins (Basel), 7(12):5322-36. doi: 10.3390/toxins7124887 (2015). 
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5.1.4 The ablation of S1P3 receptor protects mouse soleus from age related 

drop of muscle mass, force and regenerative capacity 

Michela Bondì1, Elena Germinario1,2, Marco Pirazzini1, Giulia Zanetti1, Francesca 

Cencetti2,3, Chiara Donati2,3, Luisa Gorza1, Romeo Betto2,4, Paola Bruni2,3, Daniela 

Danieli-Betto1,2 
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Bondì M. et al. The ablation of S1P3 receptor protects mouse soleus from age Related 

drop of muscle mass, force and regenerative capacity. Am J Physiol Cell Physiol. 2017 Jul 

1;313(1):C54-C67. 

doi: 10.1152/ajpcell.00027.2017. Epub 2017 Apr 26. 
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5.2    Congresses attended 

 

10-12 DECEMBER 2014, SFET 2014, Paris, France 

BOTULINUM NEUROTOXINS B, F, G, D AND TETANUS NEUROTOXIN ENTRY INTO 

NERVE TERMINAL  

Giulia Zanetti, Marco Pirazzini, Domenico Azarnia Tehran, Thomas Binz, Eric 

Johnson, Ornella Rossetto, and Cesare Montecucco 

 

13-15 MAY 2015, CNR RETREAT 2015, Pisa, Italy 

BOTULINUM NEUROTOXINS B, F, G, D AND TETANUS NEUROTOXIN ENTRY INTO 

NERVE TERMINAL 

Giulia Zanetti, Marco Pirazzini, Domenico Azarnia Tehran, Thomas Binz, Ornella 

Rossetto, and Cesare Montecucco 

 

16-19 SEPTEMBER 2015, ABCD 2015, Bologna, Italy 

BOTULINUM NEUROTOXINS B, F, G, D AND TETANUS NEUROTOXIN ENTRY INTO 

NERVE TERMINAL  

Giulia Zanetti, Marco Pirazzini, Domenico Azarnia Tehran, Thomas Binz, Ornella 

Rossetto, Cesare Montecucco 

 

13-16 SEPTEMBER 2016, CNR RETREAT 2016, Padova, Italy 

ON THE NEUROTOXICITY OF TWO ITALIAN VIPER VENOMS  

Giulia Zanetti, Marco Pirazzini, Cesare Montecucco, Carlo Locatelli, Davide Lonati 

and Ornella Rossetto 

 

21-23 SEPTEMBER 2016, Antidotes and Depth 2016, Pavia, Italy 

ON THE NEUROTOXICITY OF TWO ITALIAN VIPER VENOMS  

Giulia Zanetti, Marco Pirazzini, Cesare Montecucco, Carlo Locatelli, Davide Lonati 

and Ornella Rossetto 
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18-21 JANUARY 2017, TOXINS 2017: Basic Science and Clinical Aspects of 

Botulinum and Other Neurotoxins, Madrid, Spain 

IN VITRO AND IN VIVO EVALUATION OF SYNTAXIN-SPECIFIC BoNT/C 

Giulia Zanetti, Marco Pirazzini, Ornella Rossetto, Aram Megighian, Tina Henke, 

Andreas Rummel, Thomas Binz, Cesare Montecucco 

Selected for oral presentation 

 

15-16 SEPTEMBER 2017, Young scientist meeting SIPMeT: Società Italiana di 

Patologia e Medicina Traslazionale, Milano, Italy 

BOTULINUM NEUROTOXIN C MUTANTS REVEAL DIFFERENT EFFECTS OF 

SYNTAXIN OR SNAP-25 PROTEOLYSIS ON NEUROMUSCULAR TRANSMISSION 

Giulia Zanetti, Stefan Sikorra, Andreas Rummel, Nadja Krez, Elisa Duregotti, 

Samuele Negro, Tina Henke, Ornella Rossetto, Thomas Binz and Marco Pirazzini 

 

20-23 SEPTEMBER 2017, ABCD 2017,Bologna, Italy  

BOTULINUM NEUROTOXIN C MUTANTS REVEAL DIFFERENT EFFECTS OF 

SYNTAXIN OR SNAP-25 PROTEOLYSIS ON NEUROMUSCULAR TRANSMISSION 

Giulia Zanetti, Stefan Sikorra, Andreas Rummel, Nadja Krez, Elisa Duregotti, 

Samuele Negro, Tina Henke, Ornella Rossetto, Thomas Binz and Marco Pirazzini 
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