UNIVERSITA
DEGLI STUDI
DI PADOVA

Sede Amministrativa: Universita 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

Table of contents

Y71 1711 1 5 V2 |

RIGSSUNTO . ..c.cueeeeeeeeeeeeeeresssresesesesessssssssssssssssssssssssssssssssssssssssssssasasesD

Chapter 1: INtroduction...............ceeeeueereeeeerreencereensereeesseseessessenssessnnns 9
1.1 NEUROMUSCULAR JUNCTION AS A TARGET OF TOXINS .ccuureeunrrensereneserennsnensenennnns 9
1.2 BOTULINUM NEUROTOXINS cecuureenesrenserennserensserenseseasssnensssessseressssrensssssnsenanne 12

1.2.1  BONTSs: from bacteria to paralysis ........ccccvviruereririeresineieeseeee e e 13
1.2.2  BoNTs structure and mechanism of aCtion ........c.ceeevivveerisieeririeiiee e 15
1.2.3  The double face 0f BONTS....cc.ccuiiviiieieieiecteeeeeeeeteete et ettt ettt eae e te e ere e eneeneennan 27

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

Chapter 3: RESUILS..........cccceueereeeriireeniirrnnsissensiissessissensssssnsssssensssssnss 35

3.1 STUDY OF PAN-INHIBITORS TO PREVENT BONTS TOXICITY ..ccuurennnirennnrennininnnenenns 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......cccccccvevicieriicieiccee e, 59
3.1.3  Anovel inhibitor prevents the peripheral neuroparalysis of botulinum
MEUFOTOXIN 1.vvevirieteeeteteserteeesestetesesessesessetesesessesessetesessssesessesasesessesensnsesessssensssnsenenns 71
3.2 BONT/C VARIANTS FOR CLINICAL USE cevuurererenneerrennnnseseesnssnsesennsssssessnsseseennnes 99
3.2.1. Botulinum neurotoxin C mutant reveal different effects of syntaxin or SNAP-

25 proteolysis on neuromuscular transmMiSSioN .........cecevevevvevieeieeeeeeeese e 101

Chapter 4: DiSCUSSION .........ccceceveeieeeneeeenereeseressesessssessssossssssssnssesnsss 129

Chapter 5: EXIIQS .......c..ceveeeeeeenniereeniosennsissenssessesssssensssssnsssssenssssens 135

5.1 OTHER PAPERS AND REVIEWS..eueueeeteencererererersesasasasesesesesessssssasasasnsnsasesasases 135

5.1.1  The thioredoxin reductase-thioredoxin redox system cleaves the interchain

disulphide bond of botulinum neurotoxins on the cytosolic surface of

SYNAPTIC VESICIES .evvitiieiti ettt ettt ettt et ettt eebe et ebeereeaseaseesenre s 137



PhD Thesis-Giulia Zanetti

5.1.2  On the translocation of botulinum and tetanus neurotoxins across the
membrane of acidic intracellular compartments..........ccccecevveveeereceseneceseseenenns 145
5.1.3  Snake and spider toxins induce a rapid recovery of function of botulinum
neurotoxin paralysed neuromuscular JUNCLON ..........cccocveveeieviececieeece e 155
5.1.4  The ablation of S1P3 receptor protects mouse soleus from age related drop
of muscle mass, force and regenerative Capacity .......cccvvevvecererieresenieesesieennes 173
5.2 CONGRESSES ATTENDED ...uureeensseeeeenssscsrensssssseensssessesnssssssenssssssssssssssssnnses 189

REfEIrENCES........cceuuueereeeeerreeeereeniereneserreessereessessenssessnssssssnsssssnssenees 191

Acknowledgments..............ueuueeeeeeeereenerreeniereenserseenierennseesenssesennnes 205



Abbreviation index

Abbreviation index:

ACh = acetylcholine neurotransmitter

BoNTs = Botulinum neurotoxins

CDC = center for disease control and prevention

EGA = 4-bromobenzaldehyde N-(2,6-dimethylphenyl) semicarbazone
GSH = glutathione

HA = hemagglutination activity protein

H = heavy chain

HC = C-terminal part of H (can be divided in HCcand HCy)
HN = N-terminal part of H

L = light chain

LDso = median lethal dose

MAT = motor axon terminal

NADPH = nicotinamide adenine dinucleotide phosphate
NMJ = neuromuscular junction

NT = neurotransmitter

NTNHA = nontoxic nonhemagglutinin protein

PSG = polysialoganglioside

SNAP-25 = synaptosomal-associated protein of 25 kDa
SNARE = soluble NSF attachment protein receptors

SV = synaptic vesicle

SV2 = synaptic vesicle protein 2

Stx = syntaxin

Syt = synaptotagmin

TeNT = Tetanus neurotoxin

Trx = thioredoxin
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Trx-TrxR =thioredoxin-thioredoxin reductase system
TrxR = thioredoxin reductase

VAMP = vesicle-associated membrane proteins (or synaptobrevin)



Summary

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, | 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, | tested the activity of EGA and |
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 toxin’s cellular mechanism is directly affected by the drug. Rather, |

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.

Together, these studies show that BoNT’s activity can be significantly 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, | undertook a study to evaluate the individual
contribution of SNAP-25 and syntaxin cleavage to BoNT/C activity in vivo. | took
advantage from a recent publication where two triple-mutated BoNT/C L,
L200W/M221W/I1226W (BoNT/C a-3W) and S51T/R52N/N53P (BoNT/C a-51),
were reported to cleave selectively syntaxins.

Thanks to a collaboration with Dr. T. Binz, | received the full-length BoNT/C
mutants produced by recombinant methods and | tested their biochemical and
toxicological properties. | 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 a-3W than for
BoNT/C a-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

Riassunto

Le neurotossine botuliniche (BoNTs) sono esotossine batteriche, agenti eziologici
del botulismo. In base alla diversa antigenicita 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
esercitano un’azione neuroparalizzante.

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
I’'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 & 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 complex”, 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 funzionalita del complesso e quindi un blocco della neuroesocitosi:
cio determina la paralisi flaccida tipica del botulismo. | pazienti possono morire di
insufficienza respiratoria ma, se le funzioni vitali vengono sostenute, essi
recuperano completamente la mobilita in quanto la neuroparalisi € reversibile.

I meccanismo d’azione delle BoNTs pud essere riassunto in cinque 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 é unica perché taglia sia SNAP-25 che la
proteina sintaxina.

Le BoNTs sono le sostanze piu velenose note, classificate dal Centro per il
Controllo e la Prevenzione delle Malattie (CDC) come agenti in categoria A, cioe
tossine potenzialmente utilizzabili come armi biologiche. Attualmente non esiste
nessun vaccino approvato per l'uso umano e l'unico trattamento disponibile
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 neurospecificita e la reversibilita della paralisi
rendono le BoNTs degli agenti terapeutici di prima scelta per il trattamento di
un’ampia varieta di malattie umane caratterizzate da iperattivita dei terminali
nervosi periferici.

Considerando questa dicotomia, il mio progetto di dottorato si puo 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 I'uso di queste molecole in terapia.

i) Considerando il meccanismo d’intossicazione delle BoNTs, uno step
fondamentale € la riduzione del ponte disolfuro intercatena, senza la quale L
rimane attaccata a H e non puo esercitare la sua attivita catalitica. Utilizzando un
approccio farmacologico ho dimostrato che il sistema Tioredossina-Tioredossina
Reduttasi (Trx-TrxR) € il principale responsabile della riduzione per tutti i sierotipi
di tossina botulinica e che inibitori di questa coppia redox producono una
sostanziale protezione dall’intossicazione sia in vitro che in vivo in un modello che
ricapitola il botulismo. Questo risultato € importante perché ¢ il primo che mostra
che sierotipi diversi di BONTs possono essere inibiti da un'unica molecola (pan-

inibitore) che agisce sul meccanismo d’azione comune.
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Un altro aspetto importante nella tossicita di queste neurotossine ¢ il loro traffico
all'interno del terminale nervoso. Questo potrebbe essere un altro target
razionale.

Recentemente, & 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 Ia
traslocazione di L nel citoplasma, ho saggiato l'effetto di questa molecola
sull’azione delle BoNTs. Consistentemente, ho trovato che EGA inibisce
significativamente I'attivita neurotossica della BoNT/A, BoNT/B e BoNT/D in vitro e
in vivo. Sono stati scelti questi tre sierotipi perché sono quelli pil comunemente
associati al botulismo umano (BoNT/A e /B) ed animale (BoNT/D). E interessante
notare come nessuno degli steps del meccanismo d’azione sia direttamente inibito
dalla molecola: cid € compatibile con la possibilita che EGA interferisca con il
traffico delle BoNTs all'interno del terminale nervoso ostacolando il
raggiungimento del compartimento acido essenziale per la traslocazione di L.
Complessivamente, questi studi mostrano come I'attivita delle BoNTs possa essere
significativamente inibita, indipendentemente dalle loro differenze antigeniche,
usando molecole che agiscano su steps comuni del meccanismo d’azione. 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
guale la BoNT/C paralizza i terminali nervosi periferici in vivo: infatti, a differenza
di tutti gli altri sierotipi, la BONT/C € I'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 quello della sintaxina nell’attivita
della BoNT/C in vivo.

Per fare questo mi sono basata su una recente pubblicazione in cui & stato
riportato che due BoNT/C triple-mutanti, L200W/M221W/I1226W (BoNT/C a-3W) e
S51T/R52N/N53P (BoNT/C a-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
proprieta biochimiche e tossicologiche. Quello che ho scoperto & che entrambe le
triple-mutanti idrolizzano la sintaxina con un’efficienza simile alla tossina WT
(BoNT/C-wt) ma, inaspettatamente, entrambe mantengono anche un'attivita
residua nei confronti della SNAP-25 (piu elevata per la BoNT/C a-3W rispetto alla
BONT/C a-51). E interessante notare come questa attivita sulla SNAP-25 sia
strettamente correlata alla letalita delle tossine mutanti in vivo. D’altra parte, 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'attivita neuroparalizzante e che derivati della BoNT/C, aventi attivita selettiva
per le sintaxina, potrebbero rappresentare una buona strategia per lo sviluppo di

BoNTs dotate di attivita 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 (NMIJ), which is
composed by the motor axon terminal (MAT, presynaptic) and the skeletal

muscle fiber (postsynaptic effector)! (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
stained with  a-Bungarotoxin  Alexa  555-

conjugated (in red). From Duregotti et al., 2015°.
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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)*

(see the figure 2).
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Figure 2. Neurotransmission at the synapse. From Rossetto et al., 2014°,

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 occurs™®. 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 Ca”" 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

10



Introduction

which mediates SV fusion'®?*?

. This latter phenomenon is calcium-dependent,
since the Ca**-sensor synaptotagmin has been shown to regulate the fusion of
the SV juxtaposed to the plasma membrane (primed SV), thus allowing NT
release®®. 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 contraction®.

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

later internalized into the nerve terminal by endocytosis”"15

. Exocytosis and
endocytosis of SV are strictly coupled, and the inhibition of one process leads to
the inhibition of the other™. 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
o-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 Ca* 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

11
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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 time'®. 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 increasing”.

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,

3,17,18

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

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

19,20

been classified as mosaic toxins and indicated as BoNT/CD and /DC (see

Figure 3).

12
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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°.

1.2.1 BoNTs: from bacteria to paralysis

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

21,22

strongly resistant to both chemical and physical agents“~““. Germination can only

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

nutrients and low saline concentrations®>*

. In a proper environment, spores can
undergo transition to a vegetative state, growth and, via autolysis, release the

neurotoxins>%.

13
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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
botulism?®. However, there are other uncommon forms of intoxication, such as
iatrogenic botulism caused by inappropriate administration or toxin abuse during
pharmaceutical and cosmetic treatments®’. 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 weapone"z“’28 (see
Figure 4).
Adult botulism
: ,..] latrogenic
R =5 J_%{L,——] botulism
Inhalationall_fi = — e .
| botulism ~— rood-borne | T
A “botulism | @Gy
Infant botulism |
o
= '” JIngestion ] v
~ <2 1of spores = Wound
1 ‘r/l : | botulism |
=, @ |
% b e \
A
E "ﬂf&ﬂ(}“ﬂ"\ﬂf Tl l'I[‘“f[ rl_.“\ﬁ.ﬂq . - =rvi e .—_ . = - :
; — e ¢ |
:L@|®lﬁ o @53 O 0 ) D
i A A J 1' —) e ;
Transcytosis across Spread in general circulation Entry into peripheral
intestinal epithelium nerve terminals

Figure 4. Five forms of human botulism. From Rossetto et al., 2014°,
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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,

d**. To this purpose the toxin is produced together with

where it is absorbe
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

29,30

bind the catalytic zinc®™™". This protein forms a handin-hand-shaped heterodimer

31,32

with the toxic molecule® "%, suggesting that it shields and protects BoNT from

25,31,33

chemical attacks . 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 monolayer™>**?

. 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
circulation®. 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 F?* 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 botulism***.

1.2.2 BoONTSs 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 toxin®. As shown in Figure 5, mature BoNT are composed

40(

of two chains linked via a single disulphide bridge™ (see Figure 5, in orange).

15



PhD Thesis-Giulia Zanetti

Cc

Figure 5. Structure of isolated BONT/A1 molecule. Crystal structure of BoNT/Al47 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 HC. (25 kDa, see Figure 5, in green) and HCy (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
cytosoI46’48 and is composed of two long amphipathic a-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 a-helix and B-strand. It is a Zn*-
dependent protease that displays a very specific activity against SNARE proteins,

the cleavage of which results in the flaccid paralysis typical of botulism™.

16



Introduction

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 steps®®°% (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

53-55

and brain neuronal circuits

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%.

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 nerves>°, 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 model” has
been proposed48'57. The idea is that BoNTs bind neurons via two receptors: one

46,48,57
7’

with low affinity, that increases toxin density on the target membrane 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 pathway®
(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 terminals’, can be efficiently captured by the

receptorial system.

Cytosol

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 BoONT/A bound to PSG and to

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

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

72990 appears to be perfect because PSG molecules are

this “evolutionary choice
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 organizationel’ez.

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 HC, 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)®*®>;
while, for BONT/C, BoNT/DC and BoNT/D the PSG-binding side is found in a
similar position, but the motif is different®® .

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
environment®.

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-ll as a
receptor for BoNT/B, /DC, and /G*®*" 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 entry®®’®"%, 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/F”.

It is worth to note that BoNTs “choose” as receptors SV proteins that are highly
conserved and fundamental for nerve physiology: SV2 renders primed SV
competent for Ca**-induced exocytosis’®, while synaptotagmin is a presynaptic
calcium receptor that may be involved in transducing a presynaptic calcium rise
into the signal necessary for SV membrane fusion®.

Also the HCy 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 >,
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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
release®®, SV are directly recycled or re-enter in the cycle by fusion and
subsequent budding from endosome compartimentzs.

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)%c88,

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%

Moreover, the rate of BONT/A entry correlates with endocytosis veIocity15 and it
is consistent with toxin potencysg.

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

90,91

membrane™”". This produces an electrochemical gradient able to drive the

accumulation of NT from the cytosol to the SV lumen via a specific vesicle NT
transporter®2,

To date, the molecular aspects of the translocation have been only partially
elucidated and are still matter of debate®***. 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 cytosol®***?’.

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

. 4
VIV08 ,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.

BoNT/A

Unfolded

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) lon 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%*,

21



PhD Thesis-Giulia Zanetti

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)%.

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 9799103, 5y 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 pH1°2’1°4; 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 data® (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 HCy

portionga.
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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*. 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), HCy (purple) and HC. (green).
The HC. 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., 20167,

Notably, these carboxylate residues are located within the BoNT face containing
the disulphide bond®® and the segment 637-688 (numbering related to
BoNT/B1), the region that interacts with the membrane®®,

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 a-
helices of the HN break and generate amphipathic segments. These, together
with other shorter a-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 L*>.

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 toxicity %,

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

111

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

|112,113

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

channel formation and L translocation®®**!>

. For example, single chain toxins
cannot intoxicate cultured neurons and are not effective in vivo'°.

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

117

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

situation 111

. 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)*!

or the same system
present in a rat brain lysate**.

Recently, it has been reported by Pirazzini and coIIeagues52 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
release™. Conversely, Auranofin, an inhibitor reported to be specific for TrxR

and therefore able to effectively decrease the Trx-TrxR system>>*??

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

involved in the release of BoNTSs 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 a-helix and B-
strand presenting the characteristic zinc-binding motif, HExxH (where x is any
amino acids). This sequence is conserved for all BoNTs and coordinates the

49,124

catalytic metal, essential for the catalysis. 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
mechanism™®.

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

49,125-128

accessible to the active site residues of L . Consistently, mutation in the

exosites disrupted substrate binding to the active site decreasing BoNTs catalytic
efficiency™”*%°.

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 selection®*

127,129,130

As shown in Figure 11, L has a unique SNARE specificity®* 313

, 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)®**3.

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-complex'"*°.

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 botulism®**3>138,
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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%.

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 cadaver’.

1.2.3 The double face of BONTs

BoNT can be defined “Janus toxins”, from the Greek mythological creature with
two faces®. In fact, these toxins are the most potent yet known, with an
estimated median lethal dose (LDso) for humans around 1 ng/Kg of body

25,139

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

pathologies3.
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Toxicity of BoNTSs:

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

140 with consequent blockage of

SV accumulation in the active zone of the MAT
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)*.

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 limbs'*2. Severe
botulism affects also the visceral and respiratory muscles leading to dyspnea and
respiratory failure, in this case death comes from suffocation**'.

Infant botulism was caused by the intestinal colonization of infants, it is
characterized by lethargy, listlessness, feeble crying, poor feeding, weakness,

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

affect the consciousness and the senses and mental state do not appear
altered'*.

Importantly, from a morphological and anatomical point of view, the intoxicated
neurons do not appear damaged and axonal neurodegeneration does not occur

143-148,

in vivo : 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
survives®*2> 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)***.
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 terminal®>****>3 |n particular, the order of
duration in humans is: BoNT/A ~ BoNT/C > BoNT/B**! ~ BoNT/F, and /G >
BoNT/E***>*1°8 with the exception of BoNT/D that is poorly active in humans but
very potent in mice”**%.

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 weaponszg’lsg'lel.

Pharmacology use of BoNTSs:

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

162-164

into the orbicularis muscles . It was immediately clear that these toxins

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

characterized by hyperfunctioning nerve terminals®**¢>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
field'°. 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 growingm.

Table 1
Therapeutic uses for botulinum neurotoxin

Ophtalmology
Strabismus®b:c

Nistagmus
Neurology
Focal Dystonias
Blepharospasm?b:<
Cervical dystonia®b< (Torticollis, anterocollis, laterocollis)
Occupational dystonias (writer’s cramp®, musician’s cramps)
Laryngeal Dysphonia®
Oromandibular dystonia
Lingual dystonia
Nondystonic disorders
Hemifacial spasm?b<c
Tremor (essential, parkinsonism)
Tics
Bruxism
Spasticity (poststroke, multiple sclerosis, brain or spinal cord injury)
Focal spasticity®®: Upper and lower limb spasticity
Nonfocal: hemispasticity, paraspasticity, tetraspasticity
Cerebral palsy*®?
Hyperhidrosisab<
Focal: axillary, palmar, plantar
Diffuse
Hypersalivation
Sialorrhea® (motoneuron diseases/amyotrophic lateral sclerosis)
Drooling® (Parkinsonian syndromes)
Frey’s syndrome/gustatory sweating
Aesthetic (muscle)
Glabellar rythides®b<
Pain
Muscular
Dystonia
Spasticity
Chronic myofascial pain
Temporomandibular disorders
Low back pain
Nonmuscular
Migraine (chronic® and tension type migraine)
Neuropathic pain
Trigeminal pain
Pelvic pain
Urology
Detrusor sphincter dyssynergia
Overactive bladder®®< (Idiopathic or neurogenic detrusor overactivity)
Urinary retention
Bladder pain syndrome
Pelvic floor spasms
Benign prostate hyperplasia
Gastroenterology
Achalasia
Chronic anal fissures
Psychiatry

Depressiond

Modified from Pirazzini et al., 2017°°. 2USA approved indication; °EU approved indication;

‘evidence-based therapeutic indication and %to be evaluated.
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Introduction

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/A1l treatment as well as for those who have developed resistance
producing anti-BoNTs antibodies'’**".

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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Aim of the thesis

Chapter 2

Aim of the thesis

Botulinum neurotoxins (BoNTs) are the most poisonous poisons known?®?42>1%

but, at the same time, their specificity and reversibility of action'** is at the basis
of their therapeutic use for the treatment of human diseases characterized by
3,25,165-169

hyperactive peripheral nerve terminals

During my PhD | 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

3,24,25

using anti-botulinum sera . However, the discovery of many BoNT subtypes

31817 challenges the possibility of controlling BoNT toxicity

and new serotypes
exclusively via immunological methods**. In fact, antisera are raised against
progenitor serotypes (i.e. subtype 1 BoNTs) and the real neutralization capacity
toward BoNT subtypes is not known?. However, it may change significantly
considering that intratypic variability may reach 30%'”*. At the same time such a
variability strongly limit the possibility of developing an effective pan-vaccine®”>
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 BoNTSs inside nerve terminal*”®*®! or to prevent their binding

182

to peripheral nerve terminals™°. 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 available'®.
During my PhD, | 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 difference®®. 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 therapy*’ 148184,

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 humang!*®1>°184185

to overcome primary or secondary resistance
(development of anti-toxin antibodies).

During my PhD, | 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 antisera®. This calls for the research of

novel antidotes, effective regardless of BoNT’s immunological properties. 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, | 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. | 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, | 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 toxicity is strictly dependent on the passage through an acidic
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.

| focused my attention on BoNT/A, BoNT/B and BoNT/D because they are
associated with human and animal botulism, respectively.

| found that EGA hinders BoNT’s activity in neuronal cultures in 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.



3.1.1

Results

Thioredoxin and its reductase are present on synaptic vesicle, and their
inhibition prevents the paralysis induced by botulinum neurotoxin

Marco Pirazzini**, Domenico Azarnia Tehran®, Giulia Zanetti’, Aram Megighianl,
Michele Scorzeto®, Silvia Fillo?, Clifford C. Shone®, Thomas Binz*, Ornella

Rossettol, Florigio Lista? and Cesare Montecucco®

1Department of Biomedical Sciences and National Research Council Institute of
Neuroscience, University of Padova, Via Ugo Bassi 58/B, 35151 Padova, Italy

2Histology and Molecular Biology Section, Army Medical and Veterinary Research
Center, Via Santo Stefano Rotondo 4, 00184 Rome, Italy

3public Health England, Porton Down, Salisbury, Wiltshire SP4 0JG, UK

*Institut fir Biochemie, Medizinische Hochschule, Hannover, 30623, Hannover, Germany

>Co-first author

Pirazzini M, Azarnia Tehran D. et al. Thioredoxin and Its Reductase Are Present
on Synaptic Vesicles, and Their Inhibition Prevents the Paralysis Induced by
Botulinum Neurotoxins. Cell Rep 8, 1870-1878.

doi: 10.1016/j.celrep.2014.08.017 (2014).

37



PhD Thesis-Giulia Zanetti

38



Cell Reports

Thioredoxin and Its Reductase Are Present on Synaptic
Vesicles, and Their Inhibition Prevents the Paralysis

Induced by Botulinum Neurotoxins

Graphical Abstract

Reduced
(active protease)

Nerve Ending

LS Cytosol

Highlights
Synaptic vesicles possess an active thioredoxin reductase-thio-
redoxin system

The two proteins are on the cytosolic side of the synaptic vesicle
membrane

This system reduces the interchain disulfide bond of botulinum
neurotoxins

Specific inhibitors prevent the neuroparalysis induced by botu-
linum neurotoxins

Pirazzini et al., 2014, Cell Reports 8, 1-9
September 25, 2014 ©2014 The Authors
http://dx.doi.org/10.1016/j.celrep.2014.08.017

Authors

Marco Pirazzini, Domenico
Azarnia Tehran, ..., Florigio Lista, Cesare
Montecucco

Correspondence
cesare.montecucco@gmail.com

In Brief

About 40 botulinum neurotoxins have
been recently discovered, highlighting
the need for chemical inhibitors that
target these potent toxins. Pirazzini et al.
now find that synaptic vesicles possess
the thioredoxin reductase-thioredoxin
system and show that it is responsible
for the selective cleavage of a key toxin
disulfide bond, a step required for the en-
try of all such neurotoxins into neurons.
The authors thus uncover a class of inhib-
itors capable of acting in vivo.

Cell



Please cite this article in press as: Pirazzini et al., Thioredoxin and Its Reductase Are Present on Synaptic Vesicles. and Their Inhibition Prevents the
Paralysis Induced by Botulinum Neurotoxins, Cell Reports (2014), http://dx.doi.org/10.1016/.celrep.2014.08.017

Cell Reports

OPEN

ACCESS
Cell’ress

Thioredoxin and Ilts Reductase Are Present on
Synaptic Vesicles, and Their Inhibition Prevents
the Paralysis Induced by Botulinum Neurotoxins

Marco Pirazzini,'®> Domenico Azarnia Tehran,”® Giulia Zanetti,’ Aram Megighian,’ Michele Scorzeto,’ Silvia Fillo,?
Clifford C. Shone,® Thomas Binz,* Ornella Rossetto,’ Florigio Lista,” and Cesare Montecucco®:*
'Department of Biomedical Sciences and National Research Council Institute of Neuroscience, University of Padova, Via Ugo Bassi 58/B,

35121 Padova, Italy

2Histology and Molecular Biology Section, Army Medical and Veterinary Research Center, Via Santo Stefano Rotondo 4, 00184 Rome, ltaly
3Public Health England, Porton Down, Salisbury. Wiltshire SP4 OJG, UK
4Institut fir Biochemie, Medizinische Hochschule Hannover, 30623 Hannover, Germany

5Co-first author
*Correspondence: cesare.montecucco@gmail.com
http://dx.doi.org/M0.1016/|.celrep.2014.08.017

This is an open access article under the CC BY-NC-ND license (hitp://creativecommons.org/licenses/by-nc-nd/3.0/).

SUMMARY

Botulinum neurotoxins consist of a metalloprotease
linked via a conserved interchain disulfide band to
a heavy chain responsible for neurospecific binding
and translocation of the enzymatic domain in the
nerve terminal cytosol. The metalloprotease activity
is enabled upon disulfide reduction and causes neu-
roparalysis by cleaving the SNARE proteins. Here,
we show that the thioredoxin reductase-thioredoxin
protein disulfide-reducing system is present on syn-
aptic vesicles and that it is functional and responsible
for the reduction of the interchain disulfide of botuli-
num neurotoxin serotypes A, C, and E. Specific inhib-
itors of thioredoxin reductase or thioredoxin prevent
intoxication of cultured neurons in a dose-dependent
manner and are also very effective inhibitors of the
paralysis of the neuromuscular junction. We found
that this group of inhibitors of botulinum neurotoxins
is very effective in vivo. Most of them are nontoxic
and are good candidates as preventive and thera-
peutic drugs for human botulism.

INTRODUCTION

The botulinum neurotoxins (BoNTs) are released by different
species of Clostridia in dozens of different isoforms that are
grouped into seven different serotypes (BoNT/A-BoNT/G) (Hill
and Smith, 2013; Rossetto et al.. 2014). They inhibit peripheral
cholinergic nerve terminals and cause the flaccid paralysis and
autonomic dysfunctions of botulism (Johnson and Montecucco,
2008). BoNTs are so toxic to humans as to be considered for po-
tential use in bioterrorism (CDC, 2012). At the same time, their
neurospecificity and reversibility of action makes them excellent
therapeutics for a growing and heterogeneous number of human
diseases that are characterized by a hyperactivity of peripheral

nerve terminals (Davletov &t al., 2005; Dressler, 2012; Masuyer
et al., 2014; Montecucco and Molgo, 2005).

BoNTs consist of a metalloprotease light chain (L; 50 kDa) and
a heavy chain (H; 100 kDa) linked by a strictly conserved inter-
chain disulfide bond. BoNTs bind specifically to the presynaptic
membrane of peripheral nerve terminals (Dolly et al., 1984) and
enter into the cytosol, where they block neurotransmitter release
by the L-mediated cleavage of the essential SNARE proteins
(Binz and Rummel, 2009; Pantano and Montecucco, 2014).
The seven BoNT serotypes exhibit exclusive specificities with
respect to the different SNARE proteins and therefore can be
used as simple tools to determine the effect of knocking out spe-
cific SNAREs in cell physiology (Pantano and Montecucco,
2014). To penetrate into neurons, BoNTs exploit the endocytosis
of synaptic vesicles (SVs) (Colasante et al., 2013), and the acid-
ification of the SV lumen induces the H-mediated membrane
translocation of L (Fischer and Montal, 2013; Montal, 2010). It
has been demonstrated that, once on the cytosolic side, the L
metalioprotease remains attached to H via the interchain SS
bridge and the reduction of this bond releases the L metallopro-
tease activity, unblocking at the same time the ion channel
formed by H in the membrane (Fischer and Montal, 2007).
Here, we show that the thioredoxin reductase (TrxR)-thioredoxin
(Trx) redox system is highly expressed in the motor neurons
nerve terminals and that it is present on the SV cytosolic surface.
This redox system is shown here to be functional, as inhibitors of
TrxR or Trx effectively prevent the cleavage of SNAP25 by the L
chains of BoNT/A, BoNT/C, and BoNT/E within neurons in cul-
ture and largely reduce the neuroparalysis of these neurotoxins
in mice. Such a high inhibition of BoNTs by small-molecule drugs
in vivo strongly suggests that these drugs may be useful to pre-
vent and treat botulism.

RESULTS

Thioredoxin Reductase and Thioredoxin Are Present on
the Cytosolic Surface of SVs

The recent finding that auranofin, a TrxR inhibitor, prevented
the action of tetanus neurotoxin in cultured neurons (Pirazzini

Cell Reports 8, 1-9, September 25, 2014 ©2014 The Authors 1
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Figure 1. Thioredoxin Reductase and Thioredoxin Are Present in
Nerve Terminals and Are Loosely Bound to the Surface of Synaptic
Vesicles

(A) The |eft panels show representative confocal images of the levator aureus
longus mouse neuromuscular junction stained with primary antibodies specific
for thicredoxin reductase (TrxR, green) and s-bungarctoxin (cyan); similarly,
the right panels refer to thioredoxin (Trx, green) and z-bungarotoxin (cyan). As
expected, both proteins appear to be present also in muscle fibers; scale bar,
10 um. See also Figure S1A,

(B) The immunoblot staining of different preparations from the rat brain
(indicated on the top of the lanes; 10 ug of total lysate proteins per lang)
after SDS-PAGE are shown. TrxR, anti-thioredoxin reductase; Trx, anti-thio-
redoxin; STX 1A, anti-syntaxin; SNAP25, anti-SNAP25; VAMPZ, anti-
VAMPZ. The electrophoretic mobility corresponding to the different molecular
weight markers is indicated. The asterisk Indicates an immunorsactive
band relative to an alternative splicing form of TrxR of 66 kDa (UniProt data-
base).

(C) This panel shows immunobilottings with different specific antibodies of free
and active zone-docked synaptic vesicles immunoisolated with an antibody
specific for synaptophysin and probed for TrxR presence. The four lanes on
the right part of the panel show that TrxR is detached from SVs upon treatment
with bicarbonate/carbonate pH 11 buffer (S, supematant; P, pellet). In both
panels, membranes were stripped and restained for SNARE proteins. Hash-
tags indicate antibody bands.

et al., 2013) prompted us to investigate the presence of the
TrxR-Trx system within nerve terminals and on synaptic vesi-
cles, which are the Trojan horses used by BoNT/A to deliver

2 Cell Reports 8, 1-9, September 25, 2014 ©2014 The Authors

its L chain in the cytosol (Colasante et al.,, 2013; Harper
et al, 2011). Figure 1A shows that the neuromuscular junction,
which is the major site of action of BoNTs, highly expresses
both TrxR and Trx, as do primary cultures of neurons (Fig-
ure S1A). This is in agreement with previous work, where it
was shown that both TrxR and Trx are transported from the
cell body to axon terminals (Rozell et al., 1985, Stemme
et al.,, 1985). Figure 1B demonstrates that both TrxR and Trx
are present in synaptosomes purified from rat brain as well
as in a crude preparation of SVs extracted from the same syn-
aptosomes (Figure 1B). Further purification of SV indicates that
this enzymatic redox system is indeed associated with SVs
and that it is highly enriched in docked SVs (Figure 1B); i.e.,
SVs that are bound to the active zones in the presynaptic
nerve terminal (Boyken et al., 2013; Morciano et al., 2005,
2009), and includes portions of the presynaptic plasma mem-
brane, as disclosed by the presence of plasma membrane
markers (Figure S1B, Ca-ATPase and Na/K-ATPase pumps);
at the same time, all the fractions display the typical relative
abundance of presynaptic proteins (Figure S1B). Notably, the
staining of PSDS85, a postsynaptic protein, is present only in
synaptosomes but essentially absent in free and docked syn-
aptic vesicles, suggesting that the TrxR-Trx belongs to the
presynaptic compartment (Figure S1B). Moreover, Figure 1C
shows that SVs immunoisolated with an antibody specific for
synaptophysin, a protein marker of SVs (Fykse et al., 1993),
do contain TrxR. The TrxR-Trx redox system is bound extrinsi-
cally to the SV surface, as it is removed upon incubation with
bicarbonate/carbonate buffer at pH 11 (Figure 1C). Such a
location explains why these proteins were not detected before
in thorough proteomics studies of SVs, because bicarbonate-
washed SVs were employed (Boyken et al., 2013; Morciano
et al., 2005; Takamari et al., 2006). At the same time, it indi-
cates that the TrxR-Trx redox system may play an important
role in neuroexocytosis.

Inhibitors of Thioredoxin Reductase Prevent the
Intoxication of Neurons by Botulinum Neurotoxin
Serotypes A, C, and E

Even if the role(s) of the TrxR-Trx system in SV function remains
to be discovered, we used BoNT intoxication as readout of its
functionality, following the demonstration that the cytosolic
reduction of the single interchain disulfide bond is essential to
enable their metalloprotease activity (Fischer and Mantal,
2007; Schiavo et al,, 1993). Here, and in the next sections,
we show the effects of a large series of TrxR-Trx inhibitors on
its capability to reduce the interchain disulfide bridge of
BoNT/A, BoNT/C, and BoNT/E. These three botulinum neuro-
toxins were chosen because they have different structures (Ku-
maran et al., 2009; Lacy et al.. 1988) and are implicated in
human and animal botulism, and because BoNT/A is used in
human therapy (Dressler, 2012; Hallett et al., 2013; Naumann
et al., 2013).

Figure 2A shows that an antibody specific for the BoNT/A-
truncated SNAP25 stains well a BoNT/A-treated primary culture
of neurons consisting of more than 95% cerebellar granular
neurons (CGNs), while no labeling was detectable when neu-
rons were pretreated with the TrxR-specific inhibitors juglone
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Figure 2. The BoNT/A-Induced Cleavage
of SNAP25 Is Prevented in Cerebellar
Granular Neurons by Thioredoxin Reduc-
tase Inhibitors

(A) CGNs were treated with TrxR inhibitars (JUG,
20 pM; AUR, 1 uM: MYR, 75 uM; CUR, 100 uM) or
vehicle (NC, no toxin; PG, toxin treated) at
37°C. After 30 min, BoNT/A 1 nM was added for
an additional 30 min to all samples except NC,
and then neurons were washed and incubated
in the presence of the same concentration of in-
hibitors for an additional 2 hr. Samples were
fixed and stained with an antibody specific for
the C terminus of the BoNT/A-cleaved SNAP25
(SNAP25; ;5;).  Anti-BoNT/A-cleaved SNAP25
was detected with an Alexa Fluor 555-conjugated
secondary antibody. Images shown are repre-
sentative of three independent sets of experi-
ments. Scale bar, 10 ym. See also Figure S2A.
(B} Quantification of SNAP25 by immunablotting.
CGNs were preincubated for 30 min with the
indicated concentration of inhibitor at 37°C,

BoNT/A 1 nM was added for 15 min, cells were
washed, and culture medium with the same
concentration of inhibitor was restored and in-
cubation prolonged for 12 hr at 37°C. Cells were
lysed and the SMNAP25 content was estimated
with an antibody that recognizes both the
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concentrations indicated in the right panel). The
other panels report the amount of SNAP25
determined as a ratio to VAMP2 staining, which

serves as internal control, taking the value in nontreated cells (NC) as 100% in CGNs samples treated with the indicated amounts of the different
inhibitors and with BoNT/A, SD values derive from three independent experiments performed in triplicate. See also Figures S2B and S2C. Similar
results ware obtained when 10 pM BoNT/A was left, together with inhibitors, for 12 hr at 37°C before cell lysis and evaluation of SNAP25 cleavage (not

shown).

(JUG), auranofin (AUR), myricetin (MYR), and curcumin (CUR)
(Cai et al., 2012; Fang et 2005; Lu and Holmgren, 2012
Lu et al., 2006; Omata et al., 2006; Rackham et al., 2011).
ure 2B shows that the inhibition of the BoNT/A-mediated cleav-
age of SNAP25 by these inhibitors is dose dependent. In con-
trol experiments, we found that these TrxR inhibitors do not
significantly affect the viability of CGNs at the maximal doses
used and that they do not affect the metalloproteolytic activity
of BoNT/A tested in vitro with recombinant SNAP25 (not
shown). Similar experiments were performed with CGNs
treated with BoNT/E (Figure S2A and S2B) and BoNT/C (Fig
ure S2C); in this latter case, the readout of inhibitor activity
was also performed with an antibody specific for syntaxin, as
BoNT/C cleaves both SNAP25 and syntaxin (Pantano and Mon-
tecucco, 2014). It should be noted that the TrxR inhibitors used
here show similar dose-dependence patterns versus the three
different neurotoxins, indicating that the step they inhibit has
similar relevance for the display of the SNARE cleavage activity
of the three different BoNTs.

Inhibitors of Thioredoxin Prevent the Intoxication of
Neurons by Botulinum Neurotoxin Serotypes A, C, and E
The reduction of the protein disulfides in the cytosol by the TrxR-
Trx system is the end result of the transfer of reducing equiva-
lents from NADPH to TrxR and then to Trx (Arnér and Holmagren,
2000; Hanschmann et al., 2013; Lu and Holmgren, 2009). The
majority of available inhibitors of this redox system are directed
toward TrxR, but recently, specific inhibitors of Trx have been
tested in humans: PX-12 is under clinical trial as and anticancer
agent (Baker et al., 2013; Kirkpatrick et al., 1998; Ramanathan
et al., 2011), and ebselen is under investigation as a postische-
mia and poststroke therapeutic (Aras et al., 2014; Yamaguchi
et al., 1998; Zhao et al., 2002). PX-12 and ebselen (EBS) inhibit
the BoNT/A-induced cleavage of SNAP25 in CGNs as detected
by immunofluorescence (Figure 2A) and by guantitative immuno-
blotting (Figure 3B). At the same time, neither PX-12 nor ebselen
affects the viability of CGNs at the maximal doses used here, nor
do they show any effect on the metalloproteclytic activity of
BoNT/A (not shown). A similar efficacy of these inhibitors was

Cell Reports 8, 1-9, September 25, 2014 ©@2014 The Authors 3
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Figure 3. Inhibitors of Thioredoxin Prevent the SNAP25 Cleavage by BoNT/A in Cerebellar Granular Neurons

() CGNs were treated with Trx inhibitors (PX-12 25 uM or EBS 30 uM) or viehicle (NG, no toxin; PC, toxin treated) at 37°C. After 30 min, BoNT/A 1 nM was added
for an additional 30 min, neurons were washed, and the incubation with the same concentration of inhibitors was prolonged for 2 hr. Treated neurons were fixed
and stained with an antibody specific for the BoNT/A-cleaved form of SNAP25 (SNAP251_157). BoNT/A-cleaved SNAP25 was detected with an Alexa Fluor 555-
conjugated secondary antibody. These images are representative of three independent sets of experiments. Scale bar, 10 um. See also Figure S3A.

(B) Quantification of SNAP25 by immunoblotting. CGNs were preincubated for 30 min with the indicated concentration of inhibitor at 37°C, BaNT/A 1 nM (final
concentration) was added for 15 min, cells were washed, and culture medium with the same concentration of inhibitor was restared and incubation prolonged for
12 hrat 37°C. Cells were lysed and the SNAP25 content was estimated with an antibody that recognizes both the cleaved and the intact form of SNAP25 and
another one specific for VAMPZ2, as an internal control. The left panel reports the result of a typical experiment aimed at determining the effect of thioredoxin
inhibitor PX-12, The right five lanes derive from samples exposed to increasing concentrations of PX-12 indicated in the middle panel. NC, no toxin added; PC,
toxin added in absence of PX-12. The middie and right panels report the amount of SNAP25 determined as a ratio to VAMP2 staining, which serves as internal
control in samples treated with the indicated amounts of the twe inhibitors, taking the value of nontreated cells (NC) as 100%. SD values derive from three in-

dependent experiments performed in triplicates. See also Fia

es 53B and S3C. Similar results were obtained when 10 pM BoNT/A was left, together with

inhibitars, for 12 hr at 37 C before cell lysis and evaluation of SMAP25 cleavage (not shown).

found in the prevention of the intoxication of CGNs by BoNT/E
(Figures S3A and S3B) or by BoNT/C (Figure S3C).

Thioredoxin and Thioredoxin Reductase Inhibitors
Inhibit the Peripheral Neuroparalysis induced by
Botulinum Neurotoxin Serotypes Aand C

The panel of inhibitors of TrxR and of Trx used here have been
extensively tested in animals and in humans as possible thera-
peutics in different diseases (Hanschmann et al., 2013; Haolmg-
ren and Lu, 2010; Mahmood et al.,, 2013) and are nontoxic at
the doses used here. This encouraged us to test their activity
in preventing BoNT toxicity in mice by using as a readout the digit
abduction score (DAS) assay, which provides a reliable estima-
tion of the paralysis induced by a local injection of toxin (Broide
etal., 2013). Notably, such an experiment avoids the death of the
animal and allows one to follow the rate of muscular activity
recovery with time. In fact, this assay exploits a remarkable prop-
erty of BoNTs; i.e., the complete reversibility of their peripheral
neuroparalytic action (Rossetto et al., 2014). Figures 4 and 54
report these profiles for BoNT/A and BoNT/C, respectively,
which are the two BoNT serotypes characterized by a long dura-
tion of action (Eleopra et al., 1997; Morbiato et al., 2007). It is
clearly shown that the intramuscular injection of auranofin, myr-
icetin, and curcumin (Figures 4A and S4A), and of PX-12 and
ebselen (Figures 4B and 54B), are effective in lowering the neu-
roparalytic effect of these neurotoxins, permitting a more rapid
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recovery of the muscle activity. Notably, the latter two inhibitors,
which act on Trx, are particularly effective. The DAS assay with
BoNT/E does not provide significant results due to the very short
duration of action of this BoNT serotype in mice (Rossetto et al,
2006). The inhibitory effect was also demonstrated by classical
electrophysiological recordings (Molgo et al., 1990) of the
treated hindlimbs. Figure 4C shows that the soleus muscle ex-
cided 1 week after BoNT/A local injection presents the complete
blockade of the evoked end-plate potential (EEPP). On the other
hand, muscles that were pretreated before the local injection of
BoNT/A with myricetin, which acts upon TrxR, or with PX-12,
which acts upon Trx, show an almost complete recovery of the
EEPP, while the injection of the sole drugs does not alter the
EEPP (Figure S4C). Finally, the possible inhibitory activity of
these drugs in the prevention of death from botulism was evalu-
ated. We used ebselen to perform this proof of principle, since
this drug is representative of the other ones used here as it inter-
acts with both TrxR and Trx (Zhao et al., 2002). More extensive
trials of this kind were not allowed by the local animal ethical
committee because of the large number of animals required.
Figure 4D shows that a systemic pretreatment of mice with a
well-tolerated dose of ebselen (7.5 mg/kg) (Mectti et al., 2003)
significantly reduces the number of deaths induced by a 2-fold
lethal dose of BoNT/A. Remarkably, this pretreatment also
largely extends the life of the remaining animals, a figure of great
significance for human botulism.
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Figure 4. Thioredoxin and Thioredoxin Reductase Inhibitors Largely Prevent the Local Paralysis and Death Induced by BoNT/A

(A and B) Digit abduction score (DAS) changes with time after injection of 15 pg of BoNT/A in the mouse hindlimb after a previous injection with the indicated TrxR
(A) or Trx (B) inhibitors or vehicle only (PC); DAS scores for animals treated with inhibitors only are not shown for clarity. All values are means = SEM from four
individual experiments using at least three animals per condition. See also Figures S4A and S4B,

(C) Representative traces of evoked postsynaptic potential by nerve stimulation in soleus muscles dissected at day 6 from mice treated as PC (left) or as in (A)
(middle) or (B} (right). Traces represent intracellular recordings of evoked postsynaptic potentials following nerve stimulation (armow), with resting membrane
potential clamped at —~70 mV. In BoNT/A-treated muscie fibers, no postsynaptic potentials could be evoked, indicating complete nerve block. Star indicates a

spontanecus miniature end-plate potential. See also Figure S4C.

(D) Ebselen reduces BaNT/A lethality. Adult male CD1 mice preconditioned with ebselen 7.5 mg/kg (n = 15) or vehicle (n = 15) (see Exparimental Procedures) were
i.p. injected with 2 x MLDzp of BoNT/A. The animals were monitored every 4 hrfor 98 hr. The survival curves were compared and found to be significantly different

(p = 0.0007).

DISCUSSION

The control of the redox potentials of the cell cytoscl and organ-
elles is essential for cell life, and this is exerted via connected
redox systems consisting of several redox couples. A cell redox
event of particularly high relevance is the control of the formation
and breakdown of protein disulfide bonds, which are implicated
in controlling a variety of cell functions and are altered in a num-
ber of human diseases. In addition to glutathione and cysteine-
dependent reducing systems, protein disulfide reduction is
performed by the NADPH-thioredoxin reductase-thioredoxin
system (Holmgren, 1989). The paramount importance of the
TrxR-Trx system is indicated by its high conservation along bio-
logical evolution and by its localization in the nucleus and inside
mitochondria, in addition to the cytosol (Hanschmann et al.,
2013; Holmgren, 1985; Lu and Holmgren, 2012; Rigobello and
Bindoli, 2010). This redox system is also expressed in neurons
and Schwann cells, and it is axonally transported in both direc-
tions (Rozell et al., 1985; Stemme et al., 1985). All TrxR-Trx iso-
forms are essential for cell life as deduced by the fact that their

suppression leads to cell death and are associated to various hu-
man diseases, including cancer (Amer and Holmgren, 2000;
Holmgren and Lu, 2010; Mukherjee and Martin, 2008). Accord-
ingly, a large number of drugs were developed to be evaluated
as candidates for clinical use. Using the TrxR-specific drug aur-
anofin, which is currently used in the treatment of rheumatoid
arthritis and seems to have a great potential for the treatment
of other pathological conditions (Madeira et al., 2012), we have
provided indirect evidence that the TrxR-Trx system reduces
the disulfide bond linking the L and H chains of tetanus neuro-
toxin (Pirazzini et al., 2013). Building on this observation and on
the fact that synaptic vesicles mediate the entry of tetanus
neurotoxin inside neurons (Matteoll et al., 1996), we have inves-
tigated the association of the TrxR-Trx system with SVs and
found that it is indeed present on the cytosclic surface of SVs
as extrinsic proteins that can be removed with a high pH bicar-
bonate/carbonated buffer incubation. Intriguingly, TrxR-Trx is
enriched in those synaptic vesicles that are docked to active
zones and are ready to release their neurotransmitter content
upon depolarization of the presynaptic membrane. This finding
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suggests that the TrxR-Trx system may play a role in maintaining
SV protein function by reducing protein disulfides. For example,
the cysteine string protein forms disulfide-mediated dimers that
may be noncompatible with its essential chaperone function
(Braun and Scheller, 1995). Moreover, the cytosolic domains of
several other SV proteins include cysteines (Morciano et al.,
2009; Takamori et al., 2006). In addition, it should be recalled
that Trx has the folding of primitive chaperones (Arnér and
Holmgren, 2000; Berndt et al., 2008; Dekker et al., 2011; In-
dles-Prieto et al., 2013), and a chaperone role on the cytosolic
surface is a possibility to be considered. Previous careful studies
of 8V proteomics have not found TrxR and Trx (Boyken et al.,
2013; Morciano et al., 2005, 2009), but this is explained by the
present finding of the extrinsic nature of the binding of TrxR
and Trx to SVs and by the fact that bicarbonate-stripped SVs
were used in the mass spectrometry studies. Here, experimental
evidence that TrxR and Trx have to be added to the complex
composition and structure of the synaptic vesicles is provided.
It also adds to the list of the several SV membrane cemponents
whose physiological role is still unknown. The identification of the
SV protein substrates of Trx requires a study in itself. Neverthe-
less, here we have shown that this redox system is functional on
the cytosolic surface of SVs by using botulinum neurotoxins, for
which it was previously established that the reduction of the sin-
gle interchain disulfide bridge is an essential prerequisite to free
the metalloprotease activity of BoNT/A and BoNT/E (Fischer and
Montal, 2007; Schiavo et al., 1993). Accordingly, a series of well-
characterized inhibitors of TrxR and Trx prevent, in a concentra-
tion-dependent manner, the display of metalloproteolytic activity
of the three different BoNTs tested in neuronal cultures. It is
noteworthy that the scale of potency of the various inhibitors is
closely similar for the three BoNT serotypes, indicating that
the BoNTs are similarly dependent on disulfide reduction. Such
data strongly support the rather general conclusion that the
interchain disulfide reduction is a very essential molecular step
of the intoxication process performed by all clostridial neura-
toxins into neurons. Of even greater importance it is the finding
that such inhibitors are very effective in lowering the paralysis
induced by a local injection of BoNT/A and BoNT/C. Perhaps
more importantly, ebselen elicits a remarkable protection of
mice from a 2-fold lethal dose of BoNT/A, a serotype often asso-
ciated with human botulism. As a consequence, the present ex-
periments identify a class of inhibitors of BoNTs that should be
active on all BoNTs independently of their different primary
sequence and immunoreactivity, as the single interchain disul-
fide bond is strictly conserved. This class of inhibitors includes
several compounds that have long been tested or are currently
under validation for human therapy and that have a substantial
record of safety. Our data therefore provide a proof of principle
for using these BoNT inhibitors in the prevention and therapy
of human botulism. Clearly, these inhibitors are not effective
once the L chain is already in the cytosol, but it is known that
in clinical botulism the neurotoxin remains in circulation for
weeks after the initial symptoms (Fagan et al., 2009; Sheth
et al., 2008), and these drugs may prevent further entry of
BoNT L chains. This is more important in infant botulism, where
there is a continuous supply of BoNT from the vegetative bacte-
ria implanted into the intestine (Johnson and Montecucco, 2008).
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Remarkably, as these inhibitors act on a common step for all
BoNTs, such a strategy may be used immediately after diag-
nosis, without the need for serotype identification. With the
growing number of BoNTs (>40 types already reported) (Ros-
setto et al,, 2014), this is a matter of concern with respect to
the current use of BoNT antisera, and such a pharmacological
approach could parallel and synergize with the antisera treat-
ment. In addition, these drugs could be used as preventive ther-
apy for individuals who have to enter environments where BaNTs
have been released.

EXPERIMENTAL PROCEDURES

Purification of Synaptic Vesicles from Rat Cerebral Cortex

SV isolation was performed with established methods (BEoyken etal., 2013; De
Camilll et al., 1983; Morciano et al., 2005). Briefiy, 15 rats were used. Cerebral
cortices were pulled from the cerebellum, brainstern, and most of the midbrain
and were mechanically homogenized in 320 mM sucrose, 4 mM HEPES (pH
7.3) supplemented with protease inhibitars (complete EDTA-free, Roche). Af-
ter differential centrifugations, crude synaptic vesicles were separated through
a continuous sucrose gradient (0.25-1.5 M sucrose, 4 mM HEPES [pH 7.3))in a
Beckmann XL-80 ultracentrifuge for 5 hr with a SW28 rotor, Vesicles sediment-
ing at about 300-400 mM sucrose (free SVs) and those sedimenting at
B800-1,000 mM {(docked SVs) were collected and pelleted by centrifugation
in & 7OTi rotor (Morciano et al., 2005). These vesicle fractions were resus-
pended in SV buffer (4 mM HEPES, 300 mM giycine [pH 7.4] supplemented
with protease inhibitors). In some experiments, free and docked SVs (1 mg
of total protein) were incubated with 100 ul of G protein-coupled Dynabeads
(Life Technology), previously coupled with anti-synaptophysin, and were im-
munoisolated by overnight incubation. The immunoisolated SVs were directly
lysed in nonreducing |loading sample buffer, subjected to SDS-PAGE, and
transferred onto a nitrocellulose membrane. Proteins were then labeled with
specific antibodies, as indicated in the legends of Figures 1Band 51B legends.
In some cases, SV bound to the Dynabeads were removed, washed, and strip-
ped of extrinsic proteins upon incubation with 100 mM Na-bicarbanate buffer
adjusted to pH 11.0. After centrifugation, the supernatant and the pellets were
subjected to SDS-PAGE and then western blotted with the antibodies indi-
cated in the Figure 1C legend.

Botulinum Neurotoxin Inhibition Assay on CGNs

CGNs at 6-8 days in vitro (DIV) were preincubated for 30 min with increasing
concentrations of the indicated inhibitors in basal medium Eagle (BME) 10%
fetal bovine serum (FBS), 25 mM KClat 37°C and 5% COs. The indicated toxin
was then added and left for 15 min at 37°C (BoNT/A and BoNT/C, 1 nM; BoNT/
E, 2 nM). Thereafter, the toxin was washed away and the normal culture me-
dium was restored with the same indicated concentration of inhibitor far
12 hrat 37°C and 5% CO,,

Alternatively, GGNs at 6-8 DIV were preincubated for 30 min with different
concentrations of the indicated inhibitors in BME 10% FBS, 25 mM KCI at
37°C and 5% CO,. The BoNT was then added (BoNT/A, 10 pM; BoNT/E
and BoNT/C, 50 pM), in the same medium, and left for 12 hr at 37°C in
the presence of inhibitors. In both cases, the translocation of the L chains
of the various neurotoxins was evaluated following their specific proteolytic
activity by immunablotting with specific antibodies against their SNARE pro-
tein targets.

Immunocytochemistry and Immunohistochemistry

Neurans were seeded onto 24-well plates at a cell density of 2.5 x 10° calls per
well. CGNs at 6-8 DIV were preincubated for 30 min with the indicated concen-
tration ofinhibitor in BME 10% FBS, 25 mM KCl at37°C and 5% CO,. BoNT/A
1 nM was added and the incubation carried out for 30 min, the neurons were
washed, and the incubation with the proper inhibitor was prolonged for 2 br. In
the case of serotype E, the toxin was added (2 nM) and left for 2 hr. The trans-
location of the L chains of the two neurotoxins was evaluated following the
generation of the cleaved form of SNAP25 with specific primary antibodies.
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This was determined by fixing neurons for 15 min at room temperature with 4%
paraformaldehyde in PBS, guenched (50 mM NH4Cl| in PBS) for 20 min,
and permeabilized with 5% acetic acid in ethanol for 20 min at —20°C.
Meurons were then incubated with primary antibodies specific for the BoNT/
A- or BeNT/E-truncated forms of SNAP25 (Antonucc et al,, 2008), using
VAMP2 staining as internal control. For the identification of Trx and TrxR,
CGNs were fixed at 6-8 DIV and immunostained with specific antibodies,
which were detected with Alexa-conjugated secondary antibodies. Coverslips
were mounted in 90% glycerol in PBS containing 3% N-propylgallate and
examined by either confocal (Leica TCS SPS5) or epifluorescence (Leica
DMIRE2) microscopy.

Digit Abduction Score Assay

Swiss-Webster adult male CD1 mice weighing 26-28 g were housed under
controlled light/dark conditions, and food and water were provided ad libitum,
All experiments were performed in accordance with ltalian guidelines (law n.
118/1992) and approved by the anima! ethical committee of Padova Univer-
sity. Inhibitors were dissolved in an ethanol stock solution. Gastrocnemii mus-
cles were injected (injection volume 50 ul) with 0.05 mg of auranofin, curcumin,
PX-12, or ebselen (10% ethanol) or with 0.01 mg of myricetin (20% ethanol) or
vehicle alone (20% etharol in 0.9% NaCl). After 30 min, the muscles were
further injected with 15 pg of BoNT/A or 20 pg of BoNT/C (injection volume
25 ul). Hindlimb paralysis was evaluated at least once per day and DAS score
provided (Aoki, 2001; Broide &t al., 2013).

Mouse Death Assay

Swiss-Webster adult male CD1 mice weighing 24-26 g were housad under
controlled light/dark conditions, and food and water were provided ad libitum.
All experiments were performed in accordance with ltalian guidelines (law n.
116/1992) and were by the animal ethical committee of our university. Ebselen
was dissolved in a stock solution (10 mg/ml) with DMSO. Mice were condi-
tioned for 3 days with an intraperitoneal (i.p.) injection of ebselen 7.5 mag/kg
or with vehicle every 12 hr. The fourth day, BoNT/A was prepared as a stock
solution (1.75 pg/ul), and 30 min after the last inhibitor dose, mice were
weighted and i.p. injected with 1 plfg body weight, corresponding to
1.75 ng/kg BoNT/A (2 % MLDsg). Mice were monitored every 4 hr for 96 hr, after
which the experiment was considered ended.

Electrophysiological Recordings

One week after inhibitar and toxin injections, the treated (left hind leg) and con-
trol nontreated (right hind leg) soleus muscles were quickly excised with partic-
ular care to leave a length of 1-1.5 mm of nerve stump. Excised muscles were
immediately placed in a Tyrode physiological solution and bubbled with a 5%
CO, 95% O, gas mixture at room temperature (20-22°C). The composition of
Tyrode solution was 139 mM NacCl, 12 mM NaHCO4, 4 mM KCI, 2 mM CaCl.,
1 mM MgClz, 1 mM KHzPO,, and 11 mM glucose (pH 7.4). After 10 min incu-
bation, muscles were transferred to a Sylgard-coated 35 mm Petri dish, placed
with the region of nerve insertion up, and then pinned to the bottormn using in-
sect pins (Fine Science Tools). The dish was filled with Tyrode physiological
solution bubbled with a 5% CO, 95% O, gas mixture. A 3 pM final concentra-
tion of u-Conotaxin GIIIB (Alomore Labs) was added from a stock solution
to block muscle action potentials (Sons et al., 2008). Excitatory postsynaptic
potentials were intracellularly recorded from single muscle fibers using boro-
silicate glass microelectrodes (inner diameter 0.86, outer diameter 1.5; 15
MOhm resistance) (Science Products). Intraceilularly recorded signals were
amplified using a SEVC amplifier (NPl electronic) in the current-clamp condi-
tion. Amplified signals were then sent to an A/D converter (National Instru-
ments) and fed to a personal computer. Digitized recardings were analyzed
offline using the WInEDR software for electrophysiology (Strathclyde and
Pclampé, Axon).
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Figure S1. Thioredoxin Reductase and Thioredoxin are present in nerve terminals.
(A) Confocal images showing thioredoxin reductase (left) and thioredoxin (right) highly
expressed in primary cultures of Cerebellar Granular Neurons. The staining is present in
cell bodies as well as inside nerve projections and terminals. (B) Post synaptic (PSD95),
mitochondrial (Tom20) or presynaptic markers (all the others) protein content into rat brain
synaptosomes and their sub-fractions (indicated on the top of the lanes, 10ug of total
lysate proteins per lane). PMCA, Plasma Membrane Calcium ATPase; NA'/K* ATPase,
Sodium-Potassium pump; PSD95, Post Synaptic Density protein 95; Hsp90, Heat shock
protein 90; Hsc70, Heat shock cognate 70; Rab3a, Ras-related protein 3a; Tom20,
translocase of outer mitochondrial membranes 20 kDa. Related to Figure 1.
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Figure S2. The BONT/E and BoNT/C induced cleavage of SNARE proteins is
prevented in cerebellar granular neurons by Thioredoxin Reductase inhibitors. (A)



CGNs were treated with TrxR inhibitors (JUG 20 uM; AUR 1 pM; MYR 75 pM; CUR 100
puM) or vehicle (NC, no toxin and PC, toxin treated) at 37 °C. After 30 minutes, BONT/E 2
nM was added for further 120 min to all samples except NC. Samples were washed, fixed
and stained with an antibody specific for the C terminus of the BoNT/E-cleaved SNAP25
(SNAP251.480). Anti BONT/E-cleaved SNAP25 was detected with an Alexa555-conjugated
secondary antibody. Images shown are representative of three independent sets of
experiments. Bar =10 pym. (B) Quantification of SNAP25 cleavage induced by BONT/E:
CGNs were pre-incubated for 30 min with the indicated concentration of inhibitor at 37 °C,
BONT/E 2 nM was added for 15 min, cells were washed and culture medium with the same
concentration of inhibitor was restored and incubation prolonged for 12 h at 37 °C. Cells
were lysed and the SNAP25 content was estimated with an antibody which recognizes
both the cleaved and the intact form of SNAP25 and another one specific for VAMP2, as
internal control. The top left panel reports a typical immunoblot resulting from an
experiments in which myricetin was present (NC, no toxin no inhibitor added, PC no
inhibitor plus BoNT/E 2 nM final concentration, the five right lanes refer to sample treated
with increasing myricetin concentrations, indicated in the side panel). The other panels
report the amount of SNAP25 determined as a ratio to VAMPZ2 staining which serves as
internal control, taking the value in non-treated cells (NC) as 100%, in CGNs samples
treated with the indicated amounts of the different inhibitors and with BONT/E. S.D. values
derive from at least three independent experiments performed in triplicates. Closely similar
results were obtained when 50 picoMolar BONT/E was left, together with inhibitors, for 12 h
at 37 °C before cell lysis and evaluation of SNAP25 cleavage (not shown). (C)
Quantification of SNAP25 and syntaxin 1A-1B cleavage induced by BoNT/C (1nM):
samples were treated as in B, with the only exception that immunoblotting was performed
also against syntaxin 1A-1B. S.D. values derive from at least three independent
experiments performed in triplicates. Closely similar results were obtained when 50
picoMolar BoNT/C was left, together with inhibitors, for 12 h at 37 °C before cell lysis and
evaluation of SNARES cleavage (not shown). Related to Figure 2.
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Figure S3. The BONT/E and BoNT/C induced cleavage of SNARE proteins is
prevented by Thioredoxin inhibitors in cerebellar granular neurons. (A) CGNs were
treated with the thioredoxin inhibitors (PX-12 25 pM or EBS 30 pM) or the vehicle (NC, no
toxin and PC, toxin treated) at 37 °C. After 30 minutes, BONT/E 2 nM was added and the
incubation prolonged for 2 h. Treated neurons were fixed and stained with an antibody
against SNAP25115 and VAMP2. BoONT/E cleaved SNAP25 was detected with an
Alexa555 conjugated secondary antibody while VAMP2 with an Alexa488 secondary
antibody (not shown for clarity). Images shown are representative from three independent
experiments. Bar =10 pym. (B) Quantification of SNAP25 cleavage induced by BoNT/E:
CGNs were pre-incubated for 30 min with the indicated concentration of inhibitor at 37 °C,
BONT/E 2 nM was added for 15 min, cells were washed and culture medium with the same
concentration of inhibitor was restored and incubation prolonged for 12 h at 37 °C. Cells
were lysed and the SNAP25 content was estimated with an antibody which recognizes
both the cleaved and the intact form of SNAP25 and another one specific for VAMP2, as
loading control. The left panel shows a typical immunoblot obtained with increasing
concentrations of ebselen (reported on the side panel). The other panels report the
quantification of residual SNAP25 with the indicated concentrations of inhibitors, plotted as
a ratio with respect to VAMP2 staining, used as an internal standard, taking the value in
non-treated cells (NC) as 100%. S.D. values derive from three independent experiments



performed in triplicates. Closely similar results were obtained when 50 picoMolar BoNT/E
was left, together with inhibitors, for 12 h at 37 °C (not shown). (C) Quantification of
SNAP25 and syntaxin 1A-1B cleavage induced by BoNT/C (1nM): samples were treated
as in B, with the only exception that immunoblotting was performed also against syntaxin
1A-1B. S.D. values derive from at least three independent experiments performed in
triplicates. Closely similar results were obtained when 50 picoMolar BoNT/C was left,
together with inhibitors, for 12 h at 37 °C before cell lysis and evaluation of SNARES

cleavage (not shown). Related to Figure 3.
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Figure S4. Thioredoxin or Thioredoxin Reductase inhibitors largely prevent and
shorten the muscle paralysis induced by BoNT/C in mice. DAS changes with time
induced by 20pg of BoNT/C injected in the mouse hind limb after pre-injection in the leg of
different TrxR (A) or Trx (B) inhibitors or vehicle (PC). Values are the means +SEM
derived from four experiments using at least three animals per condition. (C)
Representative traces of post-synaptic potential evoked by nerve stimulation in mouse
soleus muscles dissected 6 days after injection with the indicated inhibitors. Traces
represent intracellular recordings of EPPP following nerve stimulation (arrow). Resting
membrane potential was clamped at -70 mV. Related to Figure 4.



Supplementary Experimental procedures

Reagents

Auranofin [1-Thio-B-D-glucopyranosatotriethylphosphine gold-2,3,4,6-tetraacetate],
Myricetin  [3,3',4',5,5",7-Hexahydroxyflavone],  Curcumin  [(E,E)-1,7-bis(4-Hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione],  Juglone  [5-Hydroxy-1,4-naphtoquinone],
cytosine B-D-arabinoside, DNAse |, poly-L-lysine were purchased from Sigma Aldrich. PX-
12 [2-[(1-Methylpropyl)dithio]-1H-imidazole] and Ebselen [2-Phenyl-1,2-benzisoselenazol-
3(2H)-one] were purchased from Santa Cruz Biotechnology. Anti-VAMP2 (104 211) and
anti SNAP25 (SMI81, ab24737) monoclonal antibodies were from Synaptic System and
Abcam, respectively. Anti-BoNT/A cleaved SNAP25, anti-BoNT/E cleaved SNAP25 and
anti-syntaxin 1A-1B polyclonal antibodies have been previously characterized (Antonucci
et al., 2008; Schiavo et al., 1995), anti PMCA (plasma membrane calcium pump ATPase)
was from Thermo Scientific, Na”K* ATPase was from Abcam, anti-synaptophysin mAb
(clone SY38) was from Dako, anti-thioredoxin reductase 1 (07-613) was from Merck
Millipore, anti-thioredoxin 1 Mab (clone EPR6111) was from GeneTex, anti-PSD95 Mab
was from Sigma Aldrich, anti-Hsc70 Mab was from Synaptic Sytem, anti-Hsp90 Mab was
from BD transduction Laboratories™, anti-tom20 (FL-145) was from SantaCruz
Biotechnology. BoNT/A and /C were prepared and purified as described (Schiavo and
Montecucco, 1995; Shone and Tranter, 1995) whilst BONT/E was produced in Escherichia
colivia recombinant methods (Binz et al., 1994).

Cell cultures

Primary cultures of rat cerebellar granule neurons (CGNs) were prepared from 6- to 8-
days-old rats as previously described (Rigoni et al., 2004). Cerebella of 6 days post-natal
rats were mechanically disrupted and then trypsinized in the presence of DNase |. Cells
were collected and plated into 24 well plates, coated with poly-L-lysine (50 pg/mL), at a
cell density of 4 x 10° cells per well. Cultures were maintained at 37 °C, 5% CO,, 95%
humidity in BME supplemented with 10% fetal bovine serum, 25 mM KCI, 2 mM glutamine
and 50 pyg/mL gentamicin. To arrest growth of non-neuronal cells, cytosine arabinoside (10
pM) was added to the medium 18-24 h after plating.



Immunoblotting

Cells were lysed with 100 mM Tris-HCI, 1% SDS, pH 6.8, containing protease inhibitors
(complete Mini EDTA-free, Roche). Protein concentration was determined with the BCA
test (Pierce BCA protein assay, Thermo Scientific), and equal amounts were loaded onto a
4-12% or 10-20% NuPage gel (Invitrogen) and separated by electrophoresis in 1X MES
buffer (Invitrogen) or 1X Tris-Glycine buffer. Proteins were then transferred onto Protran
nitrocellulose membranes (Whatman) and saturated for 1 h in PBST (PBS containing 0.1%
Tween20) supplemented with 5% non-fatty milk. Incubation with primary antibodies was
performed overnight at 4°C. The membranes were washed three times with PBST and
incubated with secondary HRP-conjugated antibodies. Finally, membranes were washed
several times with PBST and visualization was carried out using Luminata Crescendo
(Merck Millipore).

In vitro proteolytic activity

BoNT/A or BoNT/E (2 pg) was reduced with reducing buffer (150 mM NaCl, 10 mM
NaH,PO4, 15 mM DTT pH 7.4) in the presence of indicated Trx-TrxR inhibitor for 30
minutes at 37° C. 5 ug of recombinant GST-SNAP25 was added to the reduced toxins and
the reaction was carried out for 12 hours at 37° C. SNAP25 cleavage was assessed by
SDS-PAGE and immunoblotting with an anti SNAP25 antibody.

Viability test

CGNs were seeded in a 96 wells plates at a cell density 10° cells per well. After 6 div,
different concentration of Trx or TrxR inhibitors, ranging from O to the maximum
concentration used in the experiments, were added and left for 12 hours. Neurons were
the washed and MTS assay (Promega) performed according to manufacturer indication.
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ABSTRACT

Botulinum neurotoxins (BoNTs) form a growing family of metalloproteases with a unique specificity
either for VAMP, SNAP25 or syntaxin. The BoNTs are grouped in seven different serotypes indicated by
letters from A to G. These neurotoxins enter the cytosol of nerve terminals via a 100kDa chain which
binds to the presynaptic membrane and assists the translocation of a 50 kDa metalloprotease chain.
These two chains are linked by a single disulfide bridge which plays an essential role during the entry of
the metalloprotease chain in the cytosol, but thereafter it has to be reduced to free the proteolytic activity.
Its reduction is mediated by thioredoxin which is continuously regenerated by its reductase. Here we
show that inhibitors of thioredoxin reductase or of thioredoxin prevent the specific proteolysis of VAMP
by the four VAMP-specific BoNTs; type B, D, F and G, These compounds are effective not only in primary
cultures of neurons, but also in preventing the in vive mouse limb neuroparalysis. In addition, one of these
inhibitors, Ebselen, largely protects mice from the death caused by a systemic injection. Together with
recent results obtained with BoNTs specific for SNAP25 and syntaxin, the present data demonstrate the
essential role of the thioredoxin-thioredoxin reductase system in reducing the interchain disulfide
during the nerve intoxication mechanism of all serotypes. Therefore its inhibitors should be considered
for a possible use to prevent botulism and for treating infant botulism.

@ 2015 Elsevier Inc. All rights reserved.

1. Introduction

bioterrorist weapons [7,8]. This extremely high toxicity results
from their neurospecificity and from their catalytic activity, which

Several species of anaerobic bacteria of the genus Clostridium
produce botulinum neurotoxins which belong to seven different
serotypes (BoNT/A-/G) [1,2]. Their number is rapidly growing and
many different sub-serotypes are presently known. The biological
and toxicological properties of these novel BoNTs are poorly
understood, but the limited amount of experimental data indicate
that they act predominantly at peripheral cholinergic nerve
terminals, causing a long lasting blockade of acetylcholine release
with ensuing paralysis of skeletal and autonomic nerve terminals,
characteristic of botulism [ 3]. Apart from BoNT/D [4-6], BONTs are
the most toxic poisons for humans and are classified as potential

* Corresponding author at: Istituto CNR di Neuroscienze, Universita di Padova,
Via U. Bassi 58/B, 35121 Padova, ltaly.
E-mail address: cesare. montecucco@gmail.com {C. Montecucco).
! These authors contributed equally ta this work.

hetp://dx.doi.org/10.1016/jbcp.2015.09.023
0006-2952(@ 2015 Elsevier Inc. All rights reserved.

leads to knock-out of proteins essential to the neurotransmitter
release apparatus | 2,9]. All BoNTs consist of a metalloprotease light
chain (L, 50 kDa) and a heavy chain (H, 100 kDa) linked by a strictly
conserved interchain disulfide bond. This molecular structure has
been shaped during evolution in order to exploit essential
physiological features of the vertebrate nervous system. Indeed
BoNTs bind specifically to peripheral nerve terminals presynaptic
membrane | 10| via the C-terminus of the H chain which interacts
with polysialogangliosides leading to toxin accumulation. The
subsequent binding to a protein receptor, transiently exposed on
the membrane, is harnessed for their endocytosis [11,12]. In the
case of BONT/A the endocytic organelles were identified as synaptic
vesicles [13,14]. Similar data are not available for the other BoNTs,
but several experiments performed with vacuolar ATPase proton
pump inhibitors clearly indicate that all these neurotoxins enter
the lumen of an acidic compartment [15,16]. Indeed it is
established that all serotypes have to undergo a low-pH driven
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membrane translocation of the L chain, mediated by the N-
terminal part of H chain [9.17,18]. Once on the cytosolic side, the L
metalloprotease remains attached to the H chain via the interchain
disulfide bridge. This bond is strictly conserved among serotypes,
sub-serotypes and also tetanus neurotoxin, which is structurally
and functionally related to BoNTs. Remarkably, the premature
reduction of this disulfide completely abrogates the toxicity of all
clostridial neurotoxins, underscoring its fundamental role in the
intoxication process [19-23]. The reduction of this bond is
essential to release the catalytic activity of the L metalloprotease
within the cytosol versus the three SNARE proteins [20]. Indeed,
also in the test-tube BoNTs cannot cleave their recombinant
substrates unless this linkage is reduced [24,25]. Once enabled
through reduction, the L chain of BoNT/B, /D, [Fand /G cleave VAMP
at different peptide bonds, BoNT/A and [E cleave SNAP25, while
BoNT/Cis particular because it is the only one capable to cleave two
substrates, SNAP25 and syntaxin [26,27].

We recently reported that the thioredoxin reductase (TrxR)-
thioredoxin (Trx) redox system is present on the cytosolic surface
of synaptic vesicles and that its inhibition with specific drugs very
effectively prevented the neuroparalysis induced by the three
SNAP25 specific BoNTs (A, Cand E) [28,29]. Here, we extended the
study to the four VAMP-specific BoNTs (B, D, Fand G) [16,30] using
the four chemicals whose structures are shown in Fig, 1 and which
are well characterized inhibitors of TrxR-Trx system. Myricetin is a
flavonoid which reacts with the selenium atom present in the
active site of the reduced TrxR, providing its irreversible inhibition
[31]. Curcumin is a polyphenol of vegetal origin that irreversibly
inhibits TrxR forming a 1:2 adduct [32]. In both cases, the direct
consequence of inhibition is the loss of Trx reducing potential.
PX12 acts mainly on thioredoxin by alkylating a non-catalytic
cysteine residue, generating a steric hindrance that prevents the
interaction with its reductase. As a result, Trx remains permanently
in the oxidized, inactive, form [33,34]. Ebselen acts on both
members of the redox couple, as it is an excellent substrate for the
mammalian TrxR and a highly efficient oxidant of reduced Trx.
Thus, Ebselen prevents the normal function of both enzymes [35].

Together with our previous reports [28,36], the present results
provide a strong indication that the reduction of the single
interchain disulfide bond is a newly identified key event in nerve
intoxication of all BoNTs. We therefore propose that TrxR-Trx
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Fig. 1. Thioredoxin-thioredoxin reductase inhibitors used in this study.
3.3 4 5,5, 7-Hexahydroxyflavone (Myricetin and (EE)-1,7-bis{4-hydroxy-3 meth-
oxyphenyl)-16 heptadiene-3,5-dione {Curcumin) preferentially inhibit thioredoxin
reductase, 2-phenyl-1,2-benzisoselenazol-3(2H }-one (Ebselen) both thioredoxin
and thioredoxin reductase and 2-[{1-methylpropyl) dithio]-1H-imidazole (PX12)
inhibits thioredoxin.

inhibitors can be considered as a novel and general class of anti-
BoNTs drugs and discuss their possible use in humans.

2. Materials and methods
2.1. Reagents

3,34 5,5 7-Hexahydroxyflavone (Myricetin), (EE)-1,7-bis(4-
hydroxy-3 methoxyphenyl)-1,6 heptadiene-3,5-dione (Curcumin),
cytosine B-p-arabinoside, DNAse | and poly-i-lysine were pur-
chased from Sigma- Aldrich. 2-[(1-Methylpropyl) dithio]-1H-
imidazole (PX12) was purchased from Santa Cruz Biotechnology
and 2-phenyl-1,2-benzisoselenazol-3(2H)-one (Ebselen) was pui-
chased from Cayman Chemical. Antibodies: VAMP2 (104 211) and
Syntaxin-1A (110 111) were from Synaptic System, SNAP25 (SMI81,
ab24737)was from Abcam. Botulinum neurotoxins B, D and G were
produced in Escherichia coli via recombinant methods [37-39]
whilst BoNT(F was purified as previously described [40].

2.2. Neuronal cultures

Primary cultures of rat cerebellar granule neurons (CGNs) were
prepared from 6- to 8-days-old rats as previously described [41].
Briefly, cerebella were isolated, mechanically disrupted and then
trypsinized in the presence of DNase I. Cells were then collected
and plated into 24 well plates, pre-coated with poly-i-lysine
(50 pg/ml), at a cell density of 4 x 107 cells per well. Cultures were
maintained at 37°C, 5% CO,, 95% humidity in BME supplemented
with 10% fetal bovine serum, 25mM KCIl, 2 mM glutamine and
50 pg/ml gentamicin (hereafter indicated as complete culture
medium). To arrest growth of non-neuronal cells, cytosine
arabinoside (10 M) was added to the medium 18-24h after
plating.

2.3. Botulinum neurotoxins inhibition assay on CGNs

CGNs at 6-8 days in vitro (DIV) were incubated with increasing
concentrations of the indicated inhibitor in complete culture
medium for 30 min at 37 °C. Thereafter, the indicated toxin was
diluted in complete culture medium and added to CGNs in order to
obtain the following final concentrations: BoNT/B (2 nM ) or BoNT/F
(4nM) ar BoNT/G (4nM). Incubation was prolonged for 12h at
37°C. In the case of BoNT/D, owing to its potency, the toxin was
added at a final concentration of 0.025nM and incubated for
15min at 37°C. The neuronal culture was then washed and the
culture medium with the same concentration of inhibitor was
restored for 12 h. Toxicity was evaluated following the specific
proteolytic activity of BoNTs via immunoblotting with antibodies
specific for VAMP2, SNAP25 and syntaxin. All inhibitors were
dissolved in DMSO and stored at —80°C,

24. Immunoblotting

Cells were directly lysed with Laemmli sample buffer contain-
ing protease inhibitors {complete Mini EDTA-free, Roche). Cell
lysates were loaded onto a 4-12% NuPage gel (Life technologies)
and separated by electrophoresis in 1X MES buffer (Life technolo-
gies). Proteins were transferred onto Protran nitrocellulose
membranes (Whatman) and saturated for 1h in PBST (PBS, 0.1%
Tween 20) supplemented with 5% non-fatty milk. Incubation with
primary antibodies was performed overnight at 4°C. The
membranes were then washed three times with PBST and
incubated with secondary HRP-conjugated antibodies for 1h.
Finally, membranes were washed twice with PBST and once with
PBS; visualization was carried out using Luminata Crescendo
(Mercle Millipore).
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2.5. Immunocytochemistry

Neurons were seeded onto 13mm round glasses in 24-well
plates at a cell density of 4 x 10° cells per well. CGNs at 6-8 DIV
were pre-incubated for 30 min with the indicated concentration of
inhibitor in complete culture medium at 37 *C and 5% CO2. BoNT/D
was added to reach a final concentration of 0.2nM and the
incubation carried out for 10 min at 4°C. Neurons were washed and
the incubation with the indicated inhibitor in the same medium
was prolonged for 90 min at 37°C and 5% COz. After treatments,
isolated CGNs were fixed for 10 min with 4% paraformaldehyde in
PBS and processed for immunocytachemistry. Coverslips were
mounted using Fluorescent Mounting Medium (Dako) and
examined by epifluorescence (Leica DMIRE2) microscopy. BoNT/
D activity was evaluated following the decrease of VAMP2 staining,
detected with an antibody specific for the intact form of the
protein.

2.6. Digit abduction score assay

Swiss-Webster adult male CD1 mice weighing 26-28g were
housed under controlled light/dark conditions, and food and water
were provided ad libitum. All experiments were performed in
accordance with the European Communities Council Directive n'
2010/63/UE and approved by the Italian Ministry of Health.
Curcumin and PX12 were dissolved in ethanol to make stock
solutions {(10mg/ml and 5mg/ml, respectively and stored at
—20°C), whilst Ebselen was dissolved in DMSO (10mg/ml and
stored at —20°C). A freshly opened aliquot of Ebselen must be used.
Hind limb skeletal muscles were injected (total injection volume
25 1) with 0.02 mg of Curcumin or PX12 or Ebselen or vehicle
alone (8% ethanol or DMSO in 0.9% NaCl with 0.2% gelatin). After
30 min, muscles were further injected with BoNT/B (0.5 pg/g) or
BoNT/D (0.02 pg/g) or BoNT/F (2pg/g) or BoNT/G (5pg/g) or
vehicle alone (0.9% NaCl with 0.2% gelatin). Hind limbs paralysis

NC PC

I —

was evaluated at least once per day using the Digit Abduction Score
(DAS) assay, performed as previously reported [42,43].

2.7. Lethality assay

Swiss-Webster adult male CD1 mice weighing 24-26g were
housed under controlled light/dark conditions, and food and water
were provided ad libitum. All experiments were performed in
accordance with the European Communities Council Directive n°
2010/63/UE and approved by the Italian Ministry of Health. A stock
solution of Ebselen in DMSO was prepared (7.5 mg/ml). Mice were
conditioned for 3 days with intraperitoneal (i.p.) injections of
Ebselen at a dose of 7.5 mg/kg or with vehicle (DMSO) every 12 h.
Each experiment was conducted with a freshly opened aliquot of
Ebselen. The third day, BoNT/B or BoNT/D or BoNT/F was prepared
as a stock solution (BoNT/B 0.9 pg/.l, BoNT/D 0.04 pgf .l and BoNT/
F 2.5 pg/pl in 0.9% NaCl with 0.2% gelatin), and 30 min after the
injection of the last inhibitor dose, mice were weighted and i.p.
injected with 1 ul/g body weight, roughly corresponding toa 2 fold
MLDsq for each toxin. The respective MLDsg have been determined
through preliminary experiments: BoNT/B 0.45ng/kg, BoNT/D
0.02 ngfkg and BoNT/F 1.25 ng/kg). Mice were monitored every 4 h
for 96 h, at which the experiment was considered ended.

3. Results

3.1. Inhibitors of thioredoxin reductase and thioredoxin prevent
cleavage of VAMP by botulinum neurotoxins type B, D, Fand G in
cultured neurens

The most convenient and rapid way to screen the ability of
TrxR-Trx inhibitors in blocking the VAMP-specific BoNTs toxicity is
the use of sensitive neuronal cultures. Fig. 2 shows that, upon
overnight incubation of primary cultures of cerebellar granular
neurons, 2nM BoNT/B cleaves its substrate, as evaluated by
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Fig. 2. Thioredoxin-thioredoxin reductase inhibitors prevent the BoNT/B-induced cleavage of VAMP2 in neuronal culture, CGNs were incubated with the indicated
concentrations of inhibitors at 37°C for 30 min. 2nM BoNT/B was then added and incubation prolonged for 12 h at 37 °C; cells were then lysed and the VAMP2 content was
estimated with an antibody recognizing the intact form of VAMP2. Syntaxin and SNAP25 staining was used as loading control. Upper left panel shows a representative
immunoblot, obtained in experiments with Ebselen (NC, no toxin added; PC, only toxin added). Graphs show the quantification, of the experiments performed with the
reported inhibitors, for VAMP2 determined as a ratio to Syntaxin staining, taking the value of non-treated cells as 100%. SD values derive from at least three independent

experiments.
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Fig. 3. Thioredoxin—thioredoxin reductase inhibitors prevent the BoNT|D-induced cleavage of VAMP2 in neuronal culture. CGNs were incubated with the indicated
concentrations of inhibitor at 37 °C for 30 min. BoNT/D 0.025 nM was added for 15 min, cells were washed, and culture mediumwith the same concentration of inhibitor was
restared and incubation prolonged for 12 h at 37 'C. Cells were then lvsed and the VAMP2 content was estimated with an antibody recognizing the intact form of VAMPZ2.
Syntaxin and SNAP25 staining was used as loading control. Upper left panel shows a representative immunaoblet, obtained in experiments with Ebselen (NC, no toxin added;
PPC, only toxin added), Graphs show the quantification, of the experiments performed with the reported inhibitors, for VAMP2 determined as a ratio to Syntaxin staining,
taking the value of non-treated cells as 100%, 5D values derive from at least three independent experiments.

western blotting with an antibody specific for the intact form of the
protein; a residual portion of VAMPZ not accessible to the
metalloprotease L chain of BoNT/B is a common finding
[19,44,45], At the same time, Ebselen, PX12, Curcumin and
Myricetin prevent the cleavage of VAMPZ in a dose dependent
mode. Importantly, at the doses used here, these drugs do not
affect cell wviability, nor do they inhibit the cleavage of a
recombinant VAMP2 (not shown).

Fig. 3 shows that BoNT/D is particularly active in CGNs and a
concentration as low as 0.025nM cleaves nearly all VAMP2.
Nevertheless, the four compounds are effective in blocking such an
activity with a profile of concentration dependence similar to that
found with BoNT/B (Fig. 2), as determined by immunoblotting. This
is even more evident in Fig. 4, which documents their effect using
an immunofluorescence analysis. Importantly, the two assays
provide fully consistent results even though different toxin
concentrations, binding and incubation times were used. This
reinforces the conclusion about the preventing activity of the four
drugs used here.

We have no a direct explanation for the much higher potency of
BoNT/D in VAMP2 cleavage with respect to BoNT/B, but it could be
ascribed to a faster entry into the cytosol of BoNT/D than BaNT/B,
which was repaorted to be particularly slow in cell cultures [44)].
This may also explain why, when TrxR is not completely inhibited
as inthe case of lower concentrations of Curcumin, BoNT/D activity
appears to be less blocked as compared to BoNT/B. Nevertheless,
the comparable inhibition profile of these two BoNTs strongly
indicates that the reduction of the interchain bond, catalyzed by
the TrxR-Trx system, is of similar and essential importance to
enable their intraneuronal catalytic activity. This conclusion is
reinforced by the similar data obtained using BoNT/F and BoNT/G,
whose inhibition profiles are reported in Fig. 5 and Fig. 6,
respectively. Importantly, we achieved this result by using four
different compounds, which belong to different chemical classes,
have different molecular structures as well as different mecha-
nisms to inhibit TrxR-Trx system.

3.2. Inhibitors of thioredoxin reductase and thioredoxin effectively
lower the reversible flaccid paralysis induced by botulinum
neurotoxins type B, D, F and G in mice

One remarkable aspect of BoNTs action in vive is that they
induce a reversible peripheral neuroparalysis. This property is
clearly documented by the black traces in the panels of Fig. 7 which
shows the recovery time course of mouse limb muscles function
after the paralysis induced by a single local injection of BoNT/B, /D,
[F and /G in sub-lethal doses. The neuromuscular paralytic effect
was evaluated over time with the well-established DAS assay
[42.43], which assigns a score to the severity of muscles paralysis
according to the capability of the mouse to move the hind limb
fingers, upon injection of BoNTs close to the EDL ( Extensor Digitoris
Longus) muscle. This score ranges from 0 (no paralysis) up to 4 (all
fingers are paralyzed). Even though the paralytic effect exerted by
the four BoNTs has different durations, it is worth noting that the
local injection of the TrxR-Trx inhibitors effectively reduced both
the severity and the duration of the paralysis. Owing to the very
large number of sampling required by this type of analysis, we used
three different inhibitors to dissect the entire TrxR-Trx system:
Curcumin (inhibitor of TrxR), PX12 (inhibitor of Trx), and Ebselen
(inhibitor of TrxR and Trx). All of them very effectively prevented
the peripheral neuroparalysis induced by the four different BoNTs,
with Ebselen being slightly more potent (Fig. 7).

3.3. Ebselen effectively prevents mice death caused by botulinum
neurotoxins type B, D and F

On the basis of the results reported above, it became very
relevant to test the capacity of the TrxR-Trx inhibitors in
preventing the development of botulism upon systemic delivery
of the four neurotoxins. Since such tests would have required a
very large number of animals, we confined the experiments to one
of the drugs. Ebselen was chosen because it best protected against
paralysis in the DAS assay and because it has been used in clinical
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Fig. 4. Immunocyrochemical evaluation of BoNT/D activity blockage by Inhibitors of thioredoxin-thioredoxin reducrase system. CGNs were treated with Trx-TrxR inhibitors
(Curcumin 100 wM, Ebselen 30 p.M, Myricetin 100 M or PX12 25 wM) or vehicle (NC, no toxin added; PC, only toxin added ) at 37 °C, After 30 min, BoNT/D 0.2 nM was added
for 10 min at 4°C after which neurons were washed and incubated with the same concentration of inhibitors for further 90 min at 37 “C. Thereafter neurons were fixed and
VAMP2 cleavage was assessed using a specific antibody. The images are representative of three independent sets of experiments (scale bar 10 pm).
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Fig. 5. Thioredoxin-thioredoxin reductase inhibitors prevent the BoNT/F-induced cleavage of VAMP2 in in neuronal culture. CGNs were incubated with the indicated
concentrations of inhibitor at 37°C for 30 min. 4 nM BoNT[F was then added and incubation prolonged for 12 h at 37°C, cells were then lysed and the VAMPZ content was
estimated with an antibody recognizing the intact form of VAMP2. Syntaxin and SNAP25 staining was used as loading control. Upper left panel shows a representative
immunaoblot, obtained in experiments with Ebselen (NC, no toxin added: PC, only toxin added). Graphs show the quantification, of the experiments performed with the
reported inhibitors, for VAMP2 determined as a ratio to Syntaxin staining, taking the value of non-treated cells as 100%. SD values derive from at least three independent
experiments.
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Fig. 6. Thioredoxin-thioredoxin reductase inhibitors prevent the BoNT/G-induced cleavage of VAMP2 in neuronal culture, CGNs were incubated with the indicated
concentrations of inhibitor at 37 °C for 30 min. 4 nM BoNT|G was then added and incubation prolonged for 12 h at 37 °C, cells were then lysed and the VAMP2 content was
estimated with an antibody recognizing the intact form of VAMP2. Syntaxin and SNAP25 staining was used as loading control. Upper left panel shows a representative
immunoblot, obtained in experiments with Ebselen (NC, no toxin added: PC, only toxin added). Graphs show the quantification, of the experiments performed with the
reported inhibitors, for VAMP2 determined as a ratio to Syntaxin staining, taking the value of non-treated cells as 100%. SD values derive from at least three independent

experiments.

trials in humans for other diseases [46,47|. In addition, we focused
our attention on BoNT/B and BoNT/F, because these serotypes are
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involved in human botulism and BoNT/D because it is often
associated to animal botulism [2,3]. Type G was not tested because

Fig. 7. Thioredoxin-thioredoxin reductase inhibitors decrease the local paralysis induced by BoNT/B, /D, (Fand G. 0.02 mg of Curcumin {green traces) or PX12 (red traces) or
Ebselen [yellow traces) or vehicle (PC, black traces) were injected in the hind limb of adult male CD1 mice. After 30 min the same hind limbs were injected with 0.5 pg/g of
BoNT/B (A)or 0.2 pg/z of BoNT/D (B) or 2 pg/g of BoNT/F {C) or 5 pg/g of BoNT/G (D) and the severity of local paralysis was evaluated and reported as DAS score (see Section 2).
DAS scare of animals treated with only inhibitors are not shown for clarity, DAS values are means +35EM [rom three individual experiments of at least eight animals per

condition.
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it has not been reported to cause botulism in humans or animals.
Fig. 8 shows that Ebselen substantially protects mice from
intraperitoneally injected BoNT/B, or BoNT/D or BoNT/F. Notewor-
thy, all mice treated displayed the symptoms typical of botulism,
such as a generalized flaccid paralysis of muscles, but Ebselen-
treated animals displayed milder symptoms and in several cases
they were not severe enough to cause the respiratory failure or to
prevent drinking and feeding that generally contribute to death of
injected mice in the animal cage, Importantly, survivors fully
recovered from developed symptoms in few days, suggesting that
large amounts of the injected toxin did not reached VAMP.

4. Discussion

The results presented here are very relevant in several respects.
The first one is that they provide experimental evidence that
thioredoxin reductase-thioredoxin disulfide reducing system
cleaves the single interchain disulfide bond of the four BoNT
serotypes whose L chain proteolyses VAMP: BoNT/B, /D, [F and /G.
Together with our previous reports on the SNAP25 and syntaxin
cleaving BoNTs [25,36], it can now be concluded that this
molecular event, which takes place on the cytosolic face of an
intracellular acidic compartment [20], is an essential step of the
cellular mechanism of intoxication of all BoNT serotypes. So
essential, that it is sufficient to inhibit the TrxR-Trx redox system
to completely prevent the toxicity of these very powerful
neurotoxins in cultured neurons. This conclusion is even more
important if one considers the large number of novel BoNTs that
are being discovered [48,49]. They can be classified as subtypes of
the main seven serotypes, which have now all been analyzed with
respect to disulfide reduction (the present paper and [28,36]).
Therefore, it can be concluded that the release in the cytosol of the
L chain metalloprotease activity of all clostridial neurotoxins
requires reduction of the interchain disulfide bridge by the TrxR-
Trx system.

An important feature of BoNTs is their reversibility of action.
This remarkable property has been exploited to evaluate the
respective potency and duration of the different serotypes in vivo
[5051] through the DAS assay. This test is based on the
intramuscular injection of a limited amount of BoNTs which can
induce the local paralysis of mice hind legs without causing their
death [42,43]. This is facilitated by a very limited diffusion from the
site of injection, a feature which becomes very relevant in the
therapeutic use of BoNTs, particularly when small muscles are
injected [52,53]. Given that the intracellular degradation of the L
chain seems to be the main reason of BoNTs reversibility of action,
the duration of paralysis primarily depends on the amount L chains
which have entered the nerve terminals, beside the intrinsic
properties of the different L chains may also play a significant role

[27,54,55]. Therefore, the second valuable result described here is
that inhibitors of the TrxR-Trx system are general inhibitors of all
BoNTs and are capable of preventing to a large extent their local
neuroparalytic action in mice by reducing the number of L chains
which have entered the nerve terminals. Accordingly, this result
indicates the possible employment of these inhibitors in accidental
events of over dosage of a BoNT during its therapeutic use,

We also assayed the efficacy of TrxR-Trx inhibitors in protecting
mice from a systemic injection of BoNTs. This assay better
recapitulates botulism, i.e., a generalized peripheral neuroparalysis
which generally develops following the toxin absorption from a
large organ such as the intestine (alimentary botulism) [2].
Botulism is reversible, provided that the intoxicated patient is
mechanically ventilated to prevent death by respiratary muscles
paralysis. Because of local regulations on experimentation involv-
ing animals, we could not assay the efficacy of all the inhibitors
tested in neuronal cultures and capable of preventing local
neuroparalysis (DAS assay), in mice lethality tests, However, using
Ebselen we have provided a proof of principle that inhibitors of the
TrxR-Trx system can effectively prevent the development of the
flaccid paralysis caused by BoNT and protect a sizeable fraction of
animals from deadly effects. Notably, the survivors recovered
completely. This result is very relevant as it suggests that Ebselen,
and probably the other TrxR-Trx inhibitors, can be used to prevent
botulism in humans and in animals. This is also valid in the case of
BoNT/D which, in our hands, is the most toxic of all BoNTs in mice
with a MLDsg of 0.02 ng/kg to be compared with the literature data
of 0.4 ng/kg [56].

On the basis of the present knowledge about the BoNTs
mechanism of neuron intoxication, it is clear that once the
reduction of the interchain disulfide bond has released the L chain
metalloprotease activity, the inhibitors tested here are no longer
effective. In other words, these inhibitors cannot be considered for
the use after the symptoms of botulism have developed. Therefore
the drugs tested here are to be considered as prophylactic and the
limitation of a prophylaxis has been discussed before [57].
Notwithstanding, if given soon after diagnosis, these inhibitors
may lessen symptoms severity by preventing the entry of
circulating BoNT, and therefore shorten the period of hospitaliza-
tion which is associated with the high costs of intensive care. It is
indeed known that in adult botulism caused by the ingestion of
BoNT poisoned food, there is a long persistence of the toxin in the
general circulation [58,59]. Moreover, having a good record of
safety in humans, as deduced from previous trials [60-65], these
drugs may have a great potential in the treatment of human
botulism where a continuous release of freshly produced BoNT
takes place, which is the case of infant botulism [66]. In this form of
the disease, the BoNT producing Clostridia colonize the intestine,
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owing to the lack of competitive bacterial flora, and release the
toxin in the general circulation for long periods of time [2,67].

There is growing interest in finding new mechanism-based
antidotes against BoNTs, and some molecules were found to have
beneficial potential (Fischer, Nakai et al., 2009). The main
advantage of such molecules is that they act regardless of the
serotypes causing envenomation, This is the more important in
light of the large number of different BoNTs that are being
discovered. These drugs can be administered without knowing the
BoNT serotype and sub-type, thus saving the time required for
toxin characterization. This is also relevant to those cases of
botulism caused by Clostridia producing more than one BoNT
(Barash and Arnon 2004, Barash and Arnon 2013, Dover, Barash
et al,, 2013, Maslanka, Liquez et al, 2015).
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. Botulinum neurotoxins (BoNTs) form a large class of potent and deadly neurotoxins. Given their

- growing number, it is of paramount importance to discover novel inhibitors targeting common

- steps of their intoxication process. Recently, EGA was shown to inhibit the action of bacterial toxins

- and viruses exhibiting a pH-dependent translocation step in mammalian cells, by interfering with

. their entry route. As BoNTs act in the cytosol of nerve terminals, the entry into an appropriate

. compartment wherefrom they translocate the catalytic moiety is essential for toxicity. Herein we
propose an optimized procedure to synthesize EGA and we show that, in vitro, it prevents the
neurotoxicity of different BoNT serotypes by interfering with their trafficking. Furthermore, in mice,
EGA mitigates botulism symptoms induced by BoNT/A and significantly decreases the lethality of
BoNT/B and BoNT/D. This opens the possibility of using EGA as a lead compound to develop novel
inhibitors of botulinum neurotoxins.

- The most potent human poisons are the botulinum neurotoxins (BoNTs), which are neurospecific
- metalloproteases acting inside peripheral nerve terminals. They are synthesized by different species
. of Clostridia and have been grouped in seven serotypes (BoNT/A to/G) based on their immunolog-
- ical properties. All known BoNTs act by interrupting the release of neurotransmitter acetylcholine at
- peripheral cholinergic terminals causing a long lasting paralysis that may lead to death by respiratory
failure'. Nonetheless, mechanically ventilated patients can fully recover in a time period which strongly
depends on the toxin serotypes and on the amount of toxin molecules entered in the nerve termi-
nals®. According to their extreme potency, and with the fact that they can be easily produced in large
. amounts, BoNTs are considered potential bioweapons®*. On the other hand, due to their neurospeci-
- ficity, reversibility and lack of diffusion from the site of injection, BoNT/A has worldwide become one
of the safest therapeutics used for the treatment of a growing list of human syndromes, characterized
by the hyperactivity of peripheral nerve terminals®®. BoNTs consist of two polypeptide chains (L and
H), kept together by a singlr: disulphidc bond. The overall structure can be subdivided in three 50kDa
domains which accomplish different tasks along the mechanism of neuron intoxication®. The L chain is
the N-terminal domain endowed with metalloprotease activity. The C-terminal domain (HC) is responsi-
. ble for the neurospecific binding to the presynaptic membrane of nerve endings, whilst the intermediate

- domain (HN) is involved in membrane translocation of L. The current view of BoNT mechanism of
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EGA (3)

Figure 1. Synthesis of EGA. Synthesis of 2-(4-bromobenzylidene)-N-(2,6-dimethylphenyl)
hydrazinecarboxamide (EGA); Reagents and conditions (i) CICO,Ph, Py, DCM (96% isolated yield); (ii)
NH,NH,-H,0, DME (iii) 4-bromobenzaldehyde, CHCI, (88% isolated yield, passages ii and iii).

action envisages a first interaction with polysialogangliosides, which mediate the toxin binding to the
plasma membrane. This is followed by lateral movements that make possible the encounter with a protein
receptor which is the lumenal part of a synaptic vesicle (SV) protein®”$, The protein receptor has been
identified as synaptotagmin I and II for BoNT/B,/DC and/G**, and SV2 for BoNT/A,/E and F**; the
protein receptor for the remaining serotypes remains to be established. This latter binding is preliminary
to the internalization of the toxin-receptors complex inside an acidic intracellular compartment whose
nature has been identified as SV only for tetanus neurotoxin and for BoNT/A''""2, Little is known on
the nature of the endocytic vesicles/compartment used by the other serotypes, but considerable evidence
indicate that the acidification of its lumen generally triggers a structural change of L and HN together
with membrane lipids which ultimately leads to the translocation of the L chain into the cytosol**®.
This process is completed by the reduction of the interchain disulphide bond, on the cytosolic side of
the acidic compartment performed by the thioredoxin reductase-thioredoxin system' " . The released
L metalloprotease specifically cleaves one of the three SNARE proteins thereby preventing the Ca’*
induced release of the neurotransmitter contained inside SVs*'*%, Many novel BoN'Ts have been recently
discovered and their sequences are present in databases, but many more have not yet been deposited.
All known novel BoNTs are classified as subtypes, and indicated with an Arabic number added to the
parental serotype (e.g. A2, A3 etc,, when their amino acid sequences differ by more than 2.4% from the
parental serotype Al)% or as mosaic BoNTs, and indicated with a double capital letter, e.g. BONT/DC,/
CD,/FA, when they are chimeras of the different serotypes. Due to their different origin, BoNT variants
exhibit different antigenicity and are neutralized to a different degree by existing serotype specific anti-
sera’>*, Accordingly, it is possible that the therapy with humanized monoclonal antibodies raised versus
a BoNT subtype may not neutralize variants of the same serotype*, This situation calls for increased
efforts in the identification of inhibitors effective in preventing the neuroparalytic action of BoNTs irre-
spectively of their serotype and subtype which could be used without knowing the particular type of
BoNT involved. Recently, Gillespie et al. (2013), performing a high-throughput screening, identified
4-bromobenzaldehyde N-(2,6-dimethylphenyl)semicarbazone (abbreviated as EGA) as an inhibitor of
pathogens that enter cells via intracellular acid compartments®. Since BoNTs toxicity is also strictly
dependent on the passage through an acidic environment?, we decided to test the activity of EGA on
BoNT action in the light of the urgency and importance to find inhibitors capable of interfering with the
large and still growing number of BoNTs with undefined immunological properties. Here, we focused
our attention on BoNT/A and BoNT/B because most frcquently associated with human botulism and
used in human therapy'?. We also considered BoNT/D, which scarcely affects humans®, but it is very
frequently involved in animal botulism. Here we show that EGA drastically hinders BoNTs activity on
neuronal cultures, without interfering with specific steps of their cellular mechanism of intoxication.
More importantly, this compound is also very effective in reducing neurotoxicity in vivo. Together, our
results suggest that EGA represents a new tool for studying BoNTs trafficking and a good candidate for
the development of new inhibitors. Notably, we also report an aptimized procedure for the synthesis of
EGA, which involves milder reaction conditions and provides much higher overall yield than previously
reported®,

Results

High vyield synthesis of 4-bromobenzaldehyde N-(2,6-dimethylphenyl) semicarbazone
(EGA). The reported approach by Jung in 2014 for the preparation of EGA has been adapted and
improved to obtain higher yields. The synthesis involves the three steps reported in Fig. 1. In the first one
(i), 2,6-dimethylaniline (1) is allowed to react with phenyl chloroformate to give the corresponding phe-
nylcarbamate (2), which is next subjected to hydrazinolysis to give semicarbazide (indicated as A) (ii).
The final step (iii) is the reaction of A with 4-bromobenzaldehyde to form the desired semicarbazone (3,
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Vehicle BoNT/D 0.025 pM BoNT/D e.ozs pM + 12.5'-’;;' EGA

Figure 2. Immunocytochemical evaluation of EGA inhibition against different serotypes of BoNT in
CGNs, (a-¢) CGNs were treated with EGA 12.5pM or vehicle (DMSO) at 37°C for 30 min. Thereafter, the
indicated amount of BoNT was added for 12hrs. Samples were fixed and stained with an antibody specific
for BoNT/A-cleaved SNAP25 (a) or intact VAMP2, (b,c). BoNT/A-cleaved SNAP25 was detected with an
Alexa Fluor 555 goat anti-rabbit, while VAMP2 with an Alexa Fluor 488 goat anti-mouse. Images shown are
representative of three independent experiments. Scale bar, 10pum.

EGA). The procedure described by Jung ef al. (2014) involves the isolation of A and rather drastic condi-
tions (acidic solution and high temperature) in the last step, leading to an overall yield of 27%. A much
higher overall yield (84%) is obtained by the new procedure that we have devised: 2 is isolated, whereas
steps (ii) and (iii) are performed in one-pot without the isolation of A. Furthermore, much milder con-
ditions are used in the last synthetic step. Details are found in the Supplementary information section,

EGA prevents the botulinum neurotoxins cleavage of SNARE proteins in cultured neurons.
The use of cultured cerebellar granular neurons (CGNs) offers a simple and rapid way to screen the efhi-
cacy of candidate molecules in inhibiting BoNTs activity. The overnight incubation with 0.3nM BoNT/A
induces the cleavage of SNAP25, as assessed by the appearance in immunofluorescence (Fig. 2a, middle
panel) and western blot (Fig. 3a, bottom panel) of its truncated form, revealed with a specific antibody.
This toxin concentration is sufficient to induce a complete cleavage of its substrate, as evaluated using
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Figure 3. EGA interferes with the BoNT/A,/B and/D toxicity in CGNs. (a,c,e) CGNs were preincubated
for 30 min with the indicated concentrations of EGA at 37°C. Where indicated, BoNTs were added at the
reported concentrations for 12hrs. Then cells were lysed and the SNARE content was estimated with the
indicated antibodies: {a) SMI81 recognizes both the full length and the cleaved form of SNAP25; BoNT/A-
cleaved recognizes only BoNT/A-truncated SNAP25; (c.e) VAMP2 (69.1) recognizes the intact form of
VAMP2 and, BoNT/B-cleaved recognizes only BoNT/B-cleaved VAMP2. In all experiments an antibody
against the Na /K" ATPase antibody was used as loading control. Blots are representative of a typical
experiment. (b,d,f) Densitometry analysis of western blots obtained in (a,c) and (e) respectively. All data
are presented as mean values and error bars indicated the standard deviation obtained from at least three
independent experiments.

an antibody recognizing both forms (intact and truncated) of SNAP25 (Fig. 3a, middle panel, SMI-81).
Figure 3b shows that such activity is however inhibited by EGA in a concentration dependent manner,
with a maximal effect at 12.5uM. The inhibitory effect, though substantial, is not complete as a small
amount of cleaved SNAP25 is still generated (Fig, 2a, right panel and Fig, 3b).

Figures 2b and 3c¢,d show that similar results are obtained with BoNT/B. Notably, to achieve the
substantial cleavage of VAMP2, which is normally concentrated at synaptic contacts (Fig. 2b, left panel),
BoNT/B had to be used at a concentration of 5nM (Fig. 2b, middle panel). Nevertheless, the pre-treatment
with 12.5pM EGA is sufficient to abrogate its cleavage (Fig. 2b, right panel). EGA prevents this toxicity
in a concentration dependent manner, as shown by the inhibition of VAMP2 cleavage, determined with
two different antibodies (Fig. 3¢ middle and bottom panels). Interestingly, despite the high amount of
toxin used, in this case the effect of EGA, at higher concentration, is complete (Fig, 3d).

The same set of experiments was replicated using BoNT/D. This serotype is the most potent in
rodents® and, in CGNs, a minimal concentration (0.025pM) induces the almost complete cleavage of
VAMP2 (Fig. 2¢, middle panel). Similar to what found for BoNT/A, we found that EGA substantially
prevents the action of this potent neurotoxin (Fig. 2¢, right panel), and this inhibition is dependent on
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the amount of the chemical, as estimated in western blot with an antibody specific for the intact form of
VAMP2 (Fig. 3e, bottom panel and Fig. 3f).

Importantly, Figure 51 shows that neurons viability is not significantly affected, even at the highest
concentration of EGA used.

EGA does not interfere with the four basic steps of BoNTs’ mechanism of action. The cellular
target of EGA is not known and we investigated whether any of the four main steps of the BoNTs’ cellular
mechanism of action is directly impacted by the action of the drug,

The first step of intoxication is the specific binding of BoNTs to peripheral nerve endings followed
by their internalization via endocytosis®. Given its chemical nature, EGA could in principle intercalate
among lipids and alter the properties of the presynaptic membrane, making it less receptive for BoNTs
binding. To investigate this possibility, we took advantage of two constructs consisting of the HC domain
of BoNT/A and of BoNT/B fused to a fluorescent protein (cpV-HC/A) or tagged by a c-Myc epitope
(c-Myc-HC/B), respectively. These chimeras fully maintain the capability of parental BoNTs to bind to
the presynaptic membrane of neurons®*® and to become endocytosed'>!®. We found that EGA, used at
the concentration which displayed the maximum efficacy in protecting CGNs, does not interfere with
the binding and the endocytosis of both BaNT/A and BoNT/B, as assessed by the internalization of
their respective derivatives which show the same pattern regardless of drug presence (Fig. 4a and Figure
S2a). Intriguingly, the two HCs displayed clearly different palterns of staining, suggesting that they may
be internalized inside different compartments. Figure 4b and Figure S2b show via western blot analyses
the quantitation of the results. We performed this experiment with higher concentrations of HCs to
meet the sensitivity requirements of the antibodies used in Western Blot. Consistently, Fig. 4b show that
the previous treatment of CGNs with BoNT/D, which cleaves VAMP1/2 thus impairing SVs recycling,
significantly decreases the uptake of HC/A, as reported elsewhere’'*, At variance, the uptake of HC/B
was only partially affected by VAMP1/2 cleavage (Figure S2b), leaving open the possibility of a different
trafficking of BoNT/B with respect to BoNT/A.

Nevertheless, the fact that BoNT/A and BoNT/B use synaptic vesicle proteins as receptors (SV2A/B/C
and Synaptotagmin I-II, respectively) strongly suggests that they exploit SVs for their initial step of
endocytosis. Accordingly, we decided to test the possible interference of EGA with $Vs dynamics using
a well-established assay™. As shown in Figure S2c, EGA does not affect SVs endocytosis as an antibody
specific for the lumenal domain of the synaptic vesicle marker Synaptotagmin [, is internalized at the
same extent as controls. On the contrary, if neurons are previously treated with BoNT/D, the uptake of
the same antibody is prevented. The quantitation of the result is shown in Figure S2d. Taken together,
these results demonstrate that BoNTs binding and internalization through SV cycling are not perturbed
by EGA.

The BoNT exposure to an intracellular acidic compartment is the next essential step for the neuron
intoxication by all BoNTs* Using Lysotracker Red DND-99, a highly sensitive probe of acidic orga-
nelles in live cells, we found that EGA does not significantly interfere with the maturation of acidic
compartments, both within CGNs cell body and along neurites, where BoNTs act (Fig. 4c). At the same
time, bafilomycin Al, which prevents BoNTs toxicity by inhibiting the vacuolar-type H'-ATPase proton
pump'>**, completely blocks the acidification of intracellular organelles. This suggests that the essential
conditions needed for BoNTs translocation, i.e. an acidic environment, are maintained in the presence
of EGA.

The final step of the nerve intoxication, the one responsible for neuroparalysis, is the cleavage of
SNARE proteins by the L chain. BoNT/A chops off the last 9 amino acids of SNAP25, whereas BoNT/B
and BoNT/D cleave at two different sites VAMP1/2. This proteolytic activity can be easily assayed in
vitro by using recombinant substrates. As shown in Fig. 4d (left panel), upon reduction of the interchain
disulphide bond, BoNT/A cleaves SNAP25, as shown by the shift of its molecular weight in SDS-PAGE
(compare lane 1 and 2, upper panels). This activity is however not affected by 12.5pM EGA (Fig. 4d,
compare lane 2 and 3). The same result was obtained using an antibody specific for the cleaved form of
SNAP25 and western blotting as a read out (Fig. 4d). Figure $3a and Figure $3b show that similar results
were obtained with BoNT/B and BoNT/D, respectively, suggesting that the enzymatic activity of BoNT
L chains is not affected by the drug.

EGA interferes with BoNTs trafficking within neurons.  Gillespie et al. (2013) reported that EGA
prevents the toxicity of bacterial toxins and viruses by blocking their trafficking from early to late endo-
somes. Here, we have shown that EGA inhibits BoNTs without interfering with the main events along
their mechanism of action. As a consequence, we reasoned that EGA could alter the trafficking of BoNTs
after their internalization, possibly preventing them to reach their translocation-competent compart-
ment. If it is the case, EGA should not be capable of inhibiting BoNTs toxicity when their trafﬁcicjng is
bypassed by inducing the entry of the L chain across the plasma membrane of neurons®. As this experi-
mental approach strongly depends on the binding to both receptors at the plasma membrane*®, we could
perform this experiment only with BoN'T/B, using an established PC12 cell line expressing on the plasma
membrane the lumenal domain of Synaptotagmin I, the BoNT/B protein receptor’, and with BoNT/D,
whose binding domain harbors two ganglioside binding sites”, using CGNs™. Figure 5a,b show that a
low pH jump in the extracellular medium induces the translocation of BoNT/B and BoNT/D L chains

SCIENTIFIC REPORTS | 5:17513 | DOI: 10.1038/srep17513

(8]



cpV-HC/A Lysotracker Red

cpV-HC/A

Syntaxin 1A

VAMPZ

12.5 yM EGA

I

- 23
e —
L i d. Y e B 8 e
— 31
= EGA [uM]
— —— E— =
High K*
cpV-HC/A d
ns
T — GST-SNAP25 1 ns
< | "
s [
3% GST-SNAP25
s- " (cleaved)
=
ad
L) WE: SNAP25S
(A=cleaved)

p ﬁy ef@ 9@- &+ @6\? ;i gav

Figure 4. EGA does not inhibit the known steps of BoNT intoxication. (a) CGNs were treated with
EGA (12.5pM) or vehicle in culture medium at 37°C. After 30 min, 100nM cpV-HC/A was added in high
K= buffer for 1h. Neurons were then washed, fixed, and directly imaged. These images are representative
of at least three independent sets of experiments. Scale bar, 10pum. (b) CGNs were treated as in (a) with
250nM cpV-HC/A and then lysed. The cpV-HC/A content was estimated with a GFP specific antibody.
Syntaxin 1A serving as internal control was detected with a specific antibody and an anti-VAMP2 was used
to assess BoNT/D cleavage. The amount of ¢cpV-HC/A was determined as a ratio to Syntaxin 1A staining
taking the value in non-treated cells (vehicle) as 100%. All data are presented as mean values and error
bars indicated the standard deviation obtained from three independent experiments (***p < 0.0001; ns -
non significant). (¢} CGNs were treated with vehicle or 12.5uM EGA or 10 nM Bafilomycin Al for 30 min
at 37°C, Lysotracker Red was then added and the incubation prolonged for further 90 min. Cells were
imaged by fluorescence microscopy. The graph shows the quantification of fluorescence intensity of acid
compartments (% versus non-treated neurons) arising from CGNs treated with the indicated amount of
EGA. Mean and standard deviation values refer to four different experiments. Scale bar, 10pum. (d) 0.25ug
BoNT/A was reduced in the presence of 12.5uM EGA for 30min at 37°C. 1pg of GST-SNAP25 was added,
the concentration of inhibitor was restored, and the reaction was carried out for 12hrs at 37°C. SNAP25
cleavage was assessed by SDS-PAGE and Coomassie staining (top-left panel) or immunoblotting (bottom-
left panel) with an antibody specific for the BoONT/A-cleaved form of SNAP25. Lane 1 shows untreated
GST-SNAP25. Right panel shows the densitometry analysis of western blots, tacking the value of BoNT/A
without EGA (vehicle) as 100%. All data are presented as mean values and error bars indicated the standard
deviation obtained from three independent experiments.

across the plasma membrane as evaluated by the cleavage of VAMP2. In agreement with our hypothesis,
the same experiment performed in the presence of EGA showed the identical activity of both BoNTs on
VAMP2. This suggests that, when these neurotoxins bypass their canonical entry routes, EGA cannot
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Figure 5. EGA does not inhibit the translocation and the reduction step. (a) PC12 cells expressing the
lumenal domain of synaptotagmin T on their surface were pre-incubated with a mixture of gangliosides for
24 hrs. Cells were washed and, where indicated, treated with 12.5pM EGA or vehicle for 30 min at 37 °C.
Thereafter, BONT/B (10nM) was added in the cold for 15min, Cells were then washed and incubated with
medium A buffered at indicated pH at 37°C for 10 min, in the presence or absence of EGA. Then, cells were
washed and the incubation in culture medium containing 50nM Bafilomycin Al and the same concentration
of EGA prolonged for 24 hrs at 37° C. The translocation of BoNT/B was assessed by monitoring the

cleavage of VAMP2, determined via western blotting (top panel), and quantified (bottom panel) through the
densitometry of VAMP2 as a ratio to SNAP25 staining which served as internal control, taking the value in
non-treated cells (NC) as 100%. All data are presented as mean values and error bars indicated the standard
deviation obtained from three independent experiments (ns — non significant).

(b) CGNs were treated with 12.5 1M EGA or vehicle for 30min at 37°C. Then, neurons were incubated with
BoNT/D (2.5 pM) at 4°C for 15min, washed and incubated at 37°C with buffers at different pH value (7.4
or 4.5) for 10 min; after washing, the neurons were incubated for 24 h with standard medium in the presence
of 50nM bafilomycin Al and where indicated EGA. Then the SNARE protein content was estimated by
immunaoblotting with specific antibodies. Values are reported as the ratio between the staining with the
antibody specific for VAMP2 and the staining with an antibody specific for SNAP25, and normalized vs,
non-treated neurons (NC). All data are presented as mean values and error bars indicated the standard
deviation obtained from three independent experiments (ns — non significant).

impact on their activity anymore. Taken together the results presented here indicate that EGA prevents
the activity of BoNTs by inhibiting their intraneuronal trafficking.

EGA interferes with the neuroparalytic activity of BoNT/A, BoNT/B and BoNT/D at the mouse
hemidiaphragm assay and in vivo. The main aim of the present work was to test the inhibitory
capacity of EGA against BoNTs toxicity in vivo. Therefore, after the in vitro approach, we used the mouse
hemidiaphragm muscle paralysis model, an ex vivo preparation which represents the standard method
to assay the neuroparalytic activity of BoNTs at the neuromuscular junction. In this experimental set up,
BoNTs induce a decrease in the twitch capability of the diaphragmatic muscle by exerting its metallopro-
tease activity within the attached phrenic nerve. This decay is followed over time, and is used to evaluate
BoNT potency, but can also be adapted to determine the inhibitory capacity of antitoxins™. As shown
in Fig. 6(a-c, black traces), BoNT/A, BoNT/B and BoNT/D induce a rapid drop in the twitch capability
of the diaphragm muscle. On the other hand, the pre-treatment with 12.5pM EGA, strongly delays the
neuroparalytic activity of the three BoNTs (red traces). This inhibitory effect can be appreciated also by
comparing the different parameters reported in Table S1, and the {5, values in particular (Fig. 6d-f),
namely the time needed to halve the muscle twitch capacity, which results greatly increased by the treat-
ment with the drug, and found to be significantly different (Table S1).

We then tested the inhibitory effect of EGA in vive. A wide range of doses from 7.5 mg/kg to 40 mg/
kg per day was administered via b.i.d. intraperitoneal injections in mice: even after one week of treat-
ment with this regimen, the drug was well tolerated by mice which did not show any sign of decreased
vitality in terms of breathing, eating and drinking nor in terms of motility as compared with vehicle
injected controls. The lethality of our preparations of BoNT/A,/B and/D was evaluated in preliminary
experiments, and a dose of 0.5ng/kg (BoNT/A), 0.9ng/kg (BoNT/B) and 0.045ng/kg (BoNT/D) was
sufficient to progressively induce the classical symptoms of botulism (fur ruffling, sides musculature col-
lapse, generalized weakness, labored breathing) and cause the deadly respiratory failure within 48 hours
post injection (black traces of Fig. 6 panels g-i). The red traces of the same figure (panels h and i) show
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Figure 6. EGA provides protection against different serotypes of BoNTs in the phrenic nerve-
hemidiaphragm twitch model, delays death induced by BoNT/A and strongly protect against death
induced by BoNT/B and BoNT/D. (a-c) For each experiment, 12.5pM EGA or vehicle (DMSO) was added
to the nerve-muscle preparations in the bath at 37°C; after 30 min, 10pM BoNT/A (a) or 10pM BoNT/B
(b) or 100 pM BoNT/D (c) was added (time =0). Muscle twitch was induced by nerve stimulation and
monitored until paralysis. A representative experiment is reported for each toxin, showing the progressive
twitch decrease in the presence of vehicle (black trace) or EGA (red trace). (d-f) Each experiment
performed for (a-c) was expressed as the time required to decrease the twitch to 50% of the initial value
(paralysis half time) in vehicle (black points) or EGA treated muscles (red points). (g-i) Adult CD1 mice
preconditioned with EGA 12.5mg/Kg (n= 20} or vehicle alone (n= 20) were i.p. injected with 2 x MLD, of
BoNT/A (g) or BoNT/B (h) or BoNT/D (i). The animals were monitored every 4 hrs for 96hrs. The survival
curves were compared and found to be significantly different (p < 0.0001).

that EGA is particularly efficacious in preventing death from botulism induced by BoNT/B and BoNT/D.
Importantly, in those mice that eventually died, the symptoms occurred with delay and were less pro-
nounced. This was the case also for BoNT/A injected mice, where symptoms developed later and were
milder, but without a reduced toxin lethality (Fig. 6g, red trace).

Discussion

The main result reported here is simple and very relevant at the same time. EGA is a potent inhibitor of
the neuroparalytic activity of botulinum neurotoxins in vitro and in vivo, at doses that cause no apparent
toxicity. This result indicates that EGA is the lead of a novel class of inhibitors potentially capable of pre-
venting the activity of BoNTs in humans. This is the more relevant considering that the recent years have
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witnessed the discovery of a large number of novel BoNTs, with different immunoreactivity>**®, sug-
gesting the possibility of the identification of BoNT variants that may be poorly neutralized by currently
available antisera. This situation calls for the discovery of inhibitors capable of preventing the activity
of all BoNTs. Necessarily, these novel inhibitors must be non-toxic to humans and must be effective in
vivo, Notwithstanding long efforts of many laboratories, this goal has only partially been achieved®'. We
recently reported on inhibitors of the Thioredoxin reductase-Thioredoxin redox couple that effectively
prevent the neuroparalytic activity of all BoNT serotypes without causing toxic effects in mice!®**

Here we add another lead compound with a different mechanism of inhibition, Despite our efforts
using primary cultures of neurons and neuromuscular junction preparation, we have not identified the
target of EGA, but we did not note toxic effects in mice treated with a dose that largely prevents the
action of the three BoNTs used here, We have found that the main steps of BoNTs mechanism of action,
i.e. binding, internalization, acidification of intracellular compartment, L chain translocation, disulphide
reduction and substrate proteolysis, are not affected by this compound (Figs 4 and 5, Figure $2 and
Figure S3). Notably, the range of concentration that block BoN'Ts in cultured neurons is the same pre-
viously found to inhibit the toxicity of different toxins and viruses in primary and immortalized mac-
rophages. This suggests that, rather than having a direct effect on BoNTs (or on the other pathogens),
EGA interferes with an intracellular host target responsible for their trafficking. This conclusion is rein-
forced by the result showing that EGA had no effect on the translocation of the L chain from the plasma
membrane, when the canonical internalization route was bypassed (Fig. 5).

All known protein receptors of BoNTs are the lumenal domains of integral proteins of synaptic ves-
icles which suggests the general conclusion that all BoNTs are endocytosed inside these organelles at
nerve terminals. However, the following trafficking of synaptic vesicles is not fully understood, though
there is evidence that they may fuse with synaptic endosomes where they are quality controlled and
then released to re-enter the synaptic vesicle cycle***, As a consequence, the fact that the three differ-
ent serotypes considered here are differently protected by EGA, which inhibits the maturation of early
endosomes?, is an interesting aspect of the current study, because it revives the possibility that different
BoNT may be trafficked through different routes inside the nerve terminals. Indeed, the diverse protein
receptors of BoNTs may account for distinct fates of each toxin-receptor complexes, which have not
vet been determined case by case. An alternative explanation is suggested by the finding that part of
BoNT/A may enter terminals independently from SVs endocytosis’'*?, which is supported by studies
showing that BoNTs display toxicity independently of the stimulation of 5Vs recycling*#*=>%, The fact
that EGA completely inhibits the activity of BONT/B, although used at a concentration much higher than
that of BoNT/A, opens the possibility that the activity of this toxin is dependent on a trafficking through
endosomes and does not translocate its catalytic part into the cytosol across the SV membrane. This is
a surprising finding which was unexpected on the basis of the knowledge that the SV protein synap-
totagmin mediates the entry of BoNT/B*®, However, considering that synaptotagmin can be trafficked
through early endosome™, the possibility that also BoNT/B may need the passage through this organelle
to reach a membrane translocation-competent compartment becomes plausible. It is also in keeping with
its slow time course of entry into cultured neurons as compared with other serotypes*#, Moreover, a
considerable amount of synaptotagmin molecules remains exposed on the plasma membrane surface,
in a steady-state with those recycled through sorting endosomes™, which makes possible that BoNT/B
forms a toxin-receptor complex on the plasma membrane, rather than within SVs. This fits well with
the present findings that: i) the internalization of ¢-Myc-HC/B was much less affected compared to that
of cpV-HC/A, by the pre-treatment with BoNT/D (Fig. 4b and Figure S2b) and ii) the different staining
pattern of the BoNT/A and BoNT/B binding domains (Fig. 4a and Figure $2a). This possibility is also
supported by the in vivo finding that EGA has a remarkable effect against the lethality of BoNT/B and
a lower one on BoNT/A (Fig. 6g,h).

The behavior of BoNT/D in response to inhibition of the endosomal pathway by EGA, in cultured
neurons is more similar to that of BoNT/A rather than BoNT/B, as VAMP2 cleavage was not completely
prevented (Figs 2c and 3e,f). On the other hand, BoNT/D was efﬁcaciously inhibited by EGA in vivo,
with an inhibitory profile similar to that of BoNT/B (Fig. 6i). The mechanism of BoNT/D binding to
neurons is poorly understood and therefore its internalization and trafficking properties are not entirely
clear®™, and as a consequence it is even more difficult to envisage how this toxin could be internalized
and trafficked. The obtained results cleatly show that the observations of cell culture experiments cannot
be transferred tout court to in vivo conditions,

The present lack of knowledge on the biochemical target of EGA does not prevent research aimed at
finding more potent inhibitors of the BoNT neuroparalytic action. Clearly, EGA action is a preventive
one, as it cannot affect those L chains that have already translocated in the cytosol. Nevertheless, it can
alleviate the symptoms of botulism after diagnosis because a considerable amount of BoNT remains in
the general circulation of botulism patient for weeks after the first diagnosis™*. Perhaps, more impor-
tantly, the present findings are relevant for infant botulism where a continuous entry of BoNT into the
general circulation occurs via adsorption of the toxin produced by Clostridia that have colonized the
gastrointestinal tract of infants owing to the reduced intestinal flora competing with Clostridia*®!.

We would like to conclude by pointing out that the search for novel EGA-derived analogues is made
simpler by the design of the novel method of synthesis of this compound described here, which provides
a much higher yield with respect to the recently described method®. This procedure allowed us to rapidly
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and efficiently synthesize large quantities of EGA, an essential pre-requisite to produce the considerable
amount necessary for a possible employment of this or related compounds in humans.

Methods
Chemical Synthesis. Detailed protocol for EGA chemical synthesis is available in Supplementary
Information.

Botulinum neurotoxin inhibition assay. EGA was dissolved in DMSO to prepare a stock solution
(12.5mM). CGNs at 6-8 days in vitro (DIV) were treated for 30 min with the indicated concentrations
of EGA in complete culture medium at 37°C and 5% CO,. 0.3nM BoNT/A, 5nM BoNT/B or 0.025pM
BoNT/D was added, in the presence of the same concentration of inhibitor, and left for 12hr at 37°C
and 5% CQ,, Further details can be found in the Supplementary Information,

cpV-HC/A and c-Myc-HC/B binding assay. CGNs were treated with EGA 12.5 1M or vehicle (DMSO)
in culture medium at 37°C. After 30 min, for immunocytochemistry experiments, 100nM cpV-HC/A
or c-Myc-HG/B was added in stimulating culture medium (complete culture medium, 57 mM KClI), for
1hr. The same protocol was used with 250nM of cpV-HC/A or c-Myc-HC/B but neurons were then
lysed and immunoblotted to obtain a quantitative result. Details are in the Supplementary Information.

Low pH induced translocation of BoNT/B and BoNT/D across the plasma membrane.
Experiment was conducted as previously described®. Detailed protocol is available in Supplementary
Information.

Mouse diaphragm and lethality assay. All experiments were performed in accordance with the
European Communities Council Directive n® 2010/63/UE and approved by the Italian Ministry of Health,
Mouse diaphragms were isolated from CD-1 mice weighing about 20-25g and halved into two contralat-
eral hemi-diaphragms still innervated with the own phrenic nerve, and were treated as described in the
Supplemental Experimental Procedures. Lethality assays were performed using Swiss-Webster adult male
CD1 mice weighing 26-28 g as described in Supplementary Information.

Statistical analysis. For all the experiments, data are presented as mean values. Bars indicated
the standard deviation. Significance was calculated by Student’s t test (unpaired, two-side). *p < 0.05,
**p< 0.01, **p < 0.0001. Only values below 0.05 were considered significant (ns - non significant).
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Figure S1. EGA does not affect cell viability of CGNs and PC12. CGNs and PC12
were treated with increasing concentration of EGA ranging from 2.5 to 25 pM or vehicle in
culture medium at 37° C. After 24 hours, cell viability has been assayed with a MTS assay.
Data are presented as a percentage with respect to cells treated with the vehicle, set as
100%. All data are presented as mean values and error bars indicated the deviation

standard obtained from three independent experiments.
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Figure S2. EGA does not affect binding and synaptic vesicles dynamics in CGNs. (a)
CGNs were treated with EGA (12.5 puM) or vehicle in culture medium at 37° C. After 30
min, 100 nM c-Myc-HC/B was added in high K™ buffer for 1 h. Neurons were then washed,
fixed, permeabilized and stained with a primary antibody specific for the c-Myc epitope. An
Alexa Fluor 488 goat anti-mouse secondary antibody was used for detection. These
images are representative of two independent sets of experiments. Scale bar, 10 ym. (b)
CGNs were treated as in (a) with 250 nM of c-Myc-HC/B and then lysed. The c-Myc-HC/B
content was estimated with specific antibodies against c-Myc epitope. Syntaxin 1A was
used as loading control and VAMP2 to assess BoNT/D cleavage. The amount of c-Myc-
HC/B was determined as a ratio to Syntaxin 1A staining taking the value in non-treated
cells (vehicle) as 100%. All data are presented as mean values and error bars indicated
the standard deviation obtained from two independent experiments (* p<0.05; ns — non
significant). (c) CGNs were treated with EGA (12.5 pM) or vehicle at 37° C for 30 minutes.
Where indicated, neurons were pre-treated with BoNT/D (10 nM) for 30 min. Cells were
then incubated for 20 min with an antibody against the lumenal domain of Synaptotagmin-
1 conjugated to Chromeo 488 in high K* buffer. At the end of the incubation, CGNs were
washed twice, fixed and imaged by fluorescence microscopy. These images are
representative of three independent sets of experiments. Scale bar, 10 pm. (d) CGNs were
treated as in (c), using a non-fluorescent version of the same anti-Synaptotagmin-1
antibody. At the end of the incubation, neurons were washed twice and lysed in non-
reducing Laemmli sample buffer. In the upper panel the internalized antibody was detected
by immunoblotting, using an anti mouse HRP-conjugated secondary antibody. Blots were
then stripped and incubated with specific antibodies against VAMP2 to assess BoNT/D
cleavage and against Syntaxin 1A as loading control. In the first lane (input) 50 ng of the
anti-Synaptotagmin 1 antibody were loaded as reference. The bottom panel reports the

quantification. All data are presented as mean values and error bars indicated the
3



standard deviation obtained from three independent experiments (*** p<0.0001; ns — non

significant).
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Figure S3. EGA does not affect BONT/B and /D metalloprotease activity in vitro. (a)
BONT/B (1 pg) or (b) BoNT/D (0.25 pg) was reduced in the presence of EGA (12.5 pM) for
30 min at 37 °C. 1 pg of recombinant VAMP2 ('VAMP2) was then added, the
concentration of inhibitor restored and the reaction carried out for 12 hours at 37 °C.
VAMP2 cleavage was assessed by SDS-PAGE (top panels) or immunoblotting (middle
panels) with an antibody that recognizes full length VAMP2. Lower panels show the
densitometry analysis of western blots. All data are presented as mean values and error
bars indicated the standard deviation obtained from three independent experiments (***

p<0.0001; ns — non significant).



BoNT/A BoNT/B BoNT/D

DMSO EGA DMSO EGA DMSO EGA
L(amgm;::::;e 363+337 59.6+09** 563+24 82.0+53* 290%51 347+24™
[mi;ﬁtes) 640+2.6 1463+215* 09.0+3.8 1543+119* 467+41 67.7+4.9*%

Slope 21+0.14 05+0.09** 13+0.11 0.6+0.01** 24+0.16 1.46%0.09**

Table S1. Statistical analysis of the phrenic nerve-hemidiaphram twitch model.
Given the variability of each muscle contraction, the data from BoNT/A, /B and /D
intoxicated muscles treated with EGA or DMSO, were normalized and each single group
was compared. The average values+SEM of lag phase, t12 and slope derive from three
independent experiments. Significance was calculated by Student's t test (unpaired, two-

side). *P < 0.05; **P < 0.01. Only values below 0.05 were considered significant.




Supplementary experimental procedures

Reagents. BONT/A was purified as previously described™?. BoNT/B and BoNT/D were
produced in E. coli as recombinant proteins®®. LysoTracker® Red DND-99 was purchased
from ThermoFischer Scientific (L-7528), instead, Bafilomycin A1 (sc-201550) from Santa
Cruz Biotechnology. Cytosine B-D-arabinofuranoside hydrochloride (C6645), DNAse | from
bovine pancreas (DN25), poly-L-lysine hydrobromide (P1274), solvents and reagents were

purchased from Sigma Aldrich, and were used as received.

Chemical Synthesis. Phenyl (2,6-dimethylphenyl)carbamate (2): 2,6-dimethylaniline (1.00
g. 8.3 mmol, 1.0 eq) was dissolved in DCM (15 mL) and pyridine (0.73 g, 9.2 mmol, 1.1
eq) and cooled on ice-bath. Phenyl chloroformate (1.43 g, 9.2 mmol, 1.1 eq) in DCM (25
mL) was added dropwise. After addition the flask was brought to room temperature and
stirred for 3 h. The reaction mixture was diluted with DCM (50 mL) and washed with 0.5 N
HCI (5 x 100 mL). The organic layer was dried over MgSO4 and concentrated. The
resulting crude product was purified by flash column chromatography on silica gel (eluent:
Petroleum Ether/DCM/Acetone 60:35:5) to afford 2 as a bright white solid (1.92 g, 8.0
mmol, 96%). "H NMR (500 MHz, DMSO0) 8 9.35 (s, 1H, -NH-), 7.43 (m, 2H, 2 x Ar-H), 7.24
(s, TH, 1 x Ar-H), 7.22 (m, 2H, 2x Ar-H), 7.21 (m, 2H, 2 x Ar-H), 7.12 (m, 3H, 3 x Ar-H),
2.28 (s, 6H, 2 x -CH3); "*C NMR (126 MHz, DMSO) & 152.95, 151.56, 136.01, 134.76,
129.86, 128.38, 127.23, 125.56, 122.20, 18.47; ESI-MS: m/z = 242 = [M+H]'; HRMS
(ESI"): m/z 2421193 [M+H]", calculated for CisH1eNO2: 242.1181. 2-(4-
Bromobenzylidene)-N-(2,6-dimethylphenyl)hydrazinecarboxamide (3, EGA): 2 (0.50 g, 2.1
mmol, 1.0 eq) was dissolved in DME (5 mL) and mixed with hydrazine monohydrate (50-
60%, 0.13 g, 4.2 mmol, 2.0 eq) at 0°C. After addition the flask was brought to rt and stirred

for 24 h. The reaction mixture was concentrated to give a crude white solid that was used



without further purification. This white solid was dissolved in chloroform (20 mL), mixed
with 4-bromobenzaldehyde (0.77 g, 4.2 mmol, 2.0 eq) and vigorously stirred 15 h at room
temperature. Solvent was removed under reduced pressure and the crude was purified by
flash column chromatography on silica gel (eluent: DCM/EtOAc 85:15) to afford EGA (3)
as a bright white solid (0.63 g, 1.8 mmol, 88%). 'H NMR (500 MHz, DMSO) & 10.65 (s, 1H,
-NH-), 8.58 (s, 1H, -CH=N-), 7.88 (s, 1H, -NH-), 7.82-7.80 (d, 2H, 2 x Ar-H), 7.59-7.57 (d,
2H, 2 x Ar-H), 7.09 (m, 3H, 3 x Ar-H), 2.20 (s, 6H, 2 x -CH3). *C NMR (126 MHz, DMSO)
5 154.20, 138.99, 136.71, 136.02, 134.59, 131.94, 129.24, 128.01, 126.67, 122.70, 18.68.
ESI-MS: m/z = 346 = [M+H]"; HRMS (ESI"): m/z 346.0563 [M+H]", calcd for Cy¢H17BrN;O:
346.0555. TLCs were run on silica gel supported on plastic (Macherey-Nagel
Polygram”SIL G/UV2s4, silica thickness 0.2 mm) and visualized by UV detection. Flash
chromatography was performed on silica gel (Macherey-Nagel 60, 230-400 mesh
granulometry (0.063-0.040 mm)) under air pressure. The solvents were analytical or
synthetic grade and were used without further purification. '"H NMR spectra were recorded
with a Bruker AVII500 spectrometer operating at 500 MHz. Chemical shifts (8) are given in
ppm relative to the signal of the solvent. Mass spectra were performed with a 1100 Series
Agilent Technologies system, equipped with binary pump (G1312A) and MSD SL Trap
mass spectrometer (G2445D SL) with ESI source. ESI-MS positive spectra of reaction
intermediates and the final purified product were obtained from solutions in acetonitrile,
eluting with a water:acetonitrile, 1:1 mixture containing 0.1% formic acid. High-resolution
mass measurements were obtained using a Mariner ESI-TOF spectrometer (PerSeptive

Biosystems). HPLC-MS analysis was used to confirm the purity (> 95%).

Cerebellar Granule Neurons (CGN) cultures. Primary cultures of rat cerebellar granule
neurons (CGNSs) were prepared from 6- to 8-days-old rats®. Cerebella were isolated,

mechanically disrupted and then trypsinized in the presence of DNase |. Cells were then
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plated into 24 well plates, pre-coated with poly-L-lysine (50 ug/mL), at a cell density of 4 x
10° cells per well. Cultures were maintained at 37 °C, 5% CO;, 95% humidity in BME
supplemented with 10% fetal bovine serum, 25 mM KCI, 2 mM glutamine and 50 ug/mL
gentamicin (hereafter indicated as complete culture medium). To arrest growth of non-
neuronal cells, cytosine arabinoside (10 uM) was added to the medium 18-24 h after

plating.

Botulinum neurotoxin inhibition assay and immunocytochemistry. CGNs at 6-8 DIV
were treated for 30 min with 12.5 uyM of EGA or vehicle (DMSO) in complete culture
medium at 37 °C and 5% CO,. 0.3 nM BoNT/A or 5 nM BoNT/B or 0.025 pM BoNT/D was
added and left for 12 hours at 37 °C and 5% CO.. Neurons were then washed with PBS,
fixed for 10 minutes at RT with 4% paraformaldehyde in PBS, quenched (50 mM NH4Cl in
PBS) for 20 minutes and permeabilized with 5% acetic acid in ethanol for 20 minutes at -
20° C. CGNs were then incubated with indicated primary antibodies. BONT/A cleavage
was evaluated following the generation of the cleaved form of SNAP25, whereas the
cleavage of BoNT/B and BONT/D was evaluated following the disappearance of the
staining due to a primary antibody recognizing the full-length form of VAMP2 (Synaptic
System, 104 211). As internal control (not shown) it was used an anti SV2A (Santa Cruz,
[E-8] sc376234) or anti SVZ2B (Synaptic System, 119 102), respectively. Primary
antibodies were detected with Alexa Fluor 488 goat anti-mouse IgG (Life Technologies, A-
11001) and Alexa Fluor 555 goat anti-rabbit IgG (Life Technologies, A-21428). Coverslips
were mounted using Fluorescent Mounting Medium (Dako) and examined by
epifluorescence (Leica CTR6000) microscopy. Images were collected with the same lamp
intensity and exposure time.

For immunoblotting experiments, the neurons were treated with the same condition and

the neurotoxicity was evaluated following the specific proteolytic activity of the toxin with
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specific antibodies against their SNARE protein targets: anti BoNT/A-cleaved SNAP25°,
anti SNAP25 (SMI81: abcam, ab24737), anti VAMP2 (Synaptic System, 104 211) and anti
BoNT/B-cleaved form of VAMP2'. The staining with anti Na*/K* ATPase (abcam, ab7671)

was used as loading control.

Immunoblotting. Cells were directly lysed with reducing Laemmli sample buffer
containing protease inhibitors (complete Mini EDTA-free, Roche). Protein concentration
was determined with the BCA test (Pierce BCA protein assay, Thermo Scientific), and
equal amounts were loaded onto a 4-12% NuPage gel or 12% NuPage gel (Life
technologies) and separated by electrophoresis in 1X MES buffer or 1X MOPS (Life
technologies), respectively. Proteins were then transferred onto Protran nitrocellulose
membranes (Whatman) and saturated for 1 h in PBST (PBS 0.1% Tween20)
supplemented with 5% non-fatty milk. Incubation with primary antibodies was performed
overnight at 4°C. The membranes were then washed three times with PBST and incubated
with secondary HRP-conjugated antibodies (goat anti-mouse IgG, H&L chain specific
peroxidase conjugate, Merk Millipore 401215 and goat anti-rabbit IgG, H&L chain specific
peroxidase conjugate, Merk Millipore 401393). Finally, membranes were washed twice
with PBST and once with PBS; visualization was carried out using Luminata Crescendo

(Merck Millipore).

cpV-HC/A and c-Myc-HC/B expression, purification and binding assay. The HC of
BoNT/B (nucleotides corresponding to residues 833-1291) with a N-terminus c-Myc tag
was cloned into a pRSETa His-tag vector (Novagen) and expressed into BL21pLysS E.coli
cells. Protein purification was achieved by affinity chromatography with a prepacked
HisTrap Ni column (GE Healthcare) and then by size-exclusion chromatography using a

Superdex 200, 10/300GL column (GE Healthcare). The purified c-Myc-HC/B fusion protein



were pooled and concentrated using a membrane filter with a cutoff of 30 kDa (Amicon
Millipore).

The HC of BoNT/A (nucleotides corresponding residues 876-1296) fused with cpV
(Circularly Permuted Venus) at the N-terminus was cloned into a pET28a His-tag vector
(Novagen) and expressed in BL21 DE3 E.coli cells. Purification of cpV-HC/A fusion protein
was achieved as described for ¢-Myc-HC/B.

In binding and internalization assay, CGNs were treated with EGA 12.5 yM or vehicle
(DMSO) in culture medium at 37° C. After 30 minutes, 100 nM cpV-HC/A or c-Myc-HC/B
was added in stimulating culture medium (complete culture medium, 57 mM KCI), for 1 hr.
Neurons were then washed twice, fixed with 4% paraformaldehyde in PBS and directly
imaged for cpV or permeabilized and stained with a primary antibody specific for the c-Myc
epitope (Sigma Aldrich, M4439). An Alexa Fluor 488 goat anti-mouse (Life Technologies,
A-11001) was used to detect the c-Myc primary antibody.

The same experiment was performed with 250 nM of cpV-HC/A or c-Myc-HC/B but
neurons were then lysed and immunoblotted to obtain a quantitative result. Where
indicated, neurons were pre-treated with 10 nM of BoNT/D for 30 minutes. Syntaxin 1A
(Synaptic System, 110 111) staining was used as loading control, instead, VAMP2
(Synaptic System, 104 211) staining to assess BoNT/D cleavage. cpV-HC/A was detected
with an anti-GFP antibody (Cell Signaling, #2956) whereas c-Myc-HC/B was detected with

the aforementioned antibody.

Maturation of acidic compartment assay. CGNs at 6-8 DIV were treated for 30 min with
the indicated concentrations of EGA or 10 nM Bafilomycin A1 in complete culture medium
supplemented with 6.25 mM Hepes at 37 °C and 5% CO;. 75 nM Lysotracker® Red DND-
99 was added for 90 minutes. Cells were then washed with Krebs-Ringer buffer (KRH: 128

mM NaCl, 2.5 mM HEPES, 4.8 mM KCI, 1.3 mM CacCl,, 1.2 mM MgSO4 and 1.2 mM
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K:HPO,4) and images of living neurons were acquired with a Leica CTR6000 microscope.

Fluorescence intensity was quantified using ImageJ software.

In vitro proteolytic activity. 0.25 pg BoNT/A or BoNT/D or 1 pug BoNT/B was incubated in
reducing buffer (150 mM NacCl, 10 mM NaH2PO4, 15 mM DTT pH 7.4) in the presence of
12.5 uM of EGA for 30 min at 37 °C or DMSO. Then 1 pg of recombinant GST-SNAP25 or
recombinant VAMP2 (1-96) was added to the reduced toxins, the concentration of inhibitor
was restored, and the reaction was carried out for 12 hours at 37 °C. SNAP25 or VAMP?2
cleavage was assessed by SDS-PAGE or immunoblotting using an anti-SNAP25 A-

cleaved form or an anti-VAMP2 (Synaptic System, 104 211).

Low pH induced translocation of BONT/B and BoNT/D across the plasma membrane.
At a glance, 10* PC12-SYT N24Q were plated into 12-wells plates and maintained in
RPMI supplemented with 10% HS, 5% FBS, 2 mM L-alanyl-L-glutamine (GlutaMAX), 100
U/ml penicillin, 100 pg/mi streptomycin, 250 ng/ml amphotericin B at 37 °C in a humid
incubator. After adhesion, cells were incubated with a mixture of ganglioside (50 ug) for 24
hours. Cells were washed twice with culture medium and subsequently incubated with 10
nM of BoNT/B in ice-cooled medium (pH 7.4) and left at 4 °C for 15 minutes. After washing
twice with the same cold medium, pre-warmed (37 °C) medium A (123 mM NaCl, 6 mM
KCI, 0.8 mM MgClz, 1.5 mM CaClz, 5 mM NaP;, 5 mM citric acid, 5.6 mM glucose, 10 mM
NH,CI) - adjusted at indicated pH (7.4 or 4.5) with 1 M TRIS-base - was added and left for
10 minutes. Cells where then washed twice and further incubated in normal culture
medium (pH 7.4) containing 50 nM Bafilomycin A1 for 24 hours. Where indicated, 12.5 uM
EGA was pre-incubated with cells for 30 minutes and was then present in all solutions
used along experiment. The same procedure was performed using CGNs, 2.5 pM of
BoNT/D and after low pH assay the incubation was prolonged for 24 hr. Where indicated,

12.5 pM EGA was pre-incubated with cells for 30 minutes and was then present in all
11



solutions used along experiment. The translocation of BoNT/B or BONT/D was assessed
by following the metalloprotease activity against VAMP2 via western blot using an anti-
VAMP2 (Synaptic System, 104211). The staining of SNAP25 (SMI81: abcam, ab24737),

was used as loading control.

Mouse diaphragm and lethality assay. Muscles were mounted into two chambers filled
with 4 ml of oxygenated (95% Oz, 5% CO3) solution (139 mM NaCl, 12 mM NaHCOs3, 4
mM KCI, 2 mM CaClz 1 mM MgClz;, 1 mM KHzPO4 and 11 mM glucose, pH 7.4). The
phrenic nerves were stimulated via two ring platinum electrodes with supramaximal stimuli
of 3 V amplitude and 0.1 ms pulse duration, with a frequency of 0.1 Hz (Stimulator 6002,
Harvard Apparatus, Massachusetts, USA). Muscle contraction was monitored with an
isometric transducer (Harvard Apparatus); data was recorded and analysed via an i-
WORX 118 system with Labscribe software (Harvard Apparatus). EGA was added directly
to the oxygenated solution of one muscle to reach the final concentration of 12.5 pM of
and the same volume of vehicle (DMSO) was added to the contralateral one for direct
comparison. After 30 minutes of incubation, 10 pM BoNT/A or BoNT/B or 100 pM BoNT/D
was added to both preparations and the twitch monitored until complete paralysis was
achieved. Graphs show muscle twitching capability over time, reported as percentage with
respect to the initial value obtained before toxin addition.

For lethality assay, EGA was dissolved in DMSO as a stock solution (12.5 mg/ml). Mice
were conditioned for 3 days, with 12.5 mg/kg EGA or vehicle with intraperitoneal (i.p.)
injections b.i.d. (every 12 hours). After the last injection of drug (or vehicle), mice were
weighted and i.p. injected with 1 pl/g body weight of BoNT/A, /B or /D prepared as stock
solutions (BoNT/A 0.5 pg/ul, BoNT/B 0.9 pg/pl and BoNT/D 0.045 pg/ul in 0.9% NaCl with

0.2% gelatin) roughly corresponding to 2XMLDso. Mice were monitored every 4 hr for 96
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hr, after which the experiment was considered ended. Results are displayed as Kaplan-

Meyer plots, and analysed with a Mantel-Cox test for statistical significance.

Synaptic vesicles dynamics assay. Experiment was performed as previously described
°. Briefly, CGNs were conditioned in high K* buffer (70 mM NacCl, 2.5 mM HEPES, 57 mM
KCI, 1.3 mM CacCl, 1.2 mM MgSO, and 1.2 mM K;HPO,) for 10 minutes. Hereafter, 5
pg/ml of Chromeo 488 (Synaptic System, 105 311CR1) was added for 20 min in the same
buffer. Cells were then washed twice with PBS and fixed. Internalized antibodies were
imaged using a Leica CTR6000 microscope. Where indicated, 10 nM BoNT/D or 12.5 pM
of EGA (or DMSO) were pre-incubated in normal culture medium for 30 minutes. The
same concentration of EGA is maintained during antibody incubation. In order to have a
quantitative result, the same experiment was performed using as a read-out western blot.
Accordingly, CGNs were lysed in non-reducing condition, blotted on nitrocellulose
membrane saturated for 1 hr in PBST supplemented with 5% non-fatty milk and directly
incubated with secondary antibody to detect the internalized anti-Synaptotagmin1 antibody
(Synaptic System, 105 101). The staining of VAMP2 (Synaptic System, 104 211) was used
to assess BoNT/D cleavage, instead, Syntaxin 1A (Synaptic System, 110 111) was used

as loading control.

Viability test. CGNs or PC12-SYT N24Q were seeded in a 96 wells plates at a cell
density 10° cells per well. Different concentration of EGA, ranging from 0 to 25 pM, were
added and left for 24 hours. Neurons were then washed and MTS assay (Promega)

performed according to manufacturer indication.

13



References

1 Schiavo, G. & Montecucco, C. Tetanus and botulism neurotoxins: isolation and assay.
Methods Enzymol 248, 643-652. (1995).

2 Shone, C. C. & Tranter, H. S. Growth of clostridia and preparation of their neurotoxins. Curr
Top Microbiol Immunol 195, 143-160. (1995).

3 Rummel, A., Mahrhold, S., Bigalke, H. & Binz, T. The HCC-domain of botulinum neurotoxins

A and B exhibits a singular ganglioside binding site displaying serotype specific
carbohydrate interaction. Mol Microbiol, 51, 631-643. (2004).

4 Bade, S. et al. Botulinum neurotoxin type D enables cytosolic delivery of enzymatically
active cargo proteins to neurones via unfolded translocation intermediates. J Neurochem
91, 1461-1472. (2004).

5 Rigoni, M. et al. Snake presynaptic neurotoxins with phospholipase A2 activity induce
punctate swellings of neurites and exocytosis of synaptic vesicles. J Cell Sci. 117, 3561-
3570. (2004).

6 Antonucci, F., Rossi, C., Gianfranceschi, L., Rossetto, O. & Caleo, M. Long-distance
retrograde effects of botulinum neurotoxin A. J Neurosci. 28, 3689-3696. (2008).

7 Mainardi, M., Pietrasanta, M., Vannini, E., Rossetto, O. & Caleo, M. Tetanus neurotoxin-
induced epilepsy in mouse visual cortex. Epilepsia 53, e132-136. (2012).

8 Kraszewski, K. et al. Synaptic vesicle dynamics in living cultured hippocampal neurons

visualized with CY3-conjugated antibodies directed against the lumenal domain of
synaptotagmin. The Journal of Neuroscience 15, 4328-4342 (1995).

14



Results

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 uniqgue 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 syntaxin5187, thus providing an
advantageous tool to fill these gaps.

In collaboration with Dr. T. Binz (Hannover Medical School), BoNT/C
L200W/M221W/I1226W (BoNT/C a-3W) and BoNT/C S51T/R52N/N53P (BoNT/C
a-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).

| 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, | found that
both mutants have a residual activity against SNAP-25, with BoNT/C a-3W being
more active than BoNT/C a-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 a-51 produces a very long-lasting and reversible paralysis upon
local injection of one LDso. At the same time, one LDsq of the more potent
BoNT/C a-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, | 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 a-51 (1/75 of its LDsg), 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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Abstract

Botulinum neurotoxin serotype C (BoNT/C) is a neuroparalytic toxin associated with out-
breaks of animal botulism, particularly in birds, and is the only BoNT known to cleave two dif-
ferent SNARE proteins, SNAP-25 and syntaxin. BoNT/C was shown to be a good substitute
for BoNT/A1 in human dystonia therapy because of its long lasting effects and absence of
neuromuscular damage. Two triple mutants of BoNT/C, namely BoNT/C S51T/R52N/N53P
(BoNT/C a-51) and BoNT/C L200W/M221W/226W (BoNT/C a-3W), were recently reported
to selectively cleave syntaxin and have been used here to evaluate the individual contribu-
tion of SNAP-25 and syntaxin cleavage to the effect of BoNT/C in vivo. Although BoNT/C a-
51 and BoNT/C a-3W toxins cleave syntaxin with similar efficiency, we unexpectedly found
also cleavage of SNAP-25, although to a lesser extent than wild type BoNT/C. Interestingly,
the BoNT/C mutants exhibit reduced lethality compared to wild type toxin, a result that corre-
lated with their residual activity against SNAP-25. In spite of this, a local injection of BaNT/C
a-51 persistently impairs neuromuscular junction activity. This is due to an initial phase in
which SNAP-25 cleavage causes a complete blockade of neurotransmission, and to a sec-
ond phase of incomplete impairment ascribable to syntaxin cleavage. Together, these
results indicate that neuroparalysis of BoNT/C at the neuromuscular junction is due to
SNAP-25 cleavage, while the proteolysis of syntaxin provides a substantial, but incomplete,
neuromuscular impairment. In light of this evidence, we discuss a possible clinical use of
BoNT/C a-51 as a botulinum neurotoxin endowed with a wide safety margin and a long last-
ing effect.

Author summary

The seven established Botulinum Neurotoxins serotypes (BoNT/A to G) and the many
BoNT subtypes, the causative agents of botulism, are the most poisonous substances
known (lethal doses in the low ng/kg range). Due to their toxicological properties, BoNTs
are Janus-faced toxins: potent pathogenic factors and potential bioterrorism agents as well
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as safe and efficacious therapeutics. BoNTs exert their neuroparalytic action by cleaving
SNARE proteins, either SNAP-25 or synaptobrevin/VAMP, which mediate neurotrans-
mitter release at the neuromuscular junction; BoNT/C is the only serotype shown to
cleave SNAP-25 and syntaxin-1 in vitro. Our study shows for the first time that this paral-
lel cleavage also occurs in vive. By using mutated toxins reported to be syntaxin-selective,
we found that SNAP-25 proteolysis at the neuromuscular junction is the key determinant
of BoNT/C lethality as it completely blocks nerve-muscle transmission. Conversely, syn-
taxin-1 cleavage only attenuates nerve terminal activity without inactivating the synapse,
leading to only a partial decrease of neuromuscular functionality. As a result, the BoNT/C
mutants have dramatically reduced lethality, but still modulate neuromuscular junction
activity upon intramuscular injection. This aspect is particularly relevant considering the
possible use of syntaxin-specific BONT/C derivatives to improve the present clinical utili-
zation of BoNTs.

Introduction

Few species of the bacterial genus Clostridium produce botulinum neurotoxins (BoNTs),
which cause the flaccid paralysis of botulism [1]. BoNTs are divided into at least seven dif-
ferent serotypes (BoN'T/A to G) that comprise an increasing number of subtypes [1-3].
BoNTs are the most poisonous toxins known to date and display lethal doses in the low ng/
kg range [4, 5]. This remarkable potency is due to their selective action within the peripheral
nervous system, most notably at the neuromuscular junction (NMJ), where BoNTs inacti-
vate the machinery responsible for neurotransmitter release, causing muscle paralysis and
blockade of autonomic innervations [6]. Therefore, BoNTs are used to treat human diseases
characterized by hyperactivity of peripheral nerve terminals of both the motor and auto-
nomic nervous system [7]. This clinical use is almost exclusively restricted to BONT/AL1 as it
produces the longest effect, and in very few circumstances to BoONT/B1, mainly to overcome
BoNT/A1 resistance [5, &].

The BoNT structure is composed of three domains that perform different functions [1]:
a) the C-terminal part harbors two binding sites for two different receptors that mediate
toxin anchoring and internalization within nerve terminals [9, 10]; b) an intermediate
domain responsible for the translocation of the catalytic domain into the cytosol of nerve
terminals [11, 12]; and c) the N-terminal catalytic domain, termed light chain (LC), which
is a metalloprotease cleaving one of the three SNARE (Soluble NSF Attachment Protein
Receptors) proteins, namely VAMP-1/2 (vesicle-associated membrane protein 1/2, also
known as synaptobrevin-1/2), SNAP-25 (synaptosomal-associated protein of 25 kDa) and
syntaxin-1A/1B (Stx) [13, 14]. These three proteins assemble into a complex, i.e. the SNARE
complex, which mediates the fusion of synaptic vesicles with the presynaptic membrane
[15], and their proteolysis is directly responsible for the pathogenicity of BoNTs [1, 6].
BoNT/B, /D, /F and /G cleave the vesicular SNARE protein VAMP-1/2 [16-19], whereas
BoNT/A, and /E cleave the plasma membrane protein SNAP-25 [20, 21]. BoNT/C is the
only toxin known to cleave two SNARE substrates, SNAP-25 and syntaxin-1A/1B, in vitro
[22-24]. Each toxin cleaves its SNARE at a unique site thereby removing different portions
of the respective substrates [13, 14]. Interestingly, while BoNTs cleaving VAMP cause a paral-
ysis of intermediate duration, the three serotypes that cleave SNAP-25 provide the shortest
and the longest persistence of action [25-28]: BONT/E removes 26 amino acids from SNAP-
25 C-terminus and produces a muscle paralysis of a few days. BONT/A and BoNT/C remove
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only nine and eight amino acids, respectively, and cause a paralysis that lasts for months in
humans [29-31]. However, it is currently unknown whether BoN'T/C cleaves syntaxins at the
NM]J and to what extent this cleavage contributes to its long lasting paralysis.

Recently, two BoNT/C LC mutants were reported to display selective protease activity
against syntaxins [32]. These mutants offer the unique opportunity of dissecting the contribu-
tion of syntaxin and SNAP-25 cleavage to BoNT/C-induced paralysis and duration of action.
Therefore, we synthesized the respective full-length BoNT/C mutants and tested their potency
in vitro and in vive. Surprisingly, we found that the two mutant toxins are much less toxic than
wild type BoNT/C and their respective toxicity correlates with an unexpected residual activity
against SNAP-25, Our findings suggest that BoNT/C lethality is mainly due to SNAP-25 cleav-
age, while the proteolysis of syntaxin accounts for a prolonged and substantial, albeit incom-
plete, impairment of neuromuscular transmission.

Results
BoNT/C mutants retain a residual activity on SNAP-25

Based on the work of Wang et al. (2011) [32], we produced the full-length triple mutants
BoNT/C S51T/R52N/N53P (hereafter referred to as BONT/C «-51) and BoNT/C L200W/
M221W/1226W (BoNT/C «-3W) in Escherichia coli, along with wild type BoaNT/C (BoNT/C-
wt). Amino acid substitutions are mapped in the crystal structure of BONT/C-wt LC (PDB
2QN0) and shown in S1 Fig. Mutations are concentrated either in the S1" pocket of the LC
(L200W/M221 W/I1226 W, red spot), thus likely impinging on LC-substrate recognition around
the active site (blue spot), or on a region outside the active site (51 T/R52N/N53P, green spot),
which is possibly involved in LC-SNARE:s interaction [32]. Recombinant toxins were exp-
ressed in E. coli, activated into di-chain toxins by host proteases, and one-step affinity-purified
using StrepTactin-sepharose matrix. The level of purification was suitable for biochemical and
toxicological characterization (52 Fig).

We first tested the overall functionality of recombinant wild type and mutant BoNT/C in
cerebellar granular neurons (CGNs), which are highly sensitive to BoNTs and provide a rapid
and reliable method to assay the cleavage of SNARE proteins by western blot [28, 33]. We used
two specific antibodies that recognize both the intact and the truncated form of SNAP-25 and
syntaxin-1A/1B. After 12 hours of incubation, BoNT/C-wt cleaved both syntaxin-1A/1B (ECsg
~ 0.25 nM) and SNAP-25 (ECs; ~ 0.05 nM), the latter more efficiently (Fig 1A). Importantly,
the extent of cleavage was similar to that of a “natural BoNT/C” purified from Clostridium bot-
ulinum, implying that production in E. coli provides BoNT/C-wt with identical biological
properties, as previously reported for other recombinant toxins [28, 34-36]. The two mutant
BoNT/C toxins cleaved syntaxin-1A/1B with similar efficiency (ECs ~ 0.5 nM), which was
only slightly lower compared to BoNT/C-wt, indicating that the mutations do not alter the
mutant’s capacity to enter neurons. Contrary to what was reported in the original paper by
Wang et al. [32], we also detected cleavage of SNAP-25 (Fig 1A, middle and bottom panels),
with BoNT/C @-3W being more active (ECsy ~ 2.5 nM) than BoNT/C a-51 (EC54 > 5 nM)
indicating they are not specific for syntaxins. Notably, mutant BoNT/C toxins retained a
50-fold and >100-fold lower activity for SNAP-25 cleavage compared to BoNT/C-wt. This
unexpected result may be due to the different methods used, i.e. Wang et al. virally transduced
the gene encoding for mutant LCs while we exogenously added full-length toxins to the neu-
ron culture medium allowing uptake of physiological amounts. We also noticed that a certain
amount of syntaxin-1A/1B appears to be inaccessible to the three BONT/Cs, even when toxins
were used at high concentrations. This became particularly evident when the incubation time
was extended to 24 hours (53 Fig). Moreover, unlike BONT/C-wt, the amount of SNAP-25
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Fig 1. BoNT/C triple mutants retain a residual activity against SNAP-25. (A) Proteolytic activity of BoNT/C
variants in cultured cerebellar granule neurons (CGNs). Full-length BoNT/C-wt or BoNT/C a-51 or BoNT/C a-
3W were added to cultured CGNs at indicated concentrations for 12 hours, The cleavage of syntaxin-1A/1B
and SNAP-25 was assayed in western blot by using two antibodies recognizing both the intact and the cleaved
forms of the proteins. (B) Recombinant syntaxin 1A fusion protein (1 uM, upper panel) or SNAP-25 (10 M,
lower panel) spiked with the corresponding radiolabeled protein generated by in witre transcription/translation in
the presence of [**S]-Met were incubated with various concentrations of LC/C-wt (cyan) or its mutants (a-51,
green; a-3W, red) in toxin assay buffer. After 1 h of incubation at 37°C, samples were analyzed by SDS-PAGE.
Percentage of cleavage was quantified by means of the radiolabeled substrate by phospherimaging. Data are
mean values of three to six independent experiments, Statistical significance was determined by a Student’s {-
test comparing the mean values between groups (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, n.s. not
significant).

https://dol.org/10.1371/journal ppat, 1006567.g001

cleaved by BoNT/C ¢-51 and BoNT/C u-3W did not increase significantly from 12 to 24 hours
(Fig 1A and 83 Fig middle and bottom panels).

To further characterize the enzymatic properties of the mutated toxins, we assayed the pro-
teolytic activity of their LCs in vitro against recombinant SNAP-25 and syntaxinlA. When
applied at equal concentrations, LC/C-wt, LC/C @-51 and LC/C o-3W cleaved syntaxin to a
similar extent (Fig 1B, upper panel), suggesting an overall similar enzymatic efficiency. On the
other hand, the activity of LC/C o-51 and LC/C u-3W against SNAP-25 (bottom panel) was
much lower (30-fold and 10-fold, respectively) than that of LC/C wt.

Collectively, these experiments demonstrate that mutant BoN'T/C toxins are not specific for
syntaxin-1A/1B, but maintain a residual activity against SNAP-25 which is higher for BoNT/C
¢-3W compared to BoNT/C «-51.

BoNT/C mutants have different neurodegenerative effects on neurons

To provide additional evidence on the proteolytic activity of BoNT/C mutants on SNAP-25,
we used an antibody that recognizes SNAP-25 segment 185-197, which corresponds to the
newly formed C-terminus generated upon cleavage by BoNT/A. This antibody recognizes
BoNT/A-cleaved, and not intact, SNAP-25 both in vitro and in vivo (54 Fig) [27, 37, 38]. Since
BoNT/C cleaves SNAP-25 one amino acid downstream of the BoNT/A cleavage site [13, 31],
we asked whether this antiserum would also recognize BoNT/C-cleaved SNAP-25. The anti-
body recognized SNAP-25 cleaved by BoNT/C-wt as it caused an accumulation of staining like
that generated by BoNT/Al (54 Fig). Similar results were obtained upon treatment of CGNs
with BoNT/C mutants (12 hours, 5 nM) (Fig 2). In agreement with the western blot analysis,
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stained with an antibody against cleaved SNAP-25 (SNAP-25,, in red) and neurofilament-200 (NF200, in
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neurons treated with BoNT/C u-3W displayed a more prominent staining compared to those
neurons treated with BoNT/C w-51, yet less intense than that arising from BoNT/C-wt treat-
ment (12 hours, 0.5 nM). Moreover, prolonging the incubation time did not significantly
increase the amount of cleaved SNAP-25 (55 Fig).

BoNT/C is long known to cause neurodegeneration in neuronal cultures [39-41], and this
effect can be monitored by staining neurofilament-200 (NF200), a major component of axon
cytoskeleton. After 12 hours of incubation, BoNT/C-wt caused a substantial loss of NF200 and
the formation of varicosities, also filled with cleaved SNAP-25, all along the neurites (Fig 2).
BoNT/C ©-51 induced a very similar phenotype and caused an evident degeneration of neu-
rons. Intriguingly, neurons treated with BoNT/C @-3W neither displayed significant signs of
degeneration nor loss of NF200. This was even more clear after 24 hours of intoxication when
the detrimental effects of BoONT/C-wt and BoNT/C w-51 completely degenerated neurons (55
Fig).

Together with the western blotting analyses, these results suggest that the three BoNT/C
variants have different neurodegenerative activity on CGNs and that this effect may not
depend on the proteolysis of SNAP-25 and syntaxin-1A/1B.

BoNT/C mutants are less toxic than wild type BoNT/C

Since the three toxins tested here have a similar activity against syntaxin-1A/1B and vary only
for the extent of SNAP-25 cleavage, we evaluated the contribution of SNAP-25 cleavage to
BoNT/C neuroparalysis. We first assessed the potency of the three toxins using the mouse
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phrenic nerve hemidiaphragm (MPN) assay. This ex vivo assay mimics the respiratory failure
of botulism by intoxicating an explanted hemidiaphragm and allows for the recording of mus-
cle contraction capacity elicited by phrenic nerve stimulation [35, 42-45]. The addition of
BoNTs to the organ bath impairs nerve-muscle transmission and causes progressive muscle
neuroparalysis. The time needed to halve the initial twitch amplitude at a given concentration
(T5p) is proportional to toxin potency [43] and can be used to provide very accurate compari-
sons of the activity of different BoNT preparations, including mutant toxins [35, 46]. The
black trace of Fig 3A shows the T, values obtained for different bath concentrations of a stan-
dard BoNT/C, and provides a dose-response calibration curve (y = 148.95x "***%; R* = 0.9806)
[45] which was used to compare the BoNT/C-wt and the two mutant toxins, BoNT/C-wt (100
pM; black diamond) displayed a potency similar to standard BoNT/C (Fig 3A), whereas to
achieve a Ts; value within the calibration curve, BONT/C w-3W (empty square) and BoNT/C
v-51 (filled square) were used at much larger concentrations (300 pM and 3000 pM, respec-
tively). Their potency was calculated as 12.1% and 3.4% of the BoNT/C-wt, respectively (Fig
3B). Hemidiaphragms were then stained for cleaved SNAP-25 (Fig 3C). Cleaved SNAP-25 was
detected in all muscles analyzed, suggesting that mutant toxins cleave SNAP-25 also at the
NM]J. At the same time, we detected minute levels in hemidiaphragms treated with a concen-
tration of BONT/C a-51 (300 pM) which caused a very slow decline in muscle strength com-
pared to the higher concentration. These experiments suggest a strict correlation between the
potency of BoN'T/C variants and their capacity to cleave SNAP-25.

We next assessed the potency of wild type and mutant BoNT/C toxins in vivo using the
mouse bicassay [47], in which mice are injected intraperitoneally with different amounts of
BoNTSs and the dose causing death in the 50% of animals (i.e. 1 LDsg) is used as a parameter
to estimate toxin lethality. BONT/C-wt resulted in a LDsj = 0.75 ng/kg, whereas BoNT/C a-
3W and BoNT/C @-51 displaved LDs, = 150 ng/kg and LDs, = 750 ng/kg, respectively (Fig
4A and Table 1). Similarly to BONT/C-wt, both mutants induced the classical symptoms of
botulism, i.e. the progressive collapse of flank musculature, ruffled fur, eye dryness, and
labored breath until respiratory failure. Relative to BoNT/C-wt lethality (Fig 4B, top panel),
botulism onset due to BoNT/C w«-3W was very rapid as mice died very quickly (Fig 4B, mid-
dle panel). Conversely, BONT/C ¢-51 induced botulism with a slower progression, with
lethality occurring significantly later (Fig 4B, bottom panel). Taken together, these observa-
tions suggest that the lethality/potency of the three toxins are linked to their capacity to
cleave SNAP-25.

Duration of neuroparalysis does not correlate with potency of mutant
BoNT/C toxins

A fundamental feature of BONT/C is the long lasting paralysis induced following local injec-
tion in sub-lethal amounts. Among the toxins tested to date, BONT/A1 and BoNT/C have the
longest persistence both in human and in mice [26, 48]. Accordingly, we tested the duration of
paralysis by mutant toxins upen injection in the hind limb with the Digit Abduction Score
(DAS) [49]. In this assay, animals are scored from 0 to 4, where 0 corresponds to normal
mobility and 4 to complete block of digit abduction. One LDsy of BoNT/C-wt induced a severe
paralysis within the first few days after administration, which was then progressively recovered
(Fig 5A). Surprisingly, one LDs; of BoNT/C ¢-3W induced a very quick onset followed by a
complete recovery within 48 hours. Even more surprisingly, one LD of BoNT/C o-51 had a
very long persistence, also exceeding that of BoNT/C-wt. Interestingly, we detected an acute
phase (days 1-5) of severe paralysis followed by a longer period of time characterized by a pro-
gressive, yet slow, recovery of function.
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Fig 3. BoNT/C mutants display noticeable lower potency than wild type BoNT/C. (A) Activity of BoNT/C
variants at the MPN hemidiaphragm assay. The black trace represents a dose-response calibration curve
reporting the Ts, value obtained at indicated bath concentration of a reference wild type BoNT/C [45].
Recombinant BoNT/C-wt (black diamond), tested at 100 pM displays a Ts, comparable to the previous BoNT/
C-wt used at the same concentration. BoNT/C a-3W (white square) and BoNT/C a-51 (black square) need
much higher concentrations to achieve a Tgy within the calibration curve. Error bars represent SD of n = 3—4
technical replicates. (B) Calculation of potency of BoNT/C mutants employing a power function fitted to the
dose-response calibration curve in A. (C) Immunofluorescent analysis of hemidiaphragms derived from MPN
assays. Hemidiaphragms treated with the indicated toxin and concentration were fixed immediately upon
completion of paralysis and stained for cleaved SNAP-25 (SNAP-25_, red). NMJs were spotted with a-
Bungarotoxin (a-BTX, in green). Images shown are representative of at least three independent experiments.
Scale bar, 10 pm.

hittps://doi.org/10.1371/joumnal ppat. 1006567.0003

To obtain a more quantitative time course of the paralyses, we measured the “evoked junc-
tion potential” (EJP). This electrophysiological analysis allows an accurate estimation of neuro-
transmitter release at the NMJ and can be used to monitor neurotransmission recovery in a
quantitative way [27]. Muscles treated with BoNT/C o-3W were fully paralyzed 24 hours after
injection, yet recovery was fast and nerve-muscle transmission reached control levels within
two weeks (Fig 5B). Unlike BoNT/C a-3W, BoNT/C-wt and BoNT/C @-51 completely abro-
gated neurotransmission for at least one week and recovery was slow, being incomplete even
after 5 weeks.

Altogether, these experiments indicate that the duration of the neuroparalytic effects of
BoNT/C mutants does not correlate with their respective potency.

Cleavage of SNAP-25 or syntaxin-1B have different functional
consequences on neuromuscular transmission

We hypothesized that lack of correlation between duration of paralysis and the relative
potency of BONT/C variants was due to different cleavage of SNAP-25 and syntaxin. To test
this hypothesis, we stained soleus muscles of mice treated with wild type and mutant BoNT/C
toxins for cleaved SNAP-25. BoONT/C-wt induced long-lasting SNAP-25 cleavage, which was
reduced only at a later stage, when neurotransmission has significantly recovered (Fig 6A).
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Fig 4. BoNT/C mutants are poorly lethal in vivo. (A) Mouse bicassay for BoNT/C variants. CD1 female
mice weighting 20-24 grams were injected intraperitoneally with the indicated doses of BaNT/C-wt (cyan) or
BoNT/C a-51 (green) or BoNT/C a-3W (red). Survival after 96 hours is reported as the percentage of mice
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BoNT/C-wt, middle panel is for BoNT/C a-3W and bottom panel is for BoNT/C a-51.
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Two weeks after toxin treatment, we also observed NM] fragmentation, extensive nerve termi-
nal sprouting, and synaptic remodeling, as previously reported [50]. Interestingly, cleaved
SNAP-25 was detected all along sprout membranes and within the presynaptic side of newly
formed nerve-muscle contacts, Following BoNT/C w-3W treatment, cleaved SNAP-25 was
clearly detectable 24 hours after injection, when neurotransmission is completely blocked, but
disappeared within four days, indicating that SNAP-25 1-198 has a half-life of <4 days (Fig
7A). NMJs displayed neither signs of postsynaptic remodeling nor nerve sprouting. These
results suggest that SNAP-25 cleavage is associated with a nerve terminal blockage and that
muscle paralysis persists as long as SNAP-25 is cleaved. On the other hand, Fig 8A shows that
in muscles treated with BoNT/C ©-51, cleaved SNAP-25 is evident only at 24 hours after

Table 1. Summary of the lethality of the different BoNT/C variants used in this study.

|LDsg | Lethal amount* ' Relative lethality

BoNT/C-wt . 075ngkg 0.015 ng _ 1
BONT/Co-3W | 150ngkg | 3ng 1/200
BONT/C a-51 750ngkg | 15ng 1/1000

A comparison of the lethal doses and the lethal amounts of BoNT/C-wt, BoNT/C a-3W and BoNT/C a-51, as
estimated from the mouse bioassay. The relative lethality of BoNT/C a-3W and BoNT/C a-51 with respect to
BoNT/C-wt is also shown.

(*) The lethal amount is calculated considering a mouse of 20 grams.

https://doi.org/10.1371/journal ppat. 1006567.t001
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Fig 5. Time course of neuroparalysis recovery upon a local injection of BoNT/C variants in the mouse
hind limb. (A) Digit Abduction Score (DAS) assay. 1 LDz, of BONT/C-wt (cyan), or BoNT/C a-51 {green) or
BoNT/C a-3W (red) were injected intramuscularly in the mice hind limb and neuroparalysis was evaluated
according to [49]. The rescue from paralysis was monitored daily until complete recovery was attained. Traces
are representative of three independent experiments with at least 5 mice per condition. Error bars represent
SEM (B) Analysis of evoked post synaptic junction potentials (EJP) on injected soleus muscles. Mice were
treated as in A and at indicated time points soleus muscles were collected and processed for recordings of
EJPs, as previously reported [27]. Data are presented as a percentage of EJPs of control muscles. Each point
represents an average EJP amplitude obtained from at least 45 muscle fibers from three different mice per
condition. Statistical significance at each time point was determined by a Student's t-test comparing the mean
values between either BoNT/C a-51 (green) or BoNT/C a-3W (red) compared to BoNT/C-wt (cyan) (* p<0.05,
**p<0.01, *** p<0.001, **** p<0.0001, n.s. not significant). Error bars represent SEM.

https://doi.org/10.1371/journal ppat. 1006567 g005

injection and barely detectable at one and two weeks after. This indicates that SNAP-25 prote-
olysis occurs only at the very beginning of the time course and, consequently, the long lasting
neurotransmission impairment induced by BoNT/C ¢-51 cannot be ascribed to SNAP-25
cleavage. Therefore, we stained injected muscles for syntaxin-1A/1B. Control NMJs displayed
an intense and widespread staining characterized by large puncta of syntaxin-1B, the isoform
prevalently expressed at the NM]J [51] (Figs 6B, 7B and 8B). BoNT/C and mutant toxins caused
a large, though incomplete, loss of signal and the complete disappearance of syntaxin-1B clus-
ters. This effect, which we interpreted as syntaxin-1B cleavage, was prolonged for BoNT/C-wt
and it was not recovered even five weeks after injection (Fig 6B). In the case of BoNT/C «-3W,
loss of syntaxin-1B was obvious only 24 hours after toxin injection with return to control levels
between 7 to 14 days, indicating re-synthesis of syntaxin within 4 days and absence of LC/C -
3W activity (Fig 7B). BONT/C 0-51 caused a loss of syntaxin-1B similar to BoNT/C-wt and
even 35 days post-injection there were no signs of recovery (Fig 8B). Importantly, nerve termi-
nals underwent remodeling with a time course and an intensity comparable to the BoNT/C-
wt-treated muscles, indicating a long-term impairment of NMJs. Considering that syntaxin re-
synthesis is rapid (Fig 7B), these results suggest that the long lasting effect of BONT/C u-51 is
due to a persistent cleavage of syntaxin-1B and that LC/C o-3W activity has a very short half-
life in vivo. Moreover, it is interesting to note that syntaxin proteolysis by LC/C o-51 also
occurs in a phase in which SNAP-25 is not cleaved anymore (Fig 88) which might be ascribed
to the >10-fold higher ECs, for SNAP-25 (ECs¢g1, 0.5 1M v8 ECsgsnap.25 =5 nM).

Altogether, electrophysiological measurements and nerve terminal analyses indicate that
the cleavage of SNAP-25 is necessary for a complete neuromuscular block and muscle paraly-
sis, while the proteolysis of syntaxin-1B induces a significant, though incomplete, impairment
of neurotransmission.
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Fig 6. Imaging of cleaved SNAP-25 and syntaxin-1 in muscles treated with BoNT/C-wt. Soleus muscles
of mice treated with BoNT/C-wt and used for the analysis of EJPs of Fig 5B were fixed immediately after the
electrophysiological recordings and stained for (A) cleaved SNAP-25 (SNAP-25.) or (B) Syntaxin-1A/1B (Stx-
1AM B), both shown in red. NMJs were spotted with a-Bungarotoxin (a-BTX, in green). The first row of panels
represents the staining of a control muscle. Scale bar, 10 pm.

https.//doi.org/10.1371/journal ppat, 1006567.0006

A low dose of BoNT/C a-51 accounts for a prolonged modulation of
neurotransmission at the neuromuscular junction

Since the previous experiments showed that SNAP-25 cleavage occurs only with large amounts
of mutant toxins, we reasoned that a low dose might induce exclusive proteolysis of syntaxin-
1B. In this way, motor nerve activity should be attenuated without complete abrogation of neu-
rotransmission. To test this hypothesis, we opted to use BoNT/C «-51 because of its low activ-
ity against SNAP-25 and its long half-life. Toxin was injected in the hind-limb at a dose of 10
ng/kg, which corresponds to about 1/75 of its LD+, and 13-fold LD+, of BoNT/C-wt. Interest-
ingly, this “low dose” of BoNT/C u-51 did not result in a visible neuroparalysis (i.e., DAS score
0). Rather BoNT/C 0-51 caused a substantial decrease of EJP amplitude in injected muscles,
which lasted for almost one month before returning to control levels (Fig 9A). Importantly, no
cleavage of SNAP-25 was detected during the entire time course (Fig 9B), while a significant
loss of syntaxin-1B staining occurred, especially within the first two weeks after injection (I'ig
9C). Thereafter, syntaxin-1B expression recovered together with neurotransmission, suggest-
ing that nerve terminal activity (E]P amplitude) is proportional to the amount of syntaxin-1B.
In addition, we found a reduced atrophy of muscles injected with the low dose of BONT/C w-
51 relative to muscles injected with either 1 LDs, of BoNT/C @-51 or 1 LD, of BoNT/C-wt.
These results indicate that BONT/C «-51 can persistently modulate nerve terminal activity
without compromising the overall activity of muscles.
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Fig 7. Imaging of cleaved SNAP-25 and syntaxin-1 in muscles treated with BoNT/C a-3W. Soleus
muscles of mice treated with BoNT/C a-3W and used for the analysis of EJPs of Fig 5B were fixed
immediately after the electrophysiological recordings and stained for (A) cleaved SNAP-25 (SNAP-25.) or (B)
Syntaxin-1A/1B (Stx-1A/1B), both shown in red. NMJs were spotted with a-Bungarotoxin {(a-BTX, in green).
The first row of panels represents the staining of a control muscle. Scale bar, 10 um.
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Discussion

Among the many botulinum neurotoxins characterized so far, BoNT/C is unique in that it
cleaves two neuronal SNARE proteins, i.e. SNAP-25 and syntaxins. Although this parallel
activity was demonstrated over 20 years ago in cultured neurons [24], it has never been
reported at the NM]Js nor was it clear which proteolytic event by BoNT/C causes neuroparaly-
sis. Our results show that BoNT/C cleaves both substrates at the NMJ, and that the key deter-
minant of potency and lethality is the proteolysis of SNAP-25 rather than syntaxin. We also
report that the cleavage of syntaxin-1B (syntaxin-1A is not expressed at the NMJ [51]) does
not cause complete block of the NMJ, although it accounts for a substantial impairment of
neurotransmission efficiency. Such a result is surprising considering the current view of the
SNARE-mediated mechanism of neuroexocytosis [52], but it is supported by previous reports
showing that: i) BONT/C paralysis at NM] can be reversed by 3,4-diaminopyridine [50], con-
sistent with a neuroparalytic effect lying on SNAP-25 cleavage rather than syntaxin, like for
BoNT/A1 [53]; ii) Syntaxin-1B knock out mice have a very limited life span, yet they survive
for a couple of weeks after birth, implying that neuromuscular transmission is viable [54, 55];
iii) Syntaxin-1B deficiency reduces but does not abolish NM] capacity of neurotransmitter
release [55]. A likely explanation is the compensation of syntaxin-1B knock out/proteolysis at
the NM] by other syntaxin isoforms. In knock out mice a minor expression of syntaxin-1A
was reported, which might occur as a compensatory mechanism [55]. In the present study, this
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Fig 8. Imaging of cleaved SNAP-25 and syntaxin-1 in muscles treated with BoNT/C a-51. Soleus
muscles of mice treated with BoNT/C a-51 and used for the analysis of EJPs of Fig 5B were fixed immediately
after the electrophysiological recordings and stained for (A) cleaved SNAP-25 (SNAP-25,) or (B) Syntaxin-
1AM B (Stx-1A/1B), both shown in red. NMJ were spotted with a-Bungarotoxin (a-BTX, in green). The first row
of panels represents the staining of a control muscle. Scale bar, 10 pm.
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https://doi.org/10.1371/journal. ppat. 1006567.g008

possibility has to be discarded as syntaxin-1A would also be substrate of the toxins. On the
other hand, many non-cleavable syntaxins exist [5], raising the possibility that a cognate iso-
form compensates for syntaxin-1 biochemical knock down, leading to a largely inefficient, yet
functional neurotransmitter release.

As a general conclusion, syntaxin-1B proteolysis does not seem to be critical for the acute
neuroparalytic action of BoNT/C, which instead relies on SNAP-25 cleavage. Nonetheless, syn-
taxin cleavage may contribute to delaying the recovery process. In fact, fusion of synaptic vesi-
cles with the plasma membrane depends on the incorporation of multiple SNARE complexes
into SNARE super-complexes [56]. Since cleavage by BoNT/C occurs at the very C-terminus
and frees syntaxin from its transmembrane domain [5, 13, 14], it may be speculated that the
SNARE motif of cleaved-syntaxins are incorporated within SNARE super-complexes, and neg-
atively modulate vesicle fusion. This effect may be added to the long known effect of BoNT/C
(and BoNT/A) cleaved-SNAP-25 in modulating neuroexocytosis [5, 56].

We were surprised to find that BoNT/C mutants exert different neurodegenerative effects
in cultured neurons. This effect was previously attributed to cleavage of SNAP-25 and syn-
taxin-1A/1B, and to the complete elimination of one of them [40, 41]. However, we found that
in vitro neurodegeneration triggered by BoNT/C-wt and BoNT/C ©-51 occurs even if a small
portion of syntaxin-1A/1B is resistant to cleavage. Moreover, BoNT/C o-3W is not cytotoxic
even if it displays proteolytic activity against SNAP-25 and syntaxin-1A/1B to an extent equal,

PLOS Pathogens | https://doi.org/10.1371/journal ppat. 1006567 August 11, 2017 12422
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Fig 9. Time course of neurotransmission recovery in soleus muscles upon a local injection of a low
dose of BoNT/C a-51. (A) The black trace shows the analysis of evoked post synaptic junction potentials
(EJP) on soleus muscles injected intramuscularly with 10 ng/kg of BoNT/C a-51. Atindicated time points
soleus muscles were collected and processed for the electrophysiological recordings of EJPs, as previously
reported [27]. Dala are presented as a percentage of EJPs of control muscles. Each point represents an
average EJP amplitude obtained from at least 45 muscle fibers from three different mice per condition, Error
bars represent SEM. As a comparison, dotted trace shows the time course of EJP recovery obtained with 1
LDso of BoNT/C o-51. Statistical significance at each time point was determined by a Student’s t-test
comparing the mean values (**** p<0.0001, n.s. not significant). Error bars represent SEM. (B and C)
Soleus muscles coming from the EJP analyses were fixed and stained for (B) cleaved SNAP-25 (SNAP-25.)
or (C) Syntaxin-1A/1B (Stx-1A/1B), both shown in red. NMJ were spotted with a-Bungarotoxin (a-BTX, in
green). The first row of panels represents the staining of a control muscle.
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https://doi.org/10.1371/journal ppat. 1006567.g009

if not superior, to BONT/C a-51. These results indicate that SNARE cleavage may be not
directly implicated in BoNT/C-mediated neurodegeneration, at least in CGNs. An intriguing
alternative explanation may be the proteolysis of an additional substrate, still recognized by
BoNT/C-wt and BoNT/C v-51, but not by BONT/C «-3W.
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BoNT/C neurodegeneration does not occur at the NM]J in vivo in mice [50] and humans
[48, 57, 58]. A plausible explanation as to why neurodegeneration occurs only in cell culture
may be found in the different mode of entry of BoNT/C at the NMJ and in cultured neurons.
In vivo, like the other BoNTs, BONT/C entry is restricted to unmyelinated areas of the nerve
terminals as axons are covered and protected by a tight nerve-blood-barrier. Neurons in cul-
ture are instead not myelinated and fully exposed to the action of all toxins residing in the cul-
ture medium. Accordingly, BoNT/C may affect neuronal compartments that are not accessible
in vive. In any case, we show here that poisoned nerve terminals do not degenerate at any time
after toxin injection, a relevant finding considering that very high amounts of BoNT/C @-51
had been locally injected (1 LDs;, > 15 ng/mouse). Rather, poisoned nerve terminals activate
and set in motion a profound remodeling of the NM]J as an attempt to bypass the functional
block of the synapse, similarly to what is observed upon BoNT/A1 and BoNT/BI intoxication
[25, 27, 50, 59]. Therefore, our results suggest that the use of BoNT/C in humans would be
safe, and that BoNT/C «-51 may be a suitable candidate for this purpose. In fact, used at a dose
comparable to BoNT/C-wt, this toxin provides a persistent modulation of nerve terminal
activity without causing the complete paralysis of the muscle, a relevant finding for therapeutic
and cosmetic applications, BoNT/C v-51 would likely be ideal for applications characterized
by a narrow therapeutic window, when an optimal modulation of nerve terminal hyperactivity
is usually difficult to achieve without causing significant muscle weakening, as in focal dystonia
[5, 60]. Moreover, considering the low systemic toxicity in mice, this toxin may be suitable in
clinical conditions requiring considerable amounts of BoNT, like the treatment of large mus-
cles in post-stroke spasticity [5, 61, 62]. As for other BoNTs [29, 57, 58, 63], electrophysiologi-
cal testing on human volunteers can be used to assess the time course of action and the
susceptibility of human muscles to BoNT/C a-51 (or syntaxin-specific BONTS). These prelimi-
nary analyses would reveal a dose-response window and may be essential in evaluating the
therapeutic potential of the toxin as well as its safety margin and immunogenicity [5].

In conclusion, this work highlights that minimal changes can functionally impact BoNT
biological activity, and suggests that inspection of structure-activity relationships may be used
to generate tailor-made toxins with ad hoc pharmacological properties to improve the present
applications and expand the clinical landscape of BoONT pharmacotherapy [41, 46, 64, 65].

Materials and methods

Reagents

Native BoONT/C and BoNT/A1 were purified as previously described [66, 67]. Cytosine B-D-
arabinofuranoside hydrochloride (C6645), DN Ase I from bovine pancreas (DN25), poly-L-
lysine hydrobromide (P1274) and trypsin (T4799) were from Sigma Aldrich. p-Conotoxin
GIIIB is from Alomone, Jerusalem, Israel. Primary antibodies: anti-SNAP-25 (SMIS8L,
ab24737) was from Abcam. Anti-SNAP-25 (cleaved) and syntaxin-1A/1B polyclonal antibod-
ies were produced in our laboratory and previously characterized [37, 68]. Secondary antibod-
ies conjugated to HRP were from Calbiochem; secondary antibodies for immunofluorescence
conjugated to Alexa Fluorophores 488 or 555 and ¢-Bungarotoxin conjugated to Alexa 647
were from Thermo Scientific, Waltham, MA, USA.

Production of recombinant BoNT/C and SNARE substrates

Full-length BoNT/C (GenBank: X53751.1) and BoNT/C LC (aa 1-430) as well as the mutants
thereof were produced, the former under biosafety level 2 containment (project number GAA
A/Z 40654/3/57), in E. coli strain M15pREP4 (Qiagen, Hilden, Germany) during 15 h of induc-
tion at 21°C and purified on StrepTactin-sepharose matrix (IBA GmbH, Géttingen, Germany)
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and Ni** -nitrilotriacetic acid-agarose matrix (Qiagen), respectively, according to the manufac-
turers’ instructions. Aliquots of BONT/C derivatives (in 100 mM Tris, pH 8.0) and of BoNT/C
LC derivatives (dialyzed against toxin assay buffer (150 mM potassium glutamate, 10 mM
HEPES-KOH, pH 7.2), were frozen in liquid nitrogen, and kept at -70°C.

Recombinant substrate proteins, rat SNAP-25His6 [69] and a syntaxin fusion protein com-
prising an N-terminal His6-tag followed by the Halo-tag, rat syntaxin 1A aa 183-259, lucifer-
ase, and a C-terminal Strep-tag, were produced using the E. coli strains M15 pREP4 and
BL21-DE3 (Stratagene Europe, Ebsdorfergrund, Germany), respectively, purified via His6- or
His6- and Strep-tag, dialyzed against toxin assay buffer or PBS, pH 7.4, supplemented with 7%
(w/v) sucrose, and finally frozen in liquid nitrogen.

Radiolabeled substrates were generated by in vifro transcription/translation using the plas-
mids pSNAP-25hisé and pET29-HASyn(183-259)LS, the SP6/T7 coupled TNT reticulocyte
lysate system (Promega), and [**S]methionine (370 KBq/uL, >37 TBg/mmol, Hartmann Ana-
Iytic, Braunschweig, Germany) according to the manufacturer 's instructions.

Concentrations of E. coli expressed proteins were determined subsequent to SDS-PAGE
and Coomassie blue staining by using a LAS-3000 imaging system (Fuji Photo Film), the
AIDA 3.51 program, and various known concentrations of BSA. The extent of hydrolytic acti-
vation of full-length BoNT/C by E. coli proteases was 81% (wild type), 73% (u-51), and 79%
(u-3W).

In vitro proteolytic activity

Cleavage assays were conducted using 10 pM SNAP-25 or 1 pM syntaxin fusion protein,
respectively, each 1 pl of transcription/translation mixture of the respective substrate as [**S]-
methionine-labeled protein, and purified LC/C derivative at 1 to 3 pM final concentrations in
10 pL. Incubation was done for 60 min at 37°C in toxin assay buffer. Reactions were stopped
by the addition of an equal volume of double-concentrated sample buffer (120 mM Tris-HCI,
pH 6.75, 10% (v/v) f-mercaptoethanol, 4% (w/v) SDS, 20% (w/v) glycerol, 0.014% (w/v) brom-
phenol blue) and then subjected to SDS-PAGE using 10% or 15% tris/glycine gels (the latter
using acrylamide/bis-acrylamide in 73.5:1 ratio). Subsequently, gels were dried and radiola-
beled proteins were visualized employing a FLA-9000 phosphorimager (Fuji Photo Film, Co.,
Ltd., Tokyo, Japan). Quantification of cleavage was done by means of the radiolabeled sub-
strates by phosphorimaging using the Multigauge 3.2 software (Fuji Photo Film).

Neuronal cultures and intoxication assay

Primary cultures of rat cerebellar granule neurons (CGNs) were prepared from 6- to 8-day-old
rats as previously described [26]. Briefly, cerebella were isolated, mechanically disrupted and
trypsinized in the presence of DNase I. Cells were then collected and plated into 24 well plates
pre-coated with poly-L-lysine (50 ug/ml) at a cell density of 4x10” cells per well. Cultures were
maintained at 37°C, 5% CO;, 95% humidity in BME (Basal Medium Eagle) supplemented
with 10% fetal bovine serum, 25 mM KCl, 2 mM glutamine and 50 pg/ml gentamicin (hereaf-
ter indicated as complete culture medium). To arrest growth of non-neuronal cells, cytosine
arabinoside (10 uM) was added to the complete culture medium 18-24 h after plating.

CGNs at 6-8 days in vitro (DIV) were incubated with increasing concentrations (from 0.01
nM to 5 nM) of the indicated BoNT/C in complete culture medium for 12 or 24 hours at 37°C.
The specific proteolytic activity against SNAP-25 and syntaxin-1A/1B was evaluated via immu-
noblotting with antibodies that recognize both the intact and the truncated form of the two
proteins.
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Immunoblotting

Cells were directly lysed with Laemmli sample buffer containing protease inhibitors (Roche).
Cell lysates were loaded onto NuPage 12% Bis-Tris gels (Life technologies) and separated by
electrophoresis in MOPS buffer (Life technologies). Proteins were transferred onto Protran
nitrocellulose membranes (Whatman) and saturated for 1 h in PBS-T (PBS, 0.1% Tween 20)
supplemented with 5% non-fatty milk. Incubation with primary antibodies was performed
overnight at 4°C. The membranes were then washed three times with PBS-T and incubated
with appropriate secondary antibodies for 1 h. Membranes were washed three times with PBS
and proteins revealed either with an Odyssey imaging system (LI-COR Bioscience) or with an
Uvitec gel doc system (Uvitec Cambridge).

Immunocytochemistry

CGNs were seeded onto 13 mm round glasses in 24-well plates at a cell density of 4x10° cells
per well. CGNs at 6-8 DIV were incubated for the indicated time and concentration of toxin
in complete culture medium at 37°C. After treatment, neurons were fixed for 10 min with 4%
(w/v) paraformaldehyde in PBS and stained with an antibody against cleaved SNAP-25 and an
antibody against neurofilament-200 (NF200). Coverslips were mounted using Fluorescent
Mounting Medium (Dako) and examined with a Leica SP5 confocal microscope (Leica Micro-
systems, Wetzlar, Germany) equipped with 100X HCX PL APO NA 1.4 objective.

Mouse phrenic nerve (MPN) hemidiaphragm assay

The MPN assay was performed as described previously [43, 45]. To limit the consumption of
mice, the left and right phrenic nerve hemidiaphragms were excised from female mice of strain
RjHan:NMRI (18-25 g, Janvier, St Berthevin Cedex, France) and placed in an organ bath con-
taining 4 ml of Earle’s Balanced Salt Solution. The pH was adjusted to 7.4, and oxygen satura-
tion was achieved by gassing with 95% O, and 5% CO,. The phrenic nerve was continuously
electro-stimulated at a frequency of 1 Hz with a pulse duration of 0.1 ms and a current of 25
mA to achieve maximal contraction amplitudes. [sometric contractions were recorded with a
force transducer (Scaime, Annemasse, France) and the software VitroDat (Féhr Medical
Instruments GmbH (FMI), Seeheim, Germany). The resting tension of the hemidiaphragm
was approximately 10 mN. In each experiment, the preparation was first allowed to equilibrate
for 15 min under control conditions. Then, the buffer was exchanged to 4 ml of Earle’s Bal-
anced Salt Solution supplemented with 0.1% BSA and varying BoN'T/C dilutions. The previ-
ously reported calibration curve determined for recombinant, E. coli host activated BoNT/C (y
(BoNT/C; 15, 50, 70, 100 and 233 pM) = 148.95x **%*; R* = 0.9806) was used to calculate the
residual potency of BoNT/C mutants. The resulting paralytic half-times of BoNT/C mutants
were converted to the corresponding concentrations of wild type BoNT/C, using the equation
mentioned above. The toxicities were finally expressed relative to wild type BoNT/C.

Lethality assay

Swiss-Webster adult female CD1 mice (20-24 grams) were housed under controlled light/dark
conditions, and food and water were provided ad libitum. All experiments were performed in
accordance with the European Community Council Directive n° 2010/63/UE and approved
by the Italian Ministry of Health, LDs, were determined by injecting different doses of BaNT/
C-wt or BONT/C v-3W or BoNT/C u-51 diluted in 0,9% NaCl 0.2% gelatin. Toxins were pre-
pared at a given concentration and mice were injected intraperitoneally with different volumes
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according to their body weight in order to reach the indicated doses. Mice were monitored
every 4 hours for 96 hours, when the experiment was considered to be concluded.

Digit abduction score (DAS) assay

Swiss-Webster adult female CD1 mice weighing 20-24 g were injected in the left hind limb
with 1xLDs5 of BONT/C-wt (0.75ng/kg) or BONT/C o-3W (150 ng/kg) or BoNT/C w-51 (750
ng/kg) diluted in 0.9% NaCl with 0.2% gelatin. Neuroparalysis was assessed daily according to
the Digit Abduction Score (DAS) assay scale, as previously reported [49].

Electrophysiological recordings of evoked junction potential

Mice were injected in the left hind limb as described for the DAS assay with indicated doses.
At scheduled times, mice were sacrificed by anesthetic overdose coupled to cervical dislocation
and the soleus muscle dissected. Electrophysiclogical recordings were performed in oxygen-
ated Krebs-Ringer solution, using intracellular glass microelectrodes (WPI) filled with 1 M
KCl and 2 M CH;COOK. Evoked junction potentials (EJP) were recorded in current-clamp
mode, starting from resting membrane potential of -70 mV, adjusted with direct current injec-
tion if needed. EJPs were elicited by supramaximal nerve stimulation at 0.5 Hz, using a suction
microelectrode connected to a S88 stimulator (Grass, Warwick, RI, USA). Muscle contraction
was prevented by 1 uM p-Conotoxin GIIIB (Alomone, Jerusalem, Israel). Signals were ampli-
fied with intracellular bridge mode amplifier (BA-01X; NPI, Tamm, Germany), sampled using
a digital interface (NI PCI-6221; National Instruments, Austin, TX, USA) and recorded by
means of electrophysiological software (WinEDR; Strathclyde University, Glasgow, Scotland,
UK). E]Ps measurements were carried out with Clampfit software (Molecular Devices, Sunny-
vale, CA, USA). E]Ps represent the average value obtained analyzing at least three muscles (15
fibers/muscle) for each condition at each time-point and reported as a percentage with respect
to control muscles.

Imaging of neuromuscular junctions

Immediately after electrophysiological recording, soleus muscles were fixed in 4% paraformal-
dehyde in PBS for 10 min at RT. Each muscle was then separated in bundles of about 20-40
fibers to facilitate the following steps, in particular antibody penetration. In the case of
explanted and intoxicated hemidiaphragms, upon completion of paralysis, muscles were fixed
for 30 minutes. Samples were quenched in 50 mM NH,Cl in PBS and treated for 2 h with a
blocking solution (15% v/v goat serum, 2% w/v BSA, 0.25% w/v gelatin, 0.2% w/v glycine in
PBS, 0.5% Triton X-100) to saturate and permeabilize nerve terminals. Thereafter, incubation
with the following primary antibodies was carried out for at least 48 h in blocking solution
with either anti-cleaved SNAP-25 or anti-Syntaxin-1A/1B. Muscles were then extensively
washed and incubated with a secondary antibody conjugated with Alexa-555 diluted in block-
ing solution supplemented with u-Bungarotoxin conjugated to Alexa 647 to counterstain post-
synaptic nicotinic acetylcholine receptors. Images were collected with a Leica SP5 confocal
microscope (Leica Microsystems, Wetzlar, Germany) equipped with 100X HCX PL APO NA
1.4 objective. Laser excitation line, power intensity, and emission range were chosen according
to each fluorophore in different samples to minimize bleed-through.

Ethics statements

All experiments were performed in accordance with the Italian laws and policies (D.L. n"26
14™ March 2014) and with the guidelines established by the European Community Council
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Directive n” 2010/63/UE and approved by the veterinary services of the University of Padova
(O.P.B.A.—Organismo Preposto al Benessere degli Animali) (protocol 359/2015).

Supporting information

$1 Fig. Mutations conferring to BoNT/C specificity for syntaxins. Space-filling representa-
tion of BoNT/C LC (PDB entry 2QNO0) with highlighted triple mutations for syntaxin selectiv-
ity [32]: SSIT/R52N/N53P (BoNT/C w-51) in green and L200W/M221W/I1226W (BoNT/C
0078-3W) in red. Blue spot shows the metalloprotease active site.

(TIF)

S$2 Fig. SDS-PAGE analysis of the different BoONT/C toxins used in the study. From left to
right, 250 nanograms of either native BoONT/C-wt, or recombinant BoNT/C-wt, BONT/C v-51
or BoNT/C u-3W were loaded in a 12% gel under reducing conditions and revealed by Coo-
massie staining. The extent of hydrolytic activation of full-length BONT/C by E. coli proteases
was 81% (wild type), 73% (v-51), and 79% (w-3W). The lower purity of ¢-51 does not compro-
mise its biological activity as deduced by the very similar ECspg,, of this toxin with respect to
BoNT/C ¢-3W and BoNT/C-wt in cultured neurons.

(TIF)

$3 Fig. The cleavage of SNAP-25 by BoNT/C mutants in CGNs does not increase by pro-
longing the incubation time to 24 hours. CGNs were treated as in Fig 1 but incubation was
prolonged to 24 hours. The cleavage of syntaxin-1A/1B and SNAP-25 was assayed by western
blot using two antibodies recognizing both the intact and the cleaved forms of the proteins.
(TIF)

84 Fig. SNAP-25 cleaved by BoNT/C is recognized by an antibody raised against SNAP-25
cleaved by BoONT/A1. CGNs were treated with BoNT/A1 (0.1 nM) or BoNT/C-wt (0.1 nM) in
normal culture medium at 37°C for 3 hours. Thereafter cells were fixed and stained with an
antibody raised against SNAP-25 segment 185-197 (red) [37], corresponding to the C-termi-
nus generated by BoNT/A1 cleavage (SNAP-25.). The antibody against neurofilament-200
(NF200, in green) is used as control staining, Scale bar, 10 um.

(TIF)

§5 Fig. BoNT/C mutants display a different cytotoxic effect on cultured neurons. CGNs
were treated as in Fig 2 but incubation was prolonged to 24 hours. Neurons were then fixed
and stained with an antibody against cleaved SNAP-25 (SNAP-25,, in red) and neurofilament-
200 (NF200, in green). Cytotoxicity was evaluated following the appearance of varicosities
along neurites and the loss of NF200 staining. Images are representative of at least three inde-
pendent experiments. Scale bar, 10 pm.

(TIF)
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(BoNT/C a-51)
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(BoNT/C a-3W)

$1 Fig. Mutations conferring to BoNT/C specificity for syntaxins. Space-filling representation of
BoNT/C light chain (PDB entry 2QNO) with highlighted triple mutations for syntaxin selectivity [32]:
S51T/R52N/N53P (BoNT/C a-51) in green and L200W/M22TW/I226W (BoNT/C a-3W) in red. Blue
spot shows the metalloprotease active site.
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S2 Fig. SDS-PAGE analysis of the different BoNT/C toxins used in the study. From left to right,
250 nanograms of either native BoNT/C-wt, or recombinant BoNT/C-wt, BoNT/C a-51 or BoNT/C a-
3W were loaded in a 12% gel under reducing conditions and revealed by Coomassie staining. The
extent of hydrolytic activation of full-length BoNT/C by E. coli proteases was 81% (wild type), 73% (a-
51), and 79% (a-3W). The lower purity of a-51 does not compromise its biological activity as deduced
by the very similar ECgy57y Of this toxin with respect to BoNT/C a-3W and BoNT/C-wt in cultured
neurons.
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S3 Fig. The cleavage of SNAP-25 by BoNT/C mutants in CGNs does not increase prolonging
the incubation time to 24 hours. CGNs were treated as in Figure 1 but incubation was prolonged to
24 hours. The cleavage of syntaxin-1A/1B and SNAP-25 was assayed by western blot using two
antibodies recognizing both the intact and the cleaved forms of the proteins.
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S4 Fig. SNAP-25 cleaved by BoNT/C is recognized by antibody raised against SNAP-25
cleaved by BoNT/A. CGNs were treated with BoNT/A (0.1 nM) or BoNT/C-wt (0.1 nM) in normal
culture medium at 37 °C for 3 hours. Thereafter cells were fixed and stained with an antibody raised
against SNAP-25 segment 185-197 (red) [37], corresponding to the C-terminus generated by BoNT/A
cleavage (SNAP-25c). The antibody against neurofilament-200 (NF200, in green) is used as control
staining. Scale bar, 10 um.
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S5 Fig. BoNT/C mutants display a different cytotoxic effect on cultured neurons. CGNs were
treated as in Figure 2 but incubation was prolonged to 24 hours. Neurons were then fixed and stained
with an antibody against cleaved SNAP-25 (SNAP-25c, in red) and neurofilament-200 (NF200, in
green). Cytotoxicity was evaluated following the appearance of varicosities along neurites and the
loss of NF200 staining. Images are representative of at least three independent experiments. Scale
bar, 10 pm.
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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 dissemination>?.

BoNTs are efficient tools to achieve this purpose. Indeed, by blocking
neurotransmission'**>7138 " \which is essential physiological features for
vertebrates’ survival, they can kill hundreds of thousands individuals in a single
outbreak'®18,

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
bond*® and have evolved to take advantage from essential features of nerve

terminal physiology®*>2.
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This suggests that BoNTs are the result of a co-evolution process with

178

vertebrates™". In this respect, it is very meaningful that the seven antigenically

different serotypes and the many subtypes, notwithstanding a significant

3,16-18

variability in amino acid composition , intoxicate nerve terminals via a very

sophisticated but conserved mechanism of action.

190

Despite botulism is essentially a disease of animals™" with only very rare cases of

158,190-192

human intoxication , the extreme potency and easy production on large

scale, make BoNTs possible bioweapons?*®!

. To date, the only way to prevent
intoxication is based on immunological approaches (toxin antisera)®, 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

antisera'®'®%

. Moreover, this diversity questions the possibility of developing a
vaccine covering all BoNTs>. 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 intoxication®.

The results presented in this PhD thesis are very relevant in this context. | 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) botulism?.
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, | found that another fundamental step in the intoxication mechanism
of BoNTs is their trafficking into nerve terminals. | 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 environment'®.

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 terminals*.

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 symptoms®***'*

, 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 intestine3242®

. 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 BoNTs'*, 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 BoNT'*%,

Importantly, by embarking on the study of BoNT inhibitors, | 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 SV*%®

. 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

>88687 4 enter nerve terminals and wherefrom the L chain

exploited by the toxins
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

141,167,168

of cholinergic nerve terminals . 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 treated>>*®°.
Unfortunately, several case reports have shown how recurrent BoNT/Al
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 injectionzs’zoo.

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
immunogenicity?®. Moreover, frequent autonomic side effects have been
reportedm. These observations encouraged the use of a different BoNT 183,
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/A %18,

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

25133 However, the

long known to cleave two substrates, SNAP-25 and syntaxins
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 **’, | found that
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BoNT/C cleaves both substrates also in vivo. At the same time, | 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

22202203 This situation is completely different for SNAP-25, whose action

isoforms
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 features™*®

. 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
weakness?®+2%,

In conclusion, these results highlight how minimal changes in the primary
sequence (in this case three amino acids) can modify the biological activity of
BoNTs'®"?% 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 | 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, | 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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Botulinum neurotoxins (BoNTs) are Janus toxins, as they are at the same time the most deadly substances
known and one of the safest drugs used in human therapy. They specifically block neurotransmission at
peripheral nerves through the proteolysis of SNARE proteins, i.e. the essential proteins which are the core
of the neuroexocytosis machinery. Even if BoNTs are traditionally known as seven main serotypes, their
actual number is much higher as each serotype exists in many different subtypes, with individual bio-

'Irh&?' “i;ds", . logical properties and little antigenic relations, Since BoNTs can be used as biological weapons, and the
‘n-”'lg; de:g rCthe only currently available therapy is based on immunoclogical approaches, the existence of so many

different subtypes is a major safety problem. Nevertheless, all BoNT isoforms are structurally similar and
intoxicate peripheral nerve endings via a conserved mechanism. They consist of tweo chains linked by a
unique disulphide bond which must be reduced to enable their toxicity, We found that thioredoxin 1 and
its reductase compose the cell redox system responsible for this reduction, and its inhibition via specific
chemicals significantly reduces BoNTs activity, in vitro as well as in vive. Such molecules can be
considered as lead compounds for the development of pan-inhibitors,

© 2015 Elsevier Ltd. All rights reserved.

Synaptic vesicles
Botulinum neurotoxins
Inhibitors

1. Introduction inhibitory interneurons in the spinal cord. Here, it blocks neuro-
transmitter release with a molecular mechanism identical to

Botulinum neurotoxins, together with Tetanus neurotoxin BoNTs, but causing a spastic paralysis (Schiavo et al,, 2000), Notably,

(TeNT), form the family of clostridial neurotoxins (CNTs). They are
the most lethal bacterial toxins, so toxic that the lethal dose for
humans is estimated to be around 1 ng per kg of body weight (Gill,
1982). Such potency can be ascribed to their specific inhibition of a
fundamental physiologic event, that of neurotransmission. BoNTs
specifically bind and intoxicate the neuromuscular junction, where
they block neurotransmitter release, resulting in a progressive
flaccid paralysis (Johnson and Montecucco, 2008; Rossetto et al.,
2014). In contrast, TeNT binds to peripheral nerves, is retro-
gradelly transported inside motor axons and taken up within
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CNTs do not cause the degeneration of poisoned nerve, and, if
mechanical ventilation is timely performed, affected individuals
survive and fully recover. Exploiting this feature, BoNTs have
become extraordinary therapeutics for the treatment of many
pathological conditions caused by the hyperactivity of cholinergic
terminals, and one of the safest and most versatile drug available on
the market (Hallett et al., 2013; Naumann et al, 2013; Rossetto
et al., 2001). In addition, thanks to the comprehension of their
mechanism of action, CNTs have become useful and sophisticated
tools for the study of neuronal physiology (Pantano and
Montecucco, 2013).

CNTs are produced by different species of the genus Clostridium
(Rossetto et al., 2014). There is one single tetanus neurotoxin but
many different botulinum neurotoxins. They have been
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traditionally classified as seven main distinct toxins (BoNT/A-G).
distinguished on the basis of their immunological properties (se-
rotypes). Recently, the development of next generation sequencing
has permitted the analysis of clinical cases of botulism accumulated
over time. As a result, it has become rapidly clear that neuro-
toxigenic Clostridia have considerable genetic heterogeneity in
terms of genome organization, toxin gene clusters, and most
importantly, toxin sequences variability (Hill and Smith, 2013).
Accordingly, the number of BoNT subtypes has dramatically grown,
reaching more than forty molecules in a few years, and this number
is continuously increasing (Montecucco and Rasotto, 2015). They
have been categorized as subserotypes, i.e. toxins immunogenically
related to the parental serotypes but with an aminoacidic compo-
sition difference higher than 2,6% (indicated as BoNT/A1, BoNT/A2,
etc.) (Hill and Smith, 2013; Rossetto et al., 2014; Smith et al,, 2007).
At variance, some others are composed by the recombination of
different serotypes: accordingly, they have been classified as
mosaic toxins and indicated as BoNT/CD and/DC (Moriishi et al.,
19964, 1996b). Recently, a toxin isolated from a case of infant
botulism was proposed to be a new serotype, but later analysis
showed it to be a chimera of Al and F5 (Kalb et al, 2015).
Remarkably, this finding raised the issue of serotype definition, but,
most importantly, this concretely embodies the limitation of using
antisera for the treatment of botulism, and questions the possibility
of developing a universal vaccine covering all the BoNTs. This is
even more relevant as BoNTs can be employed as bioweapons
(Centers for Disease Control and Prevention, 2012). This calls for
implementing more studies aiming at the discovery of new in-
hibitors capable of blocking BoNTs regardless of their antigenic
differences.

2. BoNTs mechanism of action as target for new inhibitors

The available crystallographic structures of BoNTs (Kumaran
et al,, 2009; Lacy et al., 1998; Swaminathan and Eswaramoorthy,
2000) show they share an overall highly conserved molecular ar-
chitecture, which is functional to their mechanism of action. The
structure, which is similar for TeNT too, is constituted by two main
chains: L, 50 kDa and H, 100 kDa, held together by a single inter-
chain disulphide bond and non-covalent interactions. The C-ter-
minal part of H (HC) mediates the neurospecific binding and the
internalization of the toxin into peripheral nerve terminals via a
double receptor mechanism (Montecucco, 1986; Rummel, 2013).
Firstly, BoNTs accumulate on the plasma membrane via the
recognition of polysialogangliosides, molecules highly enriched in
the neuronal plasma membrane (Binz and Rummel, 2009). There-
after, BoNTs enter the nerve as a result of the interaction with the
luminal domain of a synaptic vesicle protein, which may differ for
the different BoNTs (Benoit et al.,, 2014; Dong et al., 2008, 2003,
2007, 2006; Mahrhold et al,, 2006; Nishiki et al., 1994; Peng et al.,
2012; Rummel et al, 2004). At variance, nidogen 1 and 2, two
extracellular matrix proteins, have been suggested to be the pe-
ripheral receptor of TeNT (Bercsenyi et al, 2014), mediating its
entry into vesicles undergoing retrograde axonal transport up to
the spinal cord (Deinhardt et al, 2006). TeNT is then delivered to
inhibitory interneurons where is internalized inside SV (Matteoli
et al, 1996), as BoNTs do. Here, the HN domain of TeNT and
BoNTs assist the membrane translocation of the L chain in a process
driven by the luminal acidification (Fischer and Montal, 2007b;
Montal, 2010). The L chain is a Zn?* dependent metalloprotease
that targets specifically the three SNARE proteins: BoNT/B,/D,/F,/G
and TeNT cleave VAMP1/2 at different positions (Schiavo et al,
1992, 1993a, 1993c), BoNT/A and/E cleave two different peptide
bonds away from the C-terminus of SNAP25 (Blasi et al., 1993;
Schiavo et al., 1993b), BoNT/C is unique as it cleaves both SNAP25

and SyntaxinlA-1B (Pantano and Montecucco, 2013). SNAREs form
a heterotrimeric complex (Sutton et al,, 1998) that constitutes the
core of the neuroexocytosis nanomachine and their proteolysis
impairs its assembly and/or function (Pantano and Montecucco,
2013).

Remarkably, each molecule may exert the same toxic mecha-
nism with its own specific features, i.e. different binding partners,
different trafficking, different substrates and exclusive enzy-
me—substrate interactions. At the same time, it is even more sur-
prising that despite of a great variability within their primary
structure, CNTs have evolved to have a high similar mechanism to
exploit nerve terminals: this offers the possibility to rationally
design new molecules capable of inhibiting BoNTs, independently
from their antigenic properties.

3. The interchain disulphide bond reduction as a rational
target

Besides the structural role, the interchain disulphide bond plays
a fundamental role in BoNTs toxicity. The first evidence was pro-
vided by the lack of toxicity in vivo of a previously reduced tetanus
neurotoxin (Schiavo et al., 1990). Later, an elegant study of BoNT
dynamics at single molecule resolution (Fisher and Montal, 2006)
demonstrated that an intact disulphide linkage is an essential
prerequisite for productive translocation across the channel ar-
ranged by HN, and that reduction occurs on the cytosolic side
(Fischer and Montal, 2007a). Accordingly, it was later proposed that
the positioning, the size and the high hydrophobicity of the two
sulfur atoms, together with a group of conserved acidic and pro-
tonable aminoacids within the same surface of a BoNT molecule,
are pivotal in initiating the translocation event (Pirazzini et al,
2011; Rossetto et al, 2014). Although the role of the disulfide
bond during translocation is known in molecular details only for
BoNT/A, none of the different serotypes display the protease ac-
tivity unless the interchain disulphide is reduced (Schiavo et al,
1993D). Accordingly, the aforementioned mechanism for BoNT/A
can be safely extended to all other toxin isoforms, leading to the
more general deduction that the reduction of the interchain
disulphide bond within nerve terminal cytosol is a “conditio sine
qua non” to free the metalloprotease activity of botulinum neuro-
toxins, and therefore represents a rationale for the development of
mechanism-based antitoxins.

4. Thioredoxin—thioredoxin reductase inhibitors as a new
class of antitoxins

Cells possess many different redox systems and their presence
within key compartments (nucleus, mitochondria, endoplasmic
reticulum and cytosol) explains their cardinal role in managing
redox reactions (Arner and Holmgren, 2000; Hanschmann et al,,
2013; Holmgren, 1985; Powis and Kirkpatrick, 2007). Notably, the
understanding of redox biochemistry has rapidly and radically
evolved over the last few years. The initial picture of an overall
redox balance that must be simply maintained to avoid patholog-
ical conditions, has turned into a complex networlc of specific,
compartmentalized and reversible redox reactions regulating the
activity of key proteins involved in many intracellular, as well as
extracellular, physiologic events (Hanschmann et al., 2013). The
reducing system responsible for the disulphide reduction of BoNTs
was shown to act on the cytosolic side (Fischer and Montal, 2007a),
The thioredoxin 1-thioredoxin reductase 1 (TrxR-Trx) and the
glutathione—glutathione reductase systems are important redox
systems in the cytosol and those involved in controlling protein
disulphides. They act via the so called “dithiol mechanism” through
which an electron flow is shuttled from NADPH to thioredoxin or



34 M. Pirazzini et al. / Toxicon 107 (2015) 3236

glutathione by means of their respective reductases, and finally
consumed to reduce target disulfide bonds (Hanschmann et al,
2013). Notably, in the test tube, reconstituted TrxR-Trx was
shown, in the presence of NADPH, to specifically reduce the inter-
chain disulphide bond of tetanus neuratoxin and BoNT/A (Kistner
and Habermann, 1992; Schiavo et al., 1990). Furthermore, TrxR-
Trx is synthetized and transported along axons in peripheral neu-
rons (Stemme et al,, 1985) and is enriched in secretory cells (Rozell
et al., 1985).

The first evidence that TrxR-Trx is involved in vive in the
reduction of the interchain disulfide bond of TeNT and BoNTs, was
the finding that Auranofin, the most potent TrxR inhibitor identi-
fied so far (Omata et al, 2006), also prevented the toxicity of
tetanus neurotoxin and botulinum neurotoxins B, C, D in cultured
cerebellar granular neurons, in a concentration dependent manner
(Pirazzini et al., 2013). On the other hand, buthionine sulfoximine, a
compound capable to substantially reduce GSH intracellular levels
(Gritfith and Meister, 1979), had no inhibitory activity, indicating
that the glutathione-glutaredoxin system is not involved in the
entry of CNTs in the cytoplasm.

Alterations of the TrxR-Trx system in different tissues and or-
gans are associated with many pathological conditions, including
cancer. As a consequence, the identification of molecules capable of
inhibiting thioredoxin and/or its reductase has become a primary
goal in the field of redox biology (Cai et al., 2012; Mahmood et al.,
2013; Mukherjee and Martin, 2008; Powis and Kirkpatrick, 2007).
Accordingly, many molecules have become available, and some of
them have already reached the evaluation stage for clinical use
(Baker et al., 2013; Ramanathan et al,, 2011; Yamaguchi et al,, 1998)
or are already on the market (Madeira et al., 2012). These com-
pounds can be very different from a chemical point of view, but in
general they are electrophiles targeting the active site of TrxR or are
substrates that maintain Trx in the oxidized, unreactive form (Zhao
et al., 2002). Using, some of these drugs, we found that all the
molecules tested disrupted the toxicity of BoNT/A, C and E in
neuronal cultures (Pirazzini et al., 2014). These compounds are
shown in Fig. 1. Interestingly, each inhibitor blocked the different
BoNTs tested within a very similar concentration range, suggesting
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Fig. 1. Thioredoxinl-Thioredoxin Reductase 1 are extrinsic proteins of synaptic vesi-
cles and enable BoNT proteolytic activity. TrxR-Trx system is bound on the cytosolic
surface of SV and reduces the interchain disulphide bond of BoNTs after the delivery of
L chain in the cytosol, thereby enabling its release from the membrane and the display
of its metalloprotease activity,

that the molecular environment where reduction takes place and
the relevance of the interchain disulfide reduction is closely similar
for different BoNTs serotypes. These in vitro results were validated
in vivo using the digit abduction score (DAS) assay, a well-
established model to compare potency and duration of BoNTs
(Aoki, 2001; Broide et al., 2013). All tested molecules were very
effective in reducing the degree and duration of paralysis induced
by the local injection of BoNT/A and BoNT/C. For the first time, it
was shown that small molecules effectively prevent the paralytic
activity of BoNTs. As a proof of concept, we also tested one of these
inhibitors, Ebselen, a compound reported to target both TrxR and
Trx (Zhao et al., 2002), in the lethality assay. Ebselen, preventively
administered via intraperitoneal injection, was very effective in
protecting animals from a lethal amount of BoNT/A, both as pro-
longation of the time to death and as reduction of the number of
deaths (Pirazzini et al., 2014).

We also investigated the presence of the TrxR-Trx system within
neuronal cultures and in nerve-muscle preparations and we found
that both thioredoxin and its reductase are highly expressed within
nerve terminals of cultured neurons as well as at the level of the
neuromuscular junction. The latter result is particularly important
because it demonstrates that TrxR-Trx is present at the site of action
of BoNTs. In addition, using a well-established protocol for the
purification of synaptic vesicles from rat cortices (De Camilli et al.,
1983), we demonstrated that the TrxR-Trx system is bound to the
cytosolic side of the SV membrane (Pirazzini et al, 2014}, the
organelle exploited by BoNTs to enter nerve terminals and where
probably translocation takes place (Colasante et al., 2013; Harper
et al, 2011 ). Notably, both proteins are enriched in the so called
“docked vesicles” fraction, i.e. a portion of SV which are co-purified
together with the presynaptic membrane (Morciano et al., 2009,
2005). This finding further suggests a possible active role of TrxR-
Trx system in synaptic vesicles dynamics.

5. Conclusions

So far, the easier explanation for the existence of BoNTs (and
TeNT) within Clostridia genomes is related to their strategic func-
tion in increasing the availability of a suitable anaerobic environ-
ment necessary to their growth and dissemination. BoNTs are
indeed the most potent poisons found in nature and because of
them a single and isolated outbreak of animal botulism can rapidly
assume epidemic proportions, causing up to hundreds of thousands
deaths (Friend, 1988). Such potency derives from the ability of these
toxins to be efficiently delivered from one animal to the other
(Rossetto et al., 2014) and to specifically target the neuromuscular
junction, a compartment essential for the survival of BoNT principal
hosts, the vertebrates, It is however remarkable that, beside such
genetic and proteomic heterogeneity, their molecular architecture
is very similar. As a consequence, the structure—activity relation-
ship of BoNTs could be considered as the result of co-evolution to
maximize their performance in intoxicating peripheral neurons.
Each region of the toxin has in fact been shaped in order to exploit
fundamental features and/or events of neuron physiology. There-
fore, given the paramount importance of the redox status of the
interchain disulphide bond before, during and after translocation,
the finding that the TrxR-Trx system resides on SV membrane and
mediates the detachment of the catalytic L chain by reducing the
disulphide on the cytosolic side, could be seen again as an evolu-
tionary choice exploited by BoNTs and TeNT to reach their final
goal. This has been further proved recently, by using a non-toxic
TeNT derivative as a reporter (Zuverink et al,, 2015). Moreover, it
must be remembered that, besides its redox activity, Trx has the
fold of ancient chaperones (Arner and Holmgren, 2000; Berndt
et al., 2008: Dekker et al., 2011 Ingles-Prieto et al., 2013), and
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that the L chain has to unfold, at least partially, in order to cross the
membrane (Cai et al,, 2006; Kukreja and Singh, 2005; Montal, 2010;
Montecuceo et al,, 1989), It is thus likely that Trx may also help the
refolding of the L chain to reacquire a suitable conformation for
SNARE cleavage. In light of this, we thus propose the reduction of
the interchain disulphide bond as a new fundamental event of
BoNTs and TeNT intoxication process (Fig. 1), accordingly recapit-
ulated into 5 main steps: i) binding to polysialogangliosides for
toxin accumulation on the target neurons, ii) interaction with the
luminal domain of an SV protein for its internalization, iii) acidifi-
cation of this “Trojan horse” to deliver the catalytically active part
across the SV membrane, iv) reduction of the interchain disulphide
bond by TrxR-Trx to complete the translocation and release the L
chain on the cytosalic side, v) L chain-mediated cleavage of SNARE
proteins and disruption of SV ability to fuse with the presynaptic
plasma membrane.

Our results have important implications regarding the possible
application of TrxR-Trx inhibitors as therapeutic agents to treat
botulism. The most important peint is that these inhibitors are
active regardless of the subserotype causing intoxication. Such a
pharmacological approach may be seen not as an alternative with
respect to the use of antisera, rather as a synergistic treatment.
Since these inhibitors are small molecules, they can affect toxin
molecules which have already been taken up by the neurons, but
cannot be blocked any longer by antibodies. Clearly, the toxicity of L
chains that have already reached the neuronal cytosol cannot be
blocked. However, it was shown that in clinical botulism, BoNTs can
remain in the blood circulation andfor in interstitial fluids for many
days (Fagan et al., 2009; Sheth et al, 2008; Simpson, 2013).
Henceforth, the severity of BoNT intoxication may be substantially
mitigated by blocking BoNT molecules that have not yet entered
nerve terminals using these inhibitors.

Interestingly, most of the inhibitors used in our study are natural
compounds, already sold as antioxidant agents and with an
established safety profile. Other compounds are instead under
clinical trials. Furthermore, the considerable interest around TrxR-
Trx system has provided a rich source of compounds (Cai et al,
2012), which should be considered and investigated for this new
field of application.
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ARTICLE INFO ABSTRACT
Article fustory: Tetanus and botulinum neurotoxing are produced by anaerobic bacteria of the genus Clostridium and are the most
Received 3 July 2015

poisonous toxins known, with 50% mouse lethal dose comprised within the range of 0.1-few nanograms per Kg,
depending on the individual toxin. Botulinum neurotoxing are similarly toxic to humans and can therefore be
considered for potential use in bioterrorism, At the same time, their neurospecificity and reversibility of action
make them excellent therapeutics for a growing and heterogeneous number of human diseases that are charac-
terized by a hyperactivity of peripheral nerve terminals. The complete crystallographic structure is available for
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gmﬁ{, elTotakin iSofoTs some botulinum toxins, and reveals that they consist of four domains functionally related to the four steps of their
Clostridia mechanism of neuron intoxication: 1) binding to specific receptors of the presynaptic membrane; 2) internaliza-
Duration of neuroparalysis tion via endocytic vesicles; 3) translocation across the membrane of endocytic vesicles into the neuronal cytosel;
Endocytosis 4] catalyric activity of the enzymatic moiety directed towards the SNARE proteins,

Presynaptic binding

: Despite the many advances in understanding the structure-mechanism relationship of tetanus and botulinum
Translocation

neurotoxing, the molecular events involved in the translocation step have been only partially elucidated. Here
we will review recent advances that have provided relevant insights on the process and discuss possible models
that can be experimentally tested. This article is part of a Special Issue entitled: Pore-Forming Toxins edited by
Mauro Dalla Serra and Franco Gambale.

© 2015 Published by Elsevier BV.
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1. Introduction genome organization and, most importantly, in toxin gene clusters,

with a remarkable variability in their toxin sequences [1]. BoNTs

Tetanus and botulinum neurotoxins (TeNT and BoNT, respective-
ly) are produced by neurotoxigenic spore-forming Clostridia. These
bacteria have a considerable genetic heterogeneity, both in terms of

# This article is part of a Special Issue entitled: Pore-Forming Toxins edited by Mauro
Dalla Serra and Franco Gambale.
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0005-2736/® 2015 Published by Elsevier B.V.

have been traditionally classified as seven distinct toxin serotypes
(BoNT/A-G), but recently, thanks to faster and cheaper sequencing
technology, many toxin subtypes within each serotype have been dis-
covered, They are commonly considered as subserotypes (indicated
with numerical designations following the toxin serotype, for exam-
ple BoNT/A1 or BoNT/A2...). Their number has reached several dozens
of BoNTs in a few years, and many more will be released in the near
future [1-3].
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TeNT acts in the spinal cord causing a spastic paralysis, whereas all
the BoNTs cause peripheral neuroparalysis of the skeletal and autonom-
ic nervous systems [4]. BoNTs have become very useful therapeutics for
the treatment of many pathological conditions caused by the hyperac-
tivity of cholinergic terminals [5-9].

1.1, Structure and cellular mechanism of action

Despite the amino acid sequence variability among the TeNT and
BoNT variants, they share a very similar architecture which is related
to a similar mechanism of nerve intoxication, They consist of a light
chain (L, 50 kDa) and a heavy chain (H, 100 kDa) linked by a strictly con-
served interchain disulfide bond. Fig. 1 shows the crystal structures of
BoNT/A1 and of BoNT/E1; BoNT/B1 is very similar to BoNT/A1 (not
shown) [10-12]. They consist of four domains; HC-C (25 kDa, in green
in Fig. 1) involved in nerve terminal binding; HC-N (25 kDa purple in
Fig. 1) of unknown function, though there is evidence that it binds to
membrane lipids [13,14]; L (red in Fig. 1); HN (50 kDa, yellow in
Fig. 1), assists the translocation of L from the lumen of an intracellular
acidic compartment into the cytasol; L is a metalloprotease that cleaves
the SNARE proteins within the nerve terminal cytosol thus blocking the
release of neurotransmitters causing a reversible neuroparalysis [ 15,16].

HC-C mediates the neurospecific binding of the toxin to the presyn-
aptic membrane via two independent receptors: a polysialoganglioside
(PSG) and the luminal domain of a synaptic vesicles (SV) membrane
protein [2,15,17]. There appears to be no interaction or mutual interfer-
ence between the two receptors binding sites [2,18]. Such a binding is
preliminary to the following step of internalization inside the nerve.
TeNT and BoNT/A1 exploit the endocytosis of SV to penetrate into neu-
rons [19-21]. Information on the nature of the endocytic vesicle in-
volved in the uptake of the other neurotoxins is still lacking. However,
the fact that BoNT/B, /CD, /E and /G interact with a SV protein receptor
suggests that their internalization may be SV-mediated as well [22].
After endocytosis is completed, the SV lumen and the lumen of synaptic
endosomes with which SV may have fused is acidified by the proton
pumping action of the v-ATPase present on the SV membrane. This
action lowers the luminal pH to a value estimated to be around 5.8

[23.24]. This pH gradient drives the uptake of neurotransmitters from
the cytosol into SV and it is used by TeNT and BoNTs to translocate
their L domain from the SV interior, or synaptic endosome interior,
into the cytosol [25,26]. This process is made possible by the HN do-
main, also known as translocation domain (yellow in Fig, 1). The main
structural feature of HN is the presence of two long amphipathic o-
helices (~110 A) and four shorter ones, running parallel to each other,
which are linked to the L domain via the aforementioned SS bond and
by a long unstructured belt (orange and blue, respectively, in Fig. 1)
that encircles the L domain.

1.2. Madels for the membrane translocation of the L chain of tetanus and
botulinum neurotoxins

Of the various steps of the cellular mechanism of intoxication, the
membrane translocation of the L chain from intracellular acidic com-
partments into the cytosol is the least understood in terms of molecular
mechanism. It was long known that BoNTs form ion channel of low con-
ductance in planar lipid bilayers at low pH values [27-29]. More recent-
ly, Koriazova and Montal showed that transmembrane ion channel
formation in planar lipid bilayers is associated with translocation of
the L chain of BoNT/A1 with cleavage of its target protein SNAP-25
[30]. A major step forward was made by using the patch clamp tech-
nique in Neuro2A cells [25,26,31-33] and in PC12 cells [34-36]. This ex-
perimental approach is close to the in vivo situation and permits a single
molecule analysis | 26]. The main conclusions derived from these studies
are:

1) Upon lowering the pH of the cis side of the membrane (the one cor-
responding to the SV lumen), and the application of a negative mem-
brane patential, BoNT/A1 and /E1 induce increasing transmembrane
currents across the plasma membrane that begin with low values
{~10 pS) and raise within ~ 10 min to a single channel conductance
of <65 pS (Neuro2A, Fig. 2A) or ~110 pS (PC12); although there is
no direct correspondence between conductance and internal diame-
ter of an ion channel, these figures indicate an internal channel
diameter of 15-20 A [37] which compares well with the value

Fig. 1. Structure of BoNT and of its complexes. The crystallographic structures of BoNT/A (PDB 3BTA) and of BoNT/E (PDB 3FFZ) are shown in panel A and B, respectively. The lower panels
show simplified schematic molecular organizations of the four domains that compose these neurotoxins, labelled with the same colours found in the crystals: L {red) indicates the
metalloprotease domain, HN (yellow) the membrane translocating domain, HC-N (pink), whose role is not known and of HC-C (green). HM and L are connected by the disulphide

bond [orange) and by the belt (blue).
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min B.5 min

membrane

cytosol

9 min 10 min

Fig. 2. Membrane translocation of BoNTs. This figure is elaborated on the basis of ref, [ 25], A) The upper panel shows the conductance increase of a portion of the plasma membrane of a
Neura2A cell induced by BoNT/A at low pH. The toxin causes subsequent increases in conductance from low values to attain ~85 pS within few minutes. B) Based on an elegant and con-
sistent series of biophysical studies [25,26 88, the sequence of molecular events depicted in the cartoon are proposed to be involved i the membrane translocation of the L chain (blue).
1) Shows a schematic structure of the toxin in the lumen of an acidic vesicle within the nerve terminal; 2) shows the HN domain inserted into the membrane at acidic pH forming a trans-
membrane channel, hypothetically made of six a-helices (represented by yellow cylinders), that operates as a chaperone for the unfolding of the L chain and its translocation inside the
channel [30]; 3) the translocation of L from the acidic lumen into the neutral cytosol proceeds and this is accompanied by a higher conductance; 4) the L chain is almost completely
translocated in the cytosol where it refolds. This is accompanied by the translocation of the interchain disulphide bond shown in green: 5) the 55 bond is reduced by the Thioredaxin
reductase (TrxR}-thioredoxin { Trx) protein disulphide reducing system, leading to the detachment of the L domain from the membrane with freeing of its metalloprotease activity,

obtained by measuring dextrane permeability [38]. Such a channel
allows the passage of a-helices but net of tertiary structure ele-
ments, indicating that some unfolding of the L chain has to take
place before and/or during its membrane translocation. In agree-
ment with this observation, mAbs preventing L chain unfolding
precluded channel formation [39].
2) HN alone, or HN-belt, or HN-belt-HC form at neutral pH ion chan-
nels with the same conductance, the same opening probability and
voltage dependence of the one formed by BoNT/A1 at low pH [40].
This indicates that the transmembrane ion channel consists of the
HN domain with little, if any, contribution of other parts of the
toxin molecule.
The interchain disulfide bond has to be reduced once it reaches the
trans side of the membrane (corresponding to the cytosolic side)
to allow L to leave the channel; pre-reduced BoNT does not form
channels and reduction at any stage before reaching the trans side
aborts channel formation [26,33]. These findings are in agreement
with the fact that only reduced TeNT and BoNTs can hydrolyse
their substrates [41] and explain why this disulfide bridge is essen-
tial for neurotoxicity [17.42,43]. Other experiments showed that
cargo molecules capable of unfolding at low pH, attached to the N-
terminus of BoNT/D, are transported in an active form in the neuro-
nal cytosol unless unfolding is prevented [44]. On the basis of these
data, the model schematically shown in Fig. 2B was generated [25].
This model posits that upon acidification, the BoNT molecules
change structure and penetrate the membrane. The initial low con-
ductance states are taken as an indication of the low pH-driven
membrane insertion of the H chain forming a transmembrane chap-
erone that assists the translocation of a partially unfolded L domain.
Translocation of the L chain is accompanied by an increase in con-
ductance, As the L chain moves through the pore and progressively
empties the channel, ion conductance increases. Transfer of the 58
bond is suggested to occur at the end of the L translocation process
and is concluded by its reduction taking place on the cytosolic face

3

—

of the membrane; this final event opens the pore, which attains its
full conductance [25].

However, a consistent set of data suggests that this model requires
revision and integration. In fact: a) BoNT/B1 and the L or HN domains
of BoNT/A1 do not change structure at low pH in solution [45,46];
b) BoNT/A1 and /B1 change structure at low pH in the presence of a
membrane or PSG [35,46-48]; ¢) membrane photolabelling studies
employing photoactivatable radioactive phospholipids showed that
both the L and H chains of TeNT, BoNT/A1, /B1 and /E1 enter in contact
with the hydrocarbon chain of phespholipids in model membranes at
low pH [49,50] and this is not accounted for by the model of Fig. 2, as
the L chain is protected from the contact with lipid by the H channel;
d) ion conductance along the “paradigmatic” toxin transmembrane
channel, ie. the anthrax protective antigen channel, is blocked even
by fragments of transported protein [51-53] and this is at variance
from what proposed in the model of Fig. 2; e) more recently, using an
experimental approach that bypasses the endocytosis step and induces
the translocation of the L chain from the cell surface, it was found that
BoNTs have to be anchored to the membrane via two receptors and
that translocation occurs in the pH range 4.5-6 [17]. Considering the
properties of the different experimental setup used, a parallel study led
to the same conclusions |35]; f) membrane translocation of L is accom-
plished within few minutes at 37 “C and has a strong temperature depen-
dence with very little translocation taking place at 20 °C [54]; g) the pH
dependence of membrane translocation of the L chains of different
BoNTs and TeNT was found to be very similar, suggesting that the over-
all mechanism involves similar molecular events [17].

The above data can be reconciled by a new model depicted in Fig. 3B.
BoNT is envisaged to be bound to its two receptors inside the lumen of
nerve terminal acidic compartments. There are no conserved histidines
in BoNTs, apart from those coordinating the active site Zn**, but there
are conserved carboxylate residues predicted to have a high pKa [17].
Table 1 lists the conserved Asp and Glu residues (with BoNT/A1 and
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% mim

Fig. 3. A revised model of membrane binding and translocation of BoNT, The starting point is the binding of BoNT (o its two receptors present on the presynaptic membrane (1), The four
domains of the toxin are depicted schematically in different colours and with some conserved charged residues: L (red), HN (yellow), HC-N { purple) and HC-C in green bound to its two
receptors, i.e. the polysialoganglioside (PSG, blue triangle) and protein (orange rectangle). (2) Following the operation of the v-ATPase proton pump, the vesicle lumen acidifies (repre-
sented by the pink colour) and the high pKa carboxylate residues, which are mainly localized on the face of the protein including the interchain disulphide bond and the membrane
interacting segment { see text), This face of the protein acquires a net positive charge and will eventually fall down on the anionic membrane surface (3) following electrostatic attraction,
(4) 1t should be considered that the negative membrane surface attracts protons creating a locally lower pH ( harizontal red stripe’) that leads to further proafonation of the BoNT laying
down on the lumenal surface of the synaptic vesicle membrane. Low pH and lipid interactions cause a concerted and sequential structural change involving at the same time the L and
HN domains and lipics. Some major events can be posited to occur (see text), the major ones being; i) the destabilization and breakage of the long HN a-helices at selected conserved
peptide bonds with ensuing membrane insertion of 20-24 residues long c-helices with their exterior facing lipids and their internal part interacting with the L chain perhaps in the
form of a molten globule. Notice that hydrophobic parts of L can interact with the lipids. This membrane penetration of L and HN males the membrane leaky because of mismatching
among the protein surface and lipids accounting for the increased membrane conductance shown in the corresponding upper panel. (5) L moves (o the cytosolic side, refolds and is re-
leased upon reduction of the interchain disulphide band by thioredoxin [Trx, green), a protein disulphide reducing enzyme which is reconverted in its reduced form by the thioredoxin
recluctase (TrxR, blue ). At the same time, additional segments of HN become membrane inserted in such a way that ion channel is assembled. This channel is shown here six transmem-
brane ee-helices, though no structural data are available, The w-helices are suggested to be amphipathic with a hydrophobic external part interacting with lipids and a hydrophilic interior.

BoNT/B1 numbering), as deduced by comparison of the BoNT sequences
deposited in the Gene Data Bank and in the UniProt data base. There are
nineteen completely conserved carboxylates: three in the Lchain, five in
the belt, ten in HN and 1 in HC-N (Fig, 4). It is noteworthy that all these
residues occupy almost identical spatial positions in the two neuro-
toxins, and that some of these residues are at the interface among do-
mains or on the belt region (Fig. 4). Such a distribution suggests that
there is no single pH sensor in BoNT. These residues become protonated,
partially or entirely, in a sequential way, depending on their pKa, as the

Table 1

Carboxylate residues conserved among TeNT and all BoNT types and subtypes are listed
with the numbering of BoNT/A1 and BoNT/B1 and the corresponding estimared pKa
values. The three high pKa carboxylates are in red.

intravesicular pH lowers to its final value (Fig. 3B step 2). Three of these
residues are predicted to have a high pKa (encircled in Table 1) by the
propka 3.0 software [55] (http://nber-222.ucsd.edu/pdb2pgr_2.0.0/).
This praperty allows their protonation, with charge neutralization, at
mildly acidic pH values. Partially protonated BoNT has a net positive
charge that favours its interaction with the negatively charged mem-
brane surface. Remarkably, all the conserved carboxylates of high pKa
are located within the BoNT face containing the interchain S5 bond
and the segment 637-688 (BoNT/B1 numbering) identified by
Eswaramoorthy et al. [45] as a membrane interacting segment; the op-
posite face has no carboxylates of appropriate pKa value. On the other
hand, the twao extremities of the long o-helices of the HN, previously
proposed to be the first part of HN inserting into the lipid bilayer, are
not conserved. The proposal that conserved carboxylate of high pKa
play an important role in the process was tested by mutagenesis of

Residue.  Residue - Domatn position pKa pka three high pKa conserved carboxylates of BONT/B1 (Glu-47, Glu-652
BONT/A1  BoNT/B1 BONT/A1  BoNT/B1 i i 2 s

and Asp-876) into the corresponding amides [56]. The prediction was
GLU46 GLU47 L chain 633 6,54 that the presence of the amide residues, not requiring protonation to
2]5':];32 Eg‘; tz:;g gg; :'S ” become neutral as the corresponding carboxylates do, should have in-
AGP4E0.  ASP4sZ Bell 346 43 creased toxicity. Indeed the triple mutant was more neurotoxic
GLU467  ASP458 Belt 5.06 26 in vitro and in vivo than BoNT/B1, following a more rapid delivery of
ASP473  ASP465  Belr 463 4.14 the enzymatic domain into the cytosol of neurons in culture |56]. More-
2?5‘;9;1 gt::::g? ge:: i-g: :-Eg over it was found that membrane translocation of the triple amide mu-
CLUS73 ASPS60 H‘; 466 412 tant BoNT/B1 could take place at less acidic pH [56]. These findings
ASPG12  ASPS99  HN 436 516 indicate that neutralisation of specific Glu and Asp residues promotes
ASP624  ASPG11 HN 3.92 8.5 the membrane interaction of BoNTs. This is suggested to begin with an
2:5%235 gslﬁ;g E:( . _— g-gg ;‘gs electrostatic attraction between the anionic membrane surface and

putanw: transmembrane E . P = $ ¥ :

GLUGG  CLUBSE  HN (putative transmembrane) 452 45 the positively charged toxin surface (Fig. 3B step 3), which induces
CLU707  ASPE94  HN 591 591 the transfer of BoNT towards the membrane surface. Such a movement
GLU757  GLU744  HN 469 411 is not prevented by receptor interactions because either binding is
ASPS09  ASP796  HN 489 4 weakened by low pH or the two receptors are flexible as it is the case
ASPEIL ASP798  HN G.13 4.85 with PSG and synaptotagmin [2,18]. These three initial steps integrate
ASPS89  ASPS76  HC-N 442 5.02

the model of Fig, 2B.
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Synaptic vesicles and endosomes have a transmembrane electrical
potential positive inside, owing to the electrogenic operation of the v-
ATPase proton pump, whilst the BoNT/A1 and /E1 channels were
found to be closed at positive membrane voltages [33]. This discrepancy
stimulates the elaboration of alternative models for the membrane
translocation of the L chain. In the absence of experimental results
that throw light on the molecular events that follow the initial phase
depicted in Fig. 3B (steps 1 to 3), to contribute to the debate on toxin
membrane translocation and to stimulate ad hoc experiments, we dis-
cuss here a more comprehensive model that is in keeping with current
knowledge on protein-lipid interactions and accounts for all available
experimental results.

As shown in Fig. 3B step 3, the layer of solvent above the membrane
surface is more acidic (red layer) than the lumen (pink) because of the
Guy-Chapman effect due to the negatively charge of the luminal surface
carried by anionic lipids and the sialic acid residues of gangliosides and
glycoproteins | 57-58]. It is difficult to evaluate the pH value of the mem-
brane surface, but it could be as much as one unit lower than in the
lumen, as indicated in Fig. 3B. Such low pH would cause the protonation
of additional carboxylates, whilst positively charged segments could
form ionic couples with acidic lipids which can enter the hydrophobic
care of the membrane in this form [60]. In addition, other segments aof
the BoNT molecules could interact with lipids via hydrogen bonding
and van der Waals interactions |60], The ensemble of these interactions
is expected to cause a gross and concerted structural rearrangement in-
volving three players at the same time: the L chain, the HN and the lipids.
It can be envisaged that the hydrophobic and polarizable disulphide
bond inserts into the lipid bilayer drawing the L chain from its C termi-
nus, The L chain may become a “molten globule”, i.e. a protein form
with native secondary structure and increased hydrophobicity that ren-
ders it capable of inserting and moving across membranes [48,61-64]. In
this view, the initial, low conductance, transmembrane currents of
Fig. 3A are accounted for by mismatches among the HN and L protein
surfaces and the lipids which render the membrane leaky. The long -
helices of HN may break generating amphipathic helices with the length
of 20-24 residues. It is suggested that, together with the other amphi-
pathic helices of the HN domain, a laterally open transmembrane chan-
nel is formed and that it partially surrounds the L molten globule, whilst
the remaining surface of L interacts with lipids. In this way, hydrophilic
and hydrophobic surfaces and interactions are matched (Fig. 3B, step 4
lateral and top views). The arch-shaped membrane inserted HN may
act as a chaperone for the translocation of the L chain, as suggested by
Koriazava and Montal [30]. Facing the neutral pH of the cytosol, the L
chain deprotonates and refolds into the metalloprotease domain whilst
the membrane inserted HN forms closes laterally to form a stable ion
channel. The process is terminated by the reduction of the interchain
55 bond by thioredoxin which releases the L chain and its protease activ-
ity and the HN channel attains its full conductance.

It should be noted that the two models diverge in a major aspect: in
the model of Fig. 2, the membrane penetration with channel formation
by HN is an early event and a prerequisite for the membrane transloca-
tion of L: at variance, in the madel of Fig. 3, the channel formation is a
consequence of the L translocation process. A prediction intrinsic to
the first model is that the HN channel should be capable of translocating
distinet L chains one after the other, as it is the case for the anthrax pro-
tective antigen channel |51-53]. This can be tested using N- or C-termi-
nal segments of the L chain, but not tandems of chains linked one to the
other as recently achieved [65] because such an experimental system
cannot discriminate among the two models. On the contrary, the
model of Fig. 3 envisages a single membrane translocation event
which follows a concerted structural change of both the L and the H
chains together with lipids. In both cases, the translocation of L leaves
behind the HN channel inserted in the membrane making the SV unable
to sustain a pH gradient.

Another important open question is the direction of the L polypep-
tide chain translocation (Fig. 3), i.e. from the N to the C terminus or

vice versa; though very important, its determination will not allow
one to discriminate between the two models because both of them
can accommodate the two possibilities. The translocation process is
expected in both cases to be driven and directed from the low pH mem-
brane side to the neutral one by the reversible protonation/deproton-
ation of carboxylate residues. At least the initial part of the process
should be reversible, but not after channel formation and L translocation
with refolding at the neutral pH side. In fact, several events would ren-
der it irreversible: i) the exposure of protonated carboxylates to the
neutral pH of the cytosol where they return negatively charged, i) the
refolding of the polypeptide chain facing the neutral environment of
the cytosol and iii) the likely assistance of cytosolic chaperones for L
chain refolding, as it occurs with several ather bacterial toxins [66-68].

A major open question is the number of BoNT molecules involved in
membrane translocation. The finding that one SV contains one or two
molecules of BoNT/A leaves open the possibility that one molecule of
BoNT/A is sufficient [20,21]. In other words, BoNT/A may have an in
built membrane translocating system as it is the case for the bacterial
SecY system [69]. Additional similarities between BoNT and SecY are
their high content of at-helices and the fact that the SecY channel may
open laterally to the lipid bilayer to release membrane spanning
segment of a nascent protein. Also, the diphtheria toxin translocating
domain is mainly «e-helical and there is evidence that a single molecule
is involved in the process with few transmembrane helices forming an
ion channel [70,71]. At variance, it was recently reported that a BoNT/B
trimer forms the protein conducting transmembrane channel in PC12
cells [35]. Clearly, further investigations are needed to clarify this essen-
tial aspect of the process,

The molecular mechanism of the membrane translocation of TeNT
and of the BoNTs can be nowadays tackled by available techniques.
The present article may help in designing an extensive mutagenesis
project whose effects can be monitored using different read-outs,
including the kinetics of the paralysis of the neuromuscular junction
[72,73], the electrophysiological properties of excised patch [26] and
of planar lipid bilayers [74] and the assay of L chain translocation from
the plasma membrane [17 35]. However, it should be considered that
planar lipid bilayers and plasma membranes differ significantly in
terms of lipid composition, lipid packing and membrane curvature
from the membrane of synaptic vesicles and endosomes. These param-
eters may play an essential role in the process.

1.3. The interchain disulphide hond reduction terminates the translocation
process

Fischer and Montal demonstrated that for a productive transloca-
tion, the L domain has to remain attached to H via the interchain S5
bridge and that its reduction is the concluding event which releases
the L metalloprotease activity [33]. Consistently, the premature reduc-
tion of this bond, at any stage before its exposure to the cytosol, aborts
the L chain translocation [33], indicating that it plays a fundamental
role in the process and that it has to reach intact the cytosolic side of
the membrane for a productive L chain delivery. The SV lumen of
most intracellular organelles is oxidant, whilst the cell cytosol has a re-
ducing potential, which is kept by a large number of redox couples, The
reduction of protein disulfides is catalysed in the cell by different enzy-
matic systems [75-77]. A pharmacologic approach has led to the identi-
fication of the NADPH-Thioredoxin reductase (TrxR)-Thioredoxin
{Trx) system being responsible for the cytosolic release of L in the cyto-
sol | 78] and this has led to the discovery that both TrxR and Trx are ex-
trinsic proteins of the cytosolic side of SV [79]. Consequently, several
inhibitors of the TrxR-Trx redox couple were found to prevent the L
chain of BoNTs from displaying their metalloprotease activity versus
the SNARE proteins in cultured neurons. Importantly, these inhibitors
prevent the BoNT induced paralysis. This observation made originally
on BoNT/A, /C and /E has been extended to all BoNT serotypes (Zanetti
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Fig. 4. Location of conserved carboxylate residues in the BoNT structure. The pictures shows inred the Asp or Glu residues conserved among all the available BoNT sequences in the struc-
tures of BoNT/A1 (PDB ID: 3BTA, panel A) and BoNT/B1 (PDB [D: 1EPW, panel B), represented as space filling models; those mutated in the corresponding amide residues on BoNT/B1 (see
text) are encircled. The pink segment indicates the high membrane interaction segment (see text). Insets show the BoNT/A1 and BoNT/B1 opposite face with respect to the face harbouring

the disulphide bond {orange).

et al., submitted) and therefore, the reduction of the single interchain
disulphide bond of BoNTs taking place on the cytosolic surface of the or-
ganelle wherefrom they translocate is a general and fundamental aspect
of BoNT and TeNT mechanism of nerve terminal intoxication. Interest-
ingly, the TrxR-Trx redox system is also present on the endosomal
membrane wherefrom diphtheria toxin enters the cytosol [66], and it
is responsible for the interchain disulfide bond reduction |80] of this
toxin, which was previously shown to be the rate limiting step of the en-
tire cell intoxication process [81]. Together, these data suggest that the
couple TrxR-Trx is the reducing system involved in the release of the
catalytic part of all A-55-B toxins in the cytosol.

1.4. The L chains of BoNTs are metalloproteases specific for the SNARE
proteins

The L chains of all the presently known BoNTs are metalloproteases
specific for one or another of the three SNARE proteins: VAMP/
synaptobrevin, SNAP-25 and syntaxin which are cleaved at single sites
(BoNT/C cleaves two SNAREs), This is the strongest evidence that the
three SNARE proteins form the core of the neuroexocytosis nanoma-
chine [16,82,83]. No additional substrates are presently known and
this is related to the unique model of recognition of VAMP, SNAP-25
or syntaxin by the L domain, which is based on an extended interaction
including the cleavage site and exosites dispersed along the substrate
sequence [16,84,85]. As a consequence of this extensive interaction of
the L chain with their substrates, the seven BoNT serotypes exhibit ex-
clusive specificities with respect to the different isoforms of the three
SNARE proteins present within different neurons and within different
animal species [16,86]. Therefore, the TeNT and BoNTs can be used as
simple tools to determine the effect of knocking-out specific SNAREs
in cell physiology [16]. The metalloprotease enzymatic activity of the L
chain is at the basis of the high toxicity of the BoNTs because, in princi-
ple, one single L molecule can cleave, one after the other, all its substrate
molecules present within one nerve terminal. This aspect of BoNT action
has been reviewed in depth recently [ 16,85,87 |. The cleavage of a SNARE
protein prevents the assembly of the SNARE complex which is a pre-
requisite for the fusion of the neurotransmitter containing vesicle with
the presynaptic membrane [83], and, as long as the L remains active,
the nerve terminal remains paralysed.

2. Conclusions and future perspectives

The very high potency of botulinum neurotoxins is the result of an
elaborate molecular mechanism of action, which impairs a physiological
function essential to the life of vertebrates. This mechanism includes the
membrane translocation of the L metalloprotease domain from the
lumen of synaptic vesicles or of ether acidic compartments of the
nerve terminals. This is the least known of the multi-steps process of
nerve terminal intoxication and paralysis caused by these neurotoxins.
Novel biophysical approaches that allow one to follow the action of sin-
gle molecules coupled to extensive mutagenesis are expected to throw
light on the molecular mechanism underlying this process. These stud-
ies should include TeNT and several BoNT serotypes as relevant differ-
ences may be found among them. These studies are likely to lead to
the identification of novel toxins of therapeutic potential and novel
inhibitors of these neurotoxins.
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Abstract: Botulinum neurotoxins (BoNTs) and some animal neurotoxins (3-Bungarotoxin, (3-Btx,
from elapid snakes and a-Latrotoxin, a-Ltx, from black widow spiders) are pre-synaptic neurotoxins
that paralyse motor axon terminals with similar clinical outcomes in patients. However, their
mechanism of action is different, leading to a largely-different duration of neuromuscular junction
(NM]) blockade. BoNTs induce a long-lasting paralysis without nerve terminal degeneration
acting via proteolytic cleavage of SNARE proteins, whereas animal neurotoxins cause an acute and
complete degeneration of motor axon terminals, followed by a rapid recovery. In this study, the
injection of animal neurotoxins in mice muscles previously paralyzed by BONT/A or /B accelerates
the recovery of neurotransmission, as assessed by electrophysiology and morphological analysis.
This result provides a proof of principle that, by causing the complete degeneration, reabsorption,
and regeneration of a paralysed nerve terminal, one could favour the recovery of function of a
biochemically- or genetically-altered motor axon terminal. These observations might be relevant
to dying-back neuropathies, where pathological changes first occur at the neuromuscular junction
and then progress proximally toward the cell body.

Keywords: botulinum neurotoxins; animal neurotoxins; nerve terminals degeneration; mouse; DAS
assay; paralysis; neuroexocytosis

1. Introduction

Botulinum neurotoxins (BoN'Ts) produced by Clostridia are responsible for the flaccid paralysis
of botulism [1,2]. Many different BoNTs are known and are grouped into seven serotypes (BoNT/A
to BoNT/G). They include a metalloprotease domain that specifically cleaves three essential
components of the synaptic vesicle fusion machinery leading to a persistent, but reversible, blockade
of neurotransmission with no morphological alterations of the neuromuscular junction (NM]) [2-4].
Indeed, most botulism patients survive if their respiration is mechanically supported. The duration
of BoNTs-induced neuroparalysis depends on the BoNT serotype and on the toxin dose [5]. BONT/A
and BoNT/C induce the longest paralysis (up to many months), whilst BONT/E and /F cause the
shortest one (few weeks) [6-8]. The same occurs in rats and mice, although functional recovery is
3—4 times faster than in humans [5,2,10].
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A similar peripheral neuroparalysis is also caused by some animal neurotoxins which induce
a reversible degeneration of motor axon terminals. Their use provides a relevant model for the
molecular characterization of the neurorepair process after injury [11]. These animal presynaptic
neurotoxins include «-Latrotoxin (a-Ltx), a pore-forming toxin contained in the black widow
spider venom (genus Latrodectus) [12,13], and pB-Bungarotoxin (3-Btx, from the Taiwan krait
Bungarus multinctus venom) [14]. P-Btx belongs to a family of snake neurotoxins endowed with
phospholipase A2 activity, named SPANs [15,16]. Despite their different biochemical activities,
intoxication by these animal neurotoxins results in a calcium overload inside motor axon terminals
that, in turn, triggers a massive neuroexocytosis of synaptic vesicles and the progressive degeneration
of the nerve endings [17,18]. Very remarkably, such an effect is strictly limited to the unmyelinated
end-plate and is characterized by mitochondria failure and cytoskeletal fragmentation [11,19,20].
Nevertheless, the consequent neuromuscular paralysis is completely reversible: in rodents, nerve
terminal regeneration and functional re-innervation are fully restored within a few days [21,22], in
a process orchestrated by muscle, Schwann cells, and the basal membrane [23,24]. In humans, the
peripheral neuroparalysis induced by the envenomation with snake venoms containing SPANs is
functionally reversed within 3-6 weeks [25,26].

Despite the fact that these animal neurotoxins cause a complete disappearance of motor axon
terminals, whereas BoNTs do not, the functional recovery in the first case is much faster than in the
latter [21,22,27-30].

Based on these premises, we decided to investigate whether the local administration of a-Ltx or
B-Btx could rapidly reverse the otherwise long-lasting effect induced by BoNTs in mice, leading to
functional recovery from botulism paralysis. Functional and biochemical read-outs clearly indicate
that a single injection of animal neurotoxins switches the kinetics of recovery from several weeks to
few days, providing a proof of principle that any form of biochemically /genetically dysfunctional
motor axon terminal can be restored by inducing a degeneration /regeneration process.

2. Results

2.1. o -Latrotoxin or B~Bungarotoxin Injection Accelerates the Recovery from BoNTs-Induced Paralysis

As a first approach to evaluate the effect of animal neurotoxins on the functional recovery of the
BoNTs-poisoned NM]Js, we took advantage of a well-established model for assessing the kinetics
of rescue from BoNTs-induced muscular paralysis: the Digit Abduction Score (DAS) assay. This
method is widely used to evaluate the severity and duration of local muscle weakening following
the intramuscular injection of BoNTs into mouse hind limbs. We used the two BoNT serotypes most
frequently associated to human botulism and that are commercially available for human therapy:
BoNT/A and BoNT/B [2,31,32].

As shown by the black trace in Figure 1A, a minimal amount of BoONT/A induces a long lasting
paralysis of mice hind limbs. Notably, the effect has a maximum severity (DAS > 3.5) for at least
five days, with the subsequent recovery—characterized by a slow, though progressive, increase in the
capability of toes to abduct—taking more than 20 days to be substantially completed (DAS < 0.5).
The other two traces show that x-Ltx (light gray) and p-Btx (dark gray), injected when BoNT /A has
reached its maximum effect (three days after injection, indicated as day zero), significantly shorten
the time needed to rescue from paralysis: recovery (DAS < (.5) is indeed achieved well within nine
days. Furthermore, the severity of paralysis drops very quickly from the maximum score, at the time
of animal toxin injection, to a very low value (DAS < 1), where hind-limb muscles are still weak but
no longer paralyzed, allowing an almost normal control of toe movements. Figure 1B shows that a
very similar outcome was obtained using BoNT/B: in this case, even though the maximum severity
is likewise achieved, the paralysis lasts much shorter, being substantially extinguished (DAS < 0.5)
within seven days. Nevertheless, DAS scores of double-injected mice (x-Ltx or B-Btx 24 h after
BoNT/B, indicated as day zero) return to baseline in three days, showing again a significantly faster
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recovery. The difference between single- and double-injected animals is less remarkable in the case
of BoNT/B treated animals with respect to those treated with BoNT/A, but this is the immediate
consequence of the different duration of action of the two BoNT serotypes. In fact, BoONT/B-induced
paralysis is about three times shorter than that caused by BoNT/A [32].

A a-Ltx or [-Btx B a-Lix or fi-Btx
BoNT/A 1 BoNT/B 1
| .
NV - BoNT/A 4 : - BoNT/B
. BoNT/A + w-Lix '\ BoNT/B + a-Lix
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Figure 1. Digit Abduction Score (DAS) assay on single- or double-injected mice. Sub-lethal doses
of BONT/A (A) or BONT/B (B) were i.m. injected in mice hind limbs; once complete paralysis was
achieved (within 12 h from injection, DAS = 4), two groups of mice received a second im. injection
of «-Ltx or p-Bix (three days after BONT/A and 24 h after BONT/B administration). The rescue from
paralysis was monitored over time, until complete recovery was attained (DAS = 0). Representative
experiments, N = 10 mice for each condition. Error bars represent s.e.m.

2.2. Synaptic Activity of BONT-Paralyzed Muscles is Restored Earlier Following «-Latrotoxin or
B-Bungarotoxin Injection

Though very reliable, DAS assay provides a more qualitative than quantitative read-out of
muscle paralysis. Therefore, to monitor the functional recovery of BoNTs-poisoned nerve terminals
in a more quantitative way, we performed electrophysiological recordings (ER) on soleus NM]s
of single- or double-poisoned mice at different time points after treatments. The experiment was
conducted as in the case of DAS assay, but at indicated times soleus muscles were collected and
evoked junction potentials (E]Ps) were recorded ex vivo in order to determine the functional state of
single NMJs.

Figure 2 reports that, upon a supramaximal electric stimulation, neuroexocytosis occurs, as
assessed by the recorded post synaptic depolarization (white bar). As expected, and in agreement
with the DAS assay, BONT/A inhibits the release of acetylcholine (Ach) soon after administration,
indeed poisoned solei do not generate EJPs (day one, black bar). The same effect is observed at
day one in double-injected muscles, as well as in those treated with the sole animal neurotoxins
(Figure 2C), and is fully consistent with their degenerating effect on peripheral nerve endings [11].
However, four days after the injection of the animal toxins, which is a time window sufficient for
degeneration/regeneration of nerve terminals to occur (Figure 2C), double-injected muscles display
a partial restoration of the synaptic activity. The same is not observed in muscles injected with only
BoNT/ A, which at the same time point are still completely paralyzed (Figure 2A). Importantly, such
a profile is maintained in the following time points, where double-injected muscles show EJPs of
higher amplitudes compared to those of single-injected ones. Notably, 30 days after animal toxin
administration, the functionality of double-injected muscles is substantially restored, while solei
treated with only BoNT /A respond to nerve stimulation with an average depolarization which is only
about 50% with respect to control ones. This faster recovery of NMJs functionality is not restricted to
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muscles paralyzed by BoNT/A, but can be extended also to BoONT/B-poisoned ones (Figure 2B), even
though in this case the overall rescue profile is faster, as BONT/B-induced paralysis has, in itself, a

shorter duration [32].
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Figure 2. Electrophysiological recordings on single- or double-injected soleus muscles. Sub-lethal
doses of o-Ltx or B-Btx were administered im. in mice hind limbs previously injected at the
same site with BONT/A (A, three days earlier) or BoNT/B (B, 24 h earlier). Soleus muscles were
collected at different time points and processed for electrophysiological recordings. Muscles injected
with BoNTs plus animal neurotoxins recover faster than BoNTs-treated ones. The same analysis
was performed on solei injected with animal neurotoxins only (C). Bars represent the average EJP
amplitude of 45 muscle fibers from three different mice per condition; paired f-test, * p < 0.01,
* p < 0.001 versus control (vehicle) or other conditions of the same time point; error bars represent

s.e.m. n.s.= not significative.

As a control, ER were also performed on muscles injected with «-Ltx or 3-Btx alone: as shown
in Figure 2C, the complete recovery from paralysis is achieved more rapidly than in double-injected
muscles (Figure 2A,B). This could be due to some residual activity of BoNTs, which might diffuse
away from the site of injection to reach the blood circulation, being therefore able to re-affect
regenerated nerve terminals, slightly impairing neurotransmission. This is consistent with the fact
that BoNTs can be found in the general circulation of botulism patients for many days after the onset
of symptoms development [33,34].

2.3. Fluorescence Microscopy Analysis of SNAP25 and VAMP1 Turn-Over at Single- or
Double-Poisoned NMJs

It is now well documented that BoNT-induced neuroparalysis is a direct consequence of
the specific cleavage of different SNARE proteins by the metalloprotease activity of the toxins.
Specifically, BONT/B removes a large cytosolic fragment of VAMP, thus preventing the formation
of the SNARE complex, whereas BoNT/A cleaves few residues from the C-terminal of SNAP25: the
resulting truncated SNAP25 (t-SNAP25) can still form stable SNARE complexes, which are although
unable to mediate neuroexocytosis [3,5]. This can be ascribed to the inability of t-SNAP25 to correctly
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interact with other SNARE complexes, preventing the assembly of the SNARE super-complex
necessary to mediate synaptic vesicles fusion [5,35,36].

Being the blockade of neurotransmission by BoNTs the result of SNARE components proteolysis,
we followed the kinetics of SNARE proteins cleavage by means of immunohistochemistry, using
appropriate antibodies in order to characterize at a molecular level the effects of animal neurotoxins
on BoNTs-poisoned NMJs. Importantly, this analysis was performed on muscles previously
processed for ER, permitting a direct comparison of their functional state with SNARE proteins
cleavage. For this purpose, in the case of BoNT/A-poisoned muscles we took advantage of
a well characterized antibody that only recognizes the BoNT/A-cleaved form of SNAP25 [31],
whereas BoNT/B-poisoned ones were labelled with an antibody which only binds the intact form
of VAMP1 [37], as this is the main VAMP isoform present at NM] [38]. As a control of their integrity
state, presynaptic nerve terminals were also stained for neurofilaments (NF) and SNAP25 (using an
antibody which recognizes both intact and truncated SNAP25, indicated as SNAP25,,), whereas
fluorescent a-Bungarotoxin (e-BTX) was used to visualize post-synaptic specializations.

BoNT/A vehicle
Day -3 == Day 0 v Day 16 Day 30

Figure 3. Time course of SNAP25 cleavage by BoNT/A. Soleus muscles injected with BoNT /A were
dissected at different time points, analysed by electrophysiology and then processed for indirect
immunohistochemistry. Day zero refers to NM]Js treated for three days with BoNT/A (at day zero
a second injection with animal neurotoxins was performed, see Figures 4 and 5). A strong staining of
BoNT/A-cleaved SNAP25 (t-SNAP25) is detectable at NM]Js from the very beginning of the analysis,
and persists, though with decreasing intensity, until day 30. In untreated muscles, t-SNAP25 is

undetectable (NC: negative control, NF: neurofilaments). Bar = 10 um.
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As shown in Figure 3, soon after BONT /A injection t-SNAP25 starts accumulating at poisoned
NM]Js, and the staining persists until the end of the kinetics, although slowly decreasing its intensity.
As expected, -SNAP25 antibody does not cross-react with intact SNAP25, since no staining is
detectable at untreated NMJs. As previously reported, chemically denervated NMJs sprout terminal
and nodal processes (see Figure 3, day zero), that become longer and widespread over time [39]; in
addition, paralyzed NMJs lose their typical and well-defined shape, and the post-synaptic staining
of Ach receptors becomes progressively weaker and fragmented. A different scenario arises in
double-injected muscles (Figures 4 and 5): 24 h after animal neurotoxins administration (injected three
days after BONT/A), NM]Js have degenerated, as proven by the disappearance of neurofilaments,
intact SNAP25 and +-SNAP25. Importantly, by day eight all motor axon terminals have regenerated,
as shown by the staining of newly-synthetized SNAP25 and NF. Noteworthy, here t-SNAP25 is
completely absent, suggesting that the degeneration “cleared” nerve terminals from BoNT/A L
chains, neutralizing its poisonous effects. Moreover, the post-synaptic staining of NMJs is much more
preserved than in muscles injected with only BoNT /A: this might be due to the trophic effect of Ach,
whose release is earlier restored in double-injected solei (Figure 2), thus preventing the disassembly
of Ach receptors-clusters forming post-synaptic specializations.

BoNT/A a-LTX

¥ v

Day -3 =— Day 0

Day 16 =——— Day30 -—

Figure 4. BoNT/A-cleaved SNAP25 turn-over at a-Ltx-injected NM]. «-Ltx was administered
im. in mice hind limbs 3 days after the injection of BoNT/A at the same site (day zero).
Immunohistochemistry was then performed at different time points on soleus muscles previously
processes for electrophysiology. As shown in the panel, the acute degeneration of nerve terminals
is induced within 24 h from a-Ltx injection; at day eight, regeneration is achieved as demonstrated
by the re-appearance of the SNAP25,,) and neurofilaments (NF) staining. However, no t-SNAP25 is
detectable at regenerated NM]Js throughout the time-course of the experiment. Bar = 10 um.
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BoNT/A B-BTX
Day-3 =— Day0) =—— Dayl — Day 8 Day 16 Day 30 —

Figure 5. BoNT/A-cleaved SNAP25 turn-over at p-Btx-injected NM]J. p-Btx was administered
im. in mice hind limbs three days after a first injection of BoNT/A at the same site.
Immunohistochemistry was then performed at different time points on soleus muscles previously
processes for electrophysiology. Similarly to o-Ltx, 3-Btx induces an acute degeneration of nerve
terminals within 24 h, followed by a complete regeneration. Again, the staining of -SNAP25 in no
more detectable at regenerated motor axon terminals. Bar = 10 pm.

Similar outcomes are observed in BoNT/B-treated mice: as expected, VAMPI1 staining
disappears soon after BoNT/B injection, and newly synthetized VAMP] starts to be detectable
starting from day 16 (Figure 6). Again, many neuronal sprouts can be seen at late time points,
when paralyzed NM]Js also become elongated and shapeless, though to a lesser extent than those
treated with BONT/A. When a-Ltx or f-Bix are administered, nerve terminals degenerate, and only
the post-synaptic labelling is detectable at NMJs (Figures 7 and 8 day one). However, a rapid and
complete regeneration takes place by day four, as assessed by the reappearance of the presynaptic
markers SNAP25 and neurofilaments, as well as of VAMP1. Notably, the synaptic activity recovery
parallels the reappearance of VAMP1 staining, which becomes more and more brilliant over time
reaching control level by day 16, when NMJs perform indistinguishably from that of control muscles
(Figure 2B).
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BoNT/B vehicle

v v

Day -1 == Day 0 A\l Day 8§ e Day 106

Figure 6. Time course of VAMP1 cleavage by BoNT/B. Soleus muscles injected with BoNT/B were
dissected at different time points, analysed by electrophysiology and then processed for indirect
immunohistochemistry. Day zero refers to NM]Js treated for 24 h with BoNT/B (at day zesro a second
injection with animal neurotoxins was performed, see Figures 7 and 8). VAMP1 staining, which is
brightly present at untreated NMJs, disappears soon after BoNT/B injection and starts reappearing
by day 16. Bar = 10 um.
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BoNT/B o-LTX

Figure 7. VAMP] reappearance following a-Ltx injection at BoNT/B-poisoned NMJs. o-Ltx was
administered i.m. in mice hind limbs 24 h after BoNT/B injection. Soleus muscles were then processed

for immunohistochemistry after electrophysiology. Within 24 h from «-Ltx injection, nerve terminals
completely degenerate, as demonstrated by the disappearance of SNAP25,,,; and neurofilaments
(NF) stainings; however, by day four newly-regenerated axon terminals show a clear labelling of

'AMP1, which becomes more brilliant and defined over time. Bar = 10 pum.
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BoNT/B p-BTX

\ v

Day -1 == Dav 0

Figure 8. VAMPI reappearance following B-Btx injection at BoNT/B-poisoned NMJs. p-Btx was
administered i.m. in mice hind limbs 24 h after BoNT /B injection. Soleus muscles were then processed
for immunchistochemistry after electrophysiological recordings. Similarly to o-Ltx, regeneration of
nerve terminals takes place by day four and is paralleled by the re-appearance of VAMP1 staining at
NM]Js. Bar =10 pm.

3. Discussion

Several peripheral human pathologies are due to biochemical lesions of motor axon terminals,
caused by a genetic alteration or by exogenous agents. In non-cell autonomous and dying-back
axonopathies such as ALS (amyotrophic lateral sclerosis) and autoimmune neuropathies, many
molecular changes influencing motor neurons degeneration occur at the NM] at the very
early stages of the disease, and then progress along the axon leading to denervation and
irreversible paralysis [40-43]. Here, we aimed at providing a proof of principle that a NM]J,
biochemically-lesioned in its motor axon terminal, can be returned to functionality by operating a
surgical removal of the terminal itself, followed by its re-growth under the stimulus and guidance
of the basal membrane, the perisynaptic Schwann cells and the muscle fibre. As a biochemical
damage, we chose one which has been well defined in the last 20 years, i.c., the cleavage of a SNARE
protein by a BoNT, which leads to long lasting but totally reversible paralysis of peripheral nerve
terminals [2]. We have extended the study to the two BoNT serotypes that are the main responsible
of human botulism and, at the same time, are used in the therapy of human pathological conditions
characterized by hyperfunctionality of peripheral nerve terminals [32,44-46]. BoNT/A cleaves the
C-terminus of SNAP25, whilst BONT /B removes the major part of the cytosolic domain of the integral
synaptic vesicle protein VAMP [3,16]. Both proteins are essential components of the SNARE complex,
the nanomachine which mediates neurotransmitter release: for this reason, their cleavage leads to the

5331



Toxins 2015, 7, 5322-5336

persistent paralysis that is the hallmark of botulism [5,47,48]. To perform the surgical removal of
the motor axon terminals, we used two neurotoxins that bind specifically to the presynaptic plasma
membrane, altering its permeability and allowing rapid influx of calcium to the cytosol; this in
turn triggers a series of events, only partially known, leading to a complete degeneration which is
spatially-restricted to nerve terminals only, with no evident damage of the axon [11,13,15,22,49].

Double poisoning with black widow spider venom and partially-purified preparations of
BoNT/A was performed before in experiments aimed at understanding their mechanism of action,
which was only partially known at that time [50,51]. In two other studies, the reversibility of
BoNT/A induced paralysis was studied by inducing NMJ regeneration upon crushing the nerve
terminal [52,53]. A similar approach was also extended to some in vitro experiments, in which a-Ltx
was found to restore SNAP25 by elimination of the SNAP25 cleaved by BoNT /A. Nevertheless, this
study did not include in vivo observations, therefore not providing any information about the effect
of the spider toxin on the functional recovery of BoNTs-paralyzed NM]Js [54].

The present work takes advantage of the actual wider knowledge of the mechanism of action
of all the neurotoxins used here [2,11,12,15,16], including PLA2 neurotoxins (SPANs) and BoNT/B,
which have never been tested in such double poisoning experiments before.

The remarkable finding described here is that, notwithstanding the target cleaved by the BoNTs,
both a-Ltx and p-Btx are capable of effectively shorten the duration of the paralysis caused by BoNTs
in mice, at doses that exclude a systemic effect. The progressive disappearance of the peripheral
paralysis is accompanied by a recovery of the NMJ function, as assessed by electrophysiological
measurements. In addition, we documented by fluorescence microscopy with specific antibodies that
BoNT/A paralysis and recovery are paralleled by appearance and disappearance of the truncated
form of SNAP25; a similar relation was found between VAMP1 staining and blockade of the motor
axon terminals in BoNT/B treated animals. Moreover, to the best of our knowledge, this is the
first time that the direct effect of BoNT/B on its substrate VAMP1 has been immunochistochemically
characterized in terms of onset and resolution.

The general and relevant conclusion that can be drawn by the present study is that biochemical
lesions of motor axon terminals, associated with a loss of synaptic functionality, can be overcome
by treatments that cause a reversible degeneration of the terminals themselves. As the NM]
is one of the few anatomical structures whose regeneration capacity has been retained through
evolution [23,24], the degeneration and removal of the motor axon terminal is followed by its
regeneration and repositioning on the basal membrane, with complete regain of function. In the
light of these observations, it would be interesting and relevant to extend the present approach to
diseases characterized by a chronic and severe dysfunction of the motor axon terminals, such as ALS
and some autoimmune neuropathies.

4. Experimental Section

4.1. Animals and Toxins

Experiments were performed on Swiss-Webster adult male CD1 mice (Plaisant Srl) in accordance
with the Council Directive 2010/63/EU of the European Parliament, the Council of 22 September
2010 on the protection of animals used for scientific purposes, and approved by the Italian Ministry
of Health (authorization number 359/2015, 11 May 2015).

BoNT/A was prepared and purified as previously described [55,56], BoNT /B was produced in
E. coli via recombinant methods [57]. a-Ltx and (-Btx were purchased from Alomone (Jerusalem,
Israel) and Sigma-Aldrich (St.Louis, MO, USA), respectively. Their purity was checked by SDS page
and their potency tested in ex vivo hemidiaphragm preparations [15].

BoNT/A and BoNT/B were diluted with physiological saline (0.9% NaCl plus 0.2% gelatine)
to a final concentration of 0.25 pg/uL and 0.5 pg/uL respectively, and locally injected in the left
mouse hind-limb (1 uL/g of weight), in order to reach the final intramuscular dose of 0.25 ng/kg
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(BoNT/A) or 0.5 ng/kg (BoNT/B). Similarly, at indicated time, a-Ltx (5 nug/kg) or B-Btx (10 ng/kg)
were injected at the same site. Control animals were injected with saline. All injections were
performed upon isofluorane anaesthetization of two months-old mice weighting around 20-25 g.
Treated mice underwent DAS score evaluation and electrophysiological recordings at defined time
points, as described in the following sections.

4.2. Digit Abduction Score Assay (DAS)

Swiss-Webster adult male CD1 mice were housed under controlled light/dark conditions, and
food and water were provided ad libitum. The degree of hind limb paralysis was evaluated by
the Digit Abduction Score Assay (DAS), which measures the local muscle weakening following
BoNTs injection into mouse hind-limb [58,59]. Briefly, the local paralysis was scored on a five
point scale, with 0 corresponding to a normal abduction of all digits of the hind limbs and four
corresponding to the maximum degree of paralysis, i.c., none of the toes can abduct. Ten mice for
each condition were employed. Treated mice were checked once per day until the complete recovery
of abduction capability.

4.3. Electrophysiological Recordings (ER)

Treated mice were sacrificed at scheduled times by anesthetic overdose followed by cervical
dislocation, soleus muscles were dissected, subjected to electrophysiological measurements and then
fixed for immunohistochemistry. Three mice were used for each condition at each time-point.
Electrophysiological recordings (ER) were performed in oxygenated Krebs-Ringer solution on
sham or neurotoxins-injected soleus muscles, using intracellular glass microelectrodes (WPI) filled
with one part 3 M KCl and two parts 3 M CH3COOK. Evoked junction potentials (EJP) were
recorded in current-clamp mode, starting from resting membrane potential of —70 mV, adjusted
with direct current injection when needed. EJPs were elicited by supramaximal nerve stimulation
at 0.5 Hz, using a suction microelectrode connected to a $88 stimulator (Grass, Warwick, RI, USA).
To prevent muscle contraction after dissection, samples were incubated for 10 min with 1 uM
u-Conotoxin GIIIB (Alomone, Jerusalem, Israel). Signals were amplified with intracellular bridge
mode amplifier (BA-01X; NPI, Tamm, Germany), sampled using a digital interface (NI PCI-6221;
National Instruments, Austin, TX, USA) and recorded by means of electrophysiological software
(WinEDR; Strathclyde University, Glasgow, Scotland, UK). EJPs measurements were carried out with
Clampfit software (Molecular Devices, Sunnyvale, CA, USA).

4.4. NM] Immunohistochemtistry (IHC)

At the end of ER, soleus muscles were immediately fixed in 4% (wt/vol) PFA in PBS for 30 min
at RT. Samples were quenched in 50 mM NH4CI in PBS, then permeabilized and saturated for
2 h in blocking solution (15% vol/vol goat serum, 2% wt/vol BSA, 0.25% wt/vol gelatin, 0.2% wt/vol
glycine in PBS), containing 0.5% Triton X-100. Incubation with the following primary antibodies
was carried out for at least 48 h in blocking solution: anti-SNAP25 (SMI81 mouse monoclonal,
1:100, BioLegend, San Diego, CA, USA), anti-neurofilaments (mouse monoclonal, anti-NF200,
1:200, Sigma-Aldrich, St. Loius, MO, USA), anti-VAMP1 (rabbit polyclonal 1:200, generated as
described in [37], and anti-SNAP25 BoNT/A-cleaved (t-SNAP25, rabbit polyclonal 1:200, generated
as described in [31]. Muscles were then extensively washed and incubated with the appropriate
secondary antibodies (Alexa-conjugated, 1:200 in PBS, Thermo Scientific, Waltham, MA, USA)
supplemented with Alexa555-conjugated o-Bix (1:200, Thermo Scientific, Waltham, MA, USA) to
counterstain post-synaptic nicotinic acetylcholine (Ach) receptors. Images were collected with a Leica
SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany) equipped with 100X HCX PL. APO
NA 1.4 objective. Laser excitation line, power intensity, and emission range were chosen according to
each fluorophore in different samples to minimize bleed-through.
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Bondi M, Germinario E, Pirazzini M, Zanetti G, Cencetti F,
Donati C, Gorza L, Betto R, Bruni P, Danieli-Betto D. Ablation of
S1P5 receptor protects mouse soleus from age-related drop in muscle
mass, force, and regenerative capacity. Am J Physiol Cell Physiol 313:
C54-C67, 2017. First published April 26, 2017; doi:10.1152/ajp-
cell.00027.2017.—We investigated the effects of S1P; deficiency on
the age-related atrophy, decline in force, and regenerative capacity of
soleus muscle from 23-mo-old male (old) mice. Compared with
muscle from 5-mo-old (adult) mice. soleus mass and muscle fiber
cross-sectional area (CSA) in old wild-type mice were reduced by
~26% and 24%. respectively. By contrast, the mass and fiber CSA of
soleus muscle in old $1P;-null mice were comparable to those of adult
muscle. Moreover, in soleus muscle of wild-type mice, twitch and
tetanic tensions diminished from adulthood to old age. A slowing of
contractile properties was also observed in soleus from old wild-type
mice. In S1Ps-null mice, neither force nor the contractile properties of
soleus changed during aging. We also evaluated the regenerative
capacity of soleus in old S§1P;-null mice by stimulating muscle
regeneration through myotoxic injury. After 10 days of regeneration,
the mean fiber CSA of soleus in old wild-type mice was significantly
smaller (—28%) compared with that of regenerated muscle in adult
mice. On the contrary. the mean fiber CSA of regenerated soleus in
old S1Ps-null mice was similar to that of muscle in adult mice. We
conclude that in the absence of §1P4, soleus muscle is protected from
the decrease in muscle mass and force, and the attenuation of regen-
erative capacity, all of which are typical characteristics of aging.

aging; sarcopenia; soleus muscle; regeneration: 51Ps receptor

AGING OF SKELETAL MUSCLE i associated with the gradual loss of
skeletal muscle mass and strength, a condition known as
sarcopenia. Multiple phenomena, not totally understood, con-
tribute to the development of sarcopenia, including intrinsic
factors such as hormonal imbalance, inflammation, denerva-
tion, oxidative stress, mitochondrial dystunction, and impaired
satellite cell (SC) function; and extrinsic factors such as re-
duced physical activity and inadequate nutrition (48).

The reduction of muscle mass in old humans was demon-
strated to be secondary 1o the loss of e-motoneurons and motor
units, and to an incomplete reinnervation of previously dener-
vated muscle fibers, evidence confirmed in rat-aging models
(36, 37). Diversely, little or no neuronal death was evidenced
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in aged mice (14). On the other hand, oxidative stress and
decreased release of trophic factors seem to influence neuro-
muscular junction (NMJ) integrity and contribute to denerva-
tion of the oldest muscle fibers (11, 14, 15). Large evidence
was also accumulated demonstrating that altered intracellular
and/or metabolic conditions lead to dysfunctional mitochon-
dria; these conditions include impaired mitochondrial energet-
ics, decreased rate of synthesis of mitochondrial proteins,
increased mitochondrial-mediated apoptosis, and decreased au-
tophagy, and therefore mitophagy (45). Therefore. defective
autophagy increases sarcopenia by causing NMJ degeneration,
and accumulation of large mitochondria and carbonylated pro-
teins (11). Importantly, the latter seems to contribute to the
reduced specilic tension generated by old muscle fibers. In fact,
the decrease in muscle force-generating capacity with age
appears to be larger than the reduced muscle mass (1). The
age-dependent fast-to-slow phenotype transformation could
contribute to the reduction in muscle foree (1), as fast fibers are
stronger than slow fibers (9).

Aging is also characterized by a gradual decline in the
regenerative efficiency of skeletal muscle (4), though recent
evidence indicates that the process appears just delayed and
completely fulfilled (2, 58). Whether this is due to extrinsic
changes in the environment and/or to cell-intrinsic mechanisms
associated with aging is still debated. Adult muscle regenera-
tion involves activation of SCs, a stem cell population located
between the basal lamina and plasma membrane. Activated
SCs undergo proliferation and generate myoblasts, which fuse
to each other or to injured myofibers to promote repair and
regeneration. There was no significant difference in SC number
between young and old muscle (18), but it is reported that with
age, the systemic environment is less effective in maintaining
the myogenic fate of muscle stem cells and facilitates the
conversion to fibrogenic fate (12).

The bioactive sphingolipid sphingosine 1-phosphate (SIP)
exerts important functions in almost all tissues and organs, and
particularly in vascular and immune systems (46, 60). S1P acts
by autocrine/paracrine mechanisms as a ligand of five distinct
S1P receptors, (S1P;_s) coupled to multiple heterotrimeric G
proteins that activate distinct signaling pathways (46, 60).
Three SIP receptor subtypes (SI1P; ;) are expressed in adult
skeletal muscle. SIP; and S 1Pz receptors are localized both in
the cell and nuclear membranes of adult fibers (67). In addition,
S1P; was also detected in the neuromuscular junction (67).
S1P; and S1P; are expressed by quiescent satellite cells of
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adult muscle, whereas S1P> is only transiently expressed in
activated SCs (21, 26, 33).

Studies of the role of SIP signaling in skeletal muscle are
carried out in skeletal muscle cellular models, in in vivo
experiments by modulating SIP signaling, and in transgenic
mice lacking individual SIP receptors, demonstrating on the
whole that SIP has pleiotropic effects on muscle functions
(22). Our previous results indicate that exogenous S 1P admin-
istration makes extensor digitorum longus (EDL) muscle more
resistant to faticue (20). Moreover, exogenous application of
S1P counteracts the reduction in rat muscle mass caused by
denervation, whereas neutralization of the extracellular lipid
with a specific anti-S1P monoclonal antibody accelerated the
atrophy caused by denervation in mice (67). It was then
demonstrated that SIP stimulates quiescent SCs to enter the
cell cycle, and muscle regeneration is compromised when S1P
biosynthesis is inhibited (47). In addition, exogenous admin-
istration of S1P at the moment of myotoxic injury favors the
growth of regenerating fibers in both rat and mouse (21).
Moreover, reduced S1P catabolism improves muscle regener-
ation in mdx mice (33, 41). The role played by single S1P
receptors in skeletal muscle is only partly revealed, and diver-
gent evidence is reported. Previous results suggest that S1Ps
may positively control muscle trophism, because its expression
dramatically drops in denervated rat soleus muscle (67). How-
ever, in S1Ps-null mice, denervation atrophy is reduced in the
EDL muscle (27). In vivo pharmacological data suggest that
S1P; negatively regulates the growth of regenerating rat soleus
fibers, whereas S1Ps seems to have an opposite, positive action
(21). However, it has been recently demonstrated in vivo that
in the absence of S1Ps. acute regeneration is enhanced both
after a single cycle and repeated cycles of muscle injury in
mouse tibialis anterior muscle (26). Morcover, it was suggested
that signaling through S1P; may contribute to control the
quiescence of SCs (26). whereas signaling that operates
through SI1P, may then drive S1P-mediated proliferation
and/or differentiation in myogenic C2C12 cells (41). Finally,
the lack of S1P; resulted in a delay of regenerating muscle fiber
erowth (29, 41).

In the present work, we explored the effects produced by the
absence of S1Ps on the characteristics of aged soleus muscle
using S1Ps;-null mice. The absence of S1P; receptor in old
soleus muscle seems to favor the preservation of muscle mass.
muscle force, NMIJ integrity, and regenerating capacity.

MATERIALS AND METHODS

The Italian Health Ministry approved all animal experimental
protocols. CSTBL/6] (wild type) and S1Ps-null mice, generated by
Jerold Chun (Scripps Institute, La Jolla, CA) (34) and kindly provided
by Dr. Bodo Levkau, University of Essen, Essen, Germany (the
genotype of S1Ps-null mouse was confirmed by PCR), were housed
under a 12:12-h light-dark cycle in an air-conditioned room with ad
libitum access to a standard chow and water diet. Male mice aged 5
and 23 mo were used. Throughout the experimental work, a total of 22
adult and 18 old, wild-type mice, and 24 adult and 20 old, S1Ps-null
mice were used.

Muscle contractile properties of old soleus musele. The experi-
ments were performed in vitro in a vertical muscle apparatus (300B:
Aurora Scientific, Aurora, ON, Canada) containing a Ringer solution
of the following composition: 120 mM NaCl, 4.7 mM KCI, 2.5 mM
CaCls. 3.15 mM MgCl, 1.3 mM NaH-PO,, 25 mM NaHCQO., 11 mM
glucose, and 30 uM d-tubocurarine, pH 7.2-7.4, 30°C, bubbled with

E55

95% 0./5% CO,. Muscles were stretched to the optimal length (i.e.,
the length that allowed maximal tension development in response (o a
single pulse) and electrically stimulated via two paralle! electrodes
with supramaximal pulses (0.5 ms duration) delivered by a Grass 544
electronic stimulator through a stimulus isolation unit (Grass SIUS).
Muscle response was recorded through an isometrie force transducer
(Grass FT03) connected to an AT-MIO 16AD acquisition card (Na-
tional Instruments). Data were analyzed using LabView software
(National Instruments) (27). Time to peak of the twitch, half relax-
ation time of the twilch and of the tetanus, and the maximum rate of
rise of the tension were measured. Twitch and tetanic tensions were
normalized to the muscle wet weight (specific tension, N/g). Force-
frequency curve was determined by stimulating soleus muscle at 1,
20, 30, 40, 60, 80, 100, 120, and 150 Hz. Muscles were weighed at the
end of each experiment.

Histological and immunofluorescence analysis. Muscles were iso-
lated and quickly frozen in liguid nitrogen in a slightly stretched
position. Serial cross sections (8 pm thick) were cut in a cryostat
microtome (Slee, London, UK) set at —24 = 1°C. Hematoxylin &
eosin and succinate dehydrogenase (SDH) staining were performed on
transverse muscle sections to examine the general morphology and
overall mitochondrial content (27). To evaluate the extension of
fibrosis, muscle cryostat sections were subjected to PicroSirius Red
staining (31). Laminin staining was carried out to determine the
cross-sectional area (CSA) of individual fibers (21, 67). Muscle
sections were incubated for | h at 37°C with the polyclonal antibody
specific for laminin (L9393; Sigma, St. Louis, MO) diluted 1:150 in
5% fetal bovine serum. Laminin was revealed with an anti-rabbit
Alexa Fluor 488 (goat anti-rabbit lgG; Invitrogen, Carlsbad, CA)
diluted 1:200 in PBS incubated for | hat 37°C. Nuclei were evidenced
with DAPI staining. Muscle sections were examined in a Leica
RD100 fluorescence microscopy equipped with a digital camera.
Muscle fiber CSA was measured on digital photographs using Imagel
soltware (National Institutes of Health. Bethesda, MD). Type | and
type 2A fibers were identified, respectively, with BA-F8 (diluted
1:100) and SC-71 (diluted 1:10) monoclonal antibodies (University of
lowa, Developmental Studies Hybridoma Bank). The secondary an-
tibodies were Alexa Fluor goat anti-mouse IgG2b 488 conjugate lor
type | and IgG1 568 conjugate for type 2A, diluted 1:200.

Neuromuscular junction immunohistochemistry. Immediately after
isolation, soleus muscle was fixed in 4% (wu/vol) paraformaldehyde
(PFA) in PBS for 30 min at room temperature. Samples were then
quenched in 50 mM NH,CI in PBS (NH4Cl was used to quench
residual active aldehydes after PFA fixation), permeabilized and
saturated for 2 h in blocking solution (15% vol/vol goat serum, 2%
wifvol BSA, 0.25% wi/vol gelatin, and 0.2% wi/vol glycine in PBS),
containing 0.5% Triton X-100. Bundles of 5 to 6 muscle fibers were
dissected and incubated for at least 48 h with primary antibodies
specific for the vesicle-associated membrane protein 1/synapto-
brevin-1 (VAMPI1; rabbit polyclonal, diluted 1:200), generated as
described (54), or syntaxin 1A1B (rabbit polyclonal. diluted 1:200),
generated as described (57). Muscles were then extensively washed
and incubated with an anti-rabbit secondary antibody (Alexa 488-
conjugated, diluted 1:200 in PBS, catalog no. Al1008; Invitrogen by
Thermo Scientific, Waltham, MA) supplemented with Alexa 555-
conjugated «-Btx (diluted 1:200, B35451; Molecular Probes by
Thermo Scientific. Waltham, MA) to counterstain postsynaptic nico-
tinic acetylcholine receptors. Images were collected with a Leica SP5
confocal microscope (Leica Microsystems, Wetzlar, Germany)
equipped with a X100 HCX PL APO NA 1.4 objective. Laser
excitation line. power intensity, and emission range were chosen
according to each fluorophore in different samples to minimize
bleed-through.

Surgical procedures. Surgical procedures were performed while
the mice were under general anesthesia via intraperitoneal injection of
tiletamine and zolazepam (7 mg/kg, Virbac, Carros) and xylazine (14
mg/kg, Bayer). C576] and S1Ps-null mice aged 5 and 23 mo were
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used. Acute degeneration was induced in the left soleus muscles by
injecting 0.075 ml of the myotoxic drug notexin (0.5%, Sigma) as
previously published (29). Shortly thereafter, soleus muscle was
exposed by making a small, lateral incision and then gently detaching
it from the covering muscles with the tip of a surgical seissor. Notexin
was injected by inserting the tip of the needle longitudinally into the
muscle until it slightly swelled up, to avoid leaking out of the toxin
and the injury of surrounding muscles. Mice were euthanized 10 days
after degeneration by neck dislocation, and the soleus muscle of both
legs was removed.

Wesiern blotting and SDS-PAGE analysis. Western immunoblot-
ting was performed on muscle fragments dissolved in SDS-PAGE
buffer supplemented with Complete protease (04693132001: Roche,
Basel. Switzerland) and phosphatase (P0044 and P5726:; Sigma)
inhibitor cocktail, diluted as suggested. Muscle lysates (25-30 pg
cach) were electrophoresed on 10% SDS-PAGE gels. Electroblotting
was performed as previously described (67). Nitrocellulose filters
were probed with the selected primary antibody incubated overnight
at 4°C at the conditions described below.

The following rabbit antibodies were used: phospho(Ser*’?)-Akt,
1:1,000 in 5% BSA and 0.19% Tween-20 in TBS (catalog no. 4060;
Cell Signaling Technology); Akt, 1:500 in 5% BSA and 0.1%
Tween-20 in TBS (9272; Cell Signaling Technology): phospho-
(Ser®***).86, 1:1,000 in 5% BSA and 0.1% Tween-20 in TBS
(5364; Cell Signaling Technology); phospho(Ser*?*#27)Smad3.,
1:1,000 in 5% BSA and 0.1% Tween-20 in TBS (Ab52903; Abcam):
GAPDH, 1:5,000 in 2% BSA, 0.2% Tween-20 in TBS (GTX100118;
GenTex); LC-3. 1:1.000 in 5% low-fat milk, 0.1% Tween-20 in TBS
(LL7543; Sigma); P62, 1:1,000 in 5% low-fat milk. 0.1% Tween-20 in
TBS (P0O067: Sigma): PGC-1a. 1:1,000 in 5% low-fat milk, 0.1%
Tween-20 in TBS (ab54481; Abcam}; MuRF-1, 1:500 in 5% low-fat
milk, 0.04% Tween-20 in TBS (MP3401; ECMBioscience); Tom20,
1:500 in 5% BSA, 0.05% Tween-20 in TBS (scl1415; Santa Cruz
Biotechnology): and Bel2, 1:1.000 in 5% BSA, 0.1% Tween-20 in
TBS (2876S: Cell Signaling Technology). The secondary antibody
was an anti-rabbit peroxidase-conjugated antibody (P0448; Dako)
diluted 1:5,000 in the same buffer as the cognate primary antibody and
incubated for 1 h. A goat polyclonal antibody anti-SERCAZ2 (1:1,000
in 5% low-fat milk, 0.053% Tween-20 in TBS) (s¢8094; Santa Cruz
Biotechnology) was used. The secondary antibody was an anli-goal
peroxidase-conjugated antibody (AS5420: Sigma) diluted 1:10,000 in
the same buffer as the cognate primary antibody and incubated for | h.
Moreover, the following mouse monoclonal antibodies were used:
Smad3, 1:2,500 in 5% BSA and 0.1% Tween-20 in TBS (Ab75512,
Abcam); SERCAI (D1G8), 1:3,000 in 1% BSA in TBS, generated as
described (28); myogenin. 1:100 in 10% low-fat milk, 0.1% Tween-20
in TBS (F5D; Developmental Studies Hybridoma Bank): MyoDl1,
1:1,500 in 5% low-fat milk, 0.05% Tween-20in TBS (M3512: Dako):
and embryonic MyHC isoform (1:500, in 2% BSA, 0.2% Tween-20 in
TBS) (F1.652; Developmental Studies Hybridoma Bank). The sec-
ondary antibody was an anti-mouse peroxidase-conjugated (P0447;
Dako) at 1:10,000 dilution (in the same buffer as the cognate primary
antibody), incubated for 1 h. Visualization of reaction bands was
performed either via tetramethylbenzidine staining or enhanced
chemiluminescence (Amersham Pharmacia Biotech, Buckingham-
shire, UK). Signal intensities were evaluated by densitometry. Anal-
ysis of oxidatively modified proteins was performed by detecting
carbonylated proteins using an OxyBlot Protein Oxidation Detection
kit (Millipore, Billerica, MA).

Analysis of MyHC isoforms was performed by the SDS-PAGE
method previously described (26). Small muscle fragments were
weighed, ground with a ceramic pestle in liquid nitrogen, and ex-
tracted at 2 mg/ml in SDS-PAGE sample buffer (62.5 mM Tris-HCI
pH 6.8, 2.3% SDS, 5% 2-mercaptoethanol, and 10% glycerol). Mus-
cle protein samples (10 pg each) were electrophoresed on 8% SDS-
PAGE slab gels. MyHC protein bands were revealed with Coomassie
brilliant blue staining. MyHC isoform percentage composition was

51Ps RECEPTOR AND AGING

determined by densitometry of gels by using a Bio-Rad Imaging
Densitometer (GS-670).

Real-time PCR. Total RNA of soleus from old (age, 23 mo)
S1P;-null and wild-type mice was purified by TRI-Reagent, 1 pg of
which was used for reverse transcription, using the SuperScript IV
first-strand synthesis system, according to the manufacturer’s instruc-
tions (Life Technologies, Carlsbad, CA). Quantification of S1P recep-
tors (S1P,, S1P>, and S1Ps) and CTGF mRNA level was performed
via real-time PCR employing TagMan Gene Expression Assays
{(S1P,, Mm00514644 ml: S1P., MmO1177794 _ml1:; SI1Ps,
MmO0515669_ml; and CTGF, MmO01192933 gl). Each measure-
ment was carried out in triplicate using an automated ABI Prism 7500
Sequence Detector System (Life Technologies) as described previ-
ously (23) by simultaneous amplification of the target sequence
together with the housekeeping gene (-actin, whose expression was
highly stable across all the groups. Results were analyzed using ABI
Prism Sequence Detection Systems software, version 1.7 (Life Tech-
nologies), the 2722 method was applied as a comparative method of
quantification (40), and data were normalized to B-actin expression.

Statistical analysis. All values are expressed as means = SE. The
mean CSA wvalues from individual muscles were pooled and the
resulting mean was compared. More than 600 fibers from each muscle
were measured. Data were analyzed with one-way between-subjects
ANOVA followed by a Newman-Keuls post hoc test. For real-time
PCR experiments, results are expressed as means = SE of fold
changes according to the 272" method, with 18S rRNA in each
specimen used for housckeeping and the S1P, receptor in wild-type
soleus as a calibrator, Statistical significance of real-time PCR data
was assessed with two-way ANOVA followed by a Bonferroni post
hoc test. Ditferences were considered significant at P << 0.05.

RESULTS

Aging of S1Ps-null soleus. Skeletal muscle aging is charac-
terized by the loss of muscle mass and strength, generally
termed sarcopenia. We evaluated the effects produced by the
absence of S1P; receptor on aging of soleus muscle by using
adult (5 mo old) and old (23 mo old) wild-type and S1Ps-null
mice (34).

First, the body mass of wild-type mice was similar (+2%) in
adult and old age mice, whereas that of S1Ps-null mice was
substantially increased by ~14% (Fig. 1A). Soleus muscle mass
of old wild-type mice was largely smaller (—26%) than that of
adult mice (Fig. 1B), confirming the atrophy observed in old
skeletal muscle (1). Consistently, the ratio between soleus mass
and body weight was markedly decreased in wild-type mice
(Fig. 1C). Soleus muscle mass of SIPs-null mice decreased
only slightly during aging (Fig. 1B). As a consequence, the
ratio between soleus mass and body weight also decreased in
S1Ps-null mice. Preservation of muscle mass during aging in
S1Ps-null mice is also observed in EDL (10.7 £ 0.6 mg, n =
8.vs. 9.9 = 0.9 mg, n = 7) and in tibialis anterior, the mass of
which increased compared with that of adult animals
(508 =29 mg, n=28,vs.37.9 £33 mg.n =3 P <003),
On the other hand, laminin staining evidenced that old wild-
type soleus fibers were clearly smaller than those of adult
wild-type mice and adult and old S1Ps-null mice (Fig. 1D),
confirming the loss of mass of old wild-type soleus. Analysis
of the mean CSA of soleus fibers shows evidence that old
wild-type soleus fibers are 24% smaller than adult soleus
fibers, whereas the mean CSA of old S1Ps-null fibers is similar
to that of adult animals (Fig. 1E). Fiber CSA distribution (Fig.
1F) demonstrates that old wild-type soleus contains a higher
number of smaller fibers than old S1Ps;-null mice. Finally, the
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total number of fibers was comparable in adult and old wild-type
and S1Ps-null soleus (916 = 30, n = 6, and 899 = 31, n = 6. in
adult and old wild-type, respectively; 906 =24, n = 5. and
845 = 35, n = 7, in adult and old S1P;-null, respectively).
Histological analysis of adult and old soleus muscles from
wild-type and S1Ps-null mice did not reveal overt morpholog-
ical or pathological signs, however, some interesting differ-
ences emerged. The extent of collagen/fibrosis in old S1P5-null
mice was significantly lower (P << 0.05) compared with that in
wild-type animals (8.3 = 0.4%. n = 6, and 125 = 1.8%, n =
6, respectively) (Fig. 1G), whereas adult muscles did not show
any difference (not shown). Consistent with the lower amount
of fibrosis in old S1P5-null soleus, mRNA expression of CTGF
(CCN2). a molecular marker and a mediator of fibrosis, was
significantly (P < 0.05) lower in old SIPs-null soleus
(0.57 £ 0.09) compared with that of wild-type soleus
(1.00 = 0.10). In addition, we carried out an analysis of phos-
phorylated Smad3, a downstream effector of TGF-B, which
through S1P5, regulates muscle fibrosis (13). The P-Smad3-to-

Smad3 ratio did not change during aging either in wild-type
soleus (0.98 = 0.38, n = 5, and 1.60 = 0.48, n = 4, adult and
old, respectively) or in S1Ps-null soleus (1.19 = 0.38, n = 5.
and 1.14 = 0.30, n = 5, adult and old, respectively). Finally,
the intensity of SDH staining did not show evident differences
between old S1Ps-null and wild-type soleus fibers, with both
muscles exhibiting in many fibers the presence of subsarcolem-
mal mitochondria aggregates (Fig. 1H).

Old wild-type and S1Ps-null soleus display a similar low
number of fibers with central nuclei (likely a sign of regener-
ation) (3.7 = 04%, n = 5 and 5.9 = 1.3%, n = 7, respec-
tively) and did not show angular fibers (a sign of denervation).
Despite the apparent absence of denervation, myogenin protein
expression level, usually high in denervated muscles (26, 61),
was fivefold higher in old wild-type soleus compared with
adult wild-type soleus (2.5 = 0.59 vs. 0.59 £ 0.08;n =4, P <
0.02). Myogenin was unchanged in old S1Ps-null soleus com-
pared with that of adult soleus (1.26 = 0.44 vs. 1.26 * 0.25;
n =4,
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A hallmark of aging atrophy is the progressive deterioration
of NMJ integrity, which also accounts for the reduced perfor-
mance of aged muscles. Figure 2, A and D, shows NMlJs from
a young soleus muscle stained either for VAMPI1 or syntaxin
1A1B. respectively, two markers of the motor axon terminal,
and for the ionotropic acetylcholine receptors, for the postsyn-
aptic apparatus on the muscle fiber. Notably. the latter appears
like a continuous and sinuous wavy line, assuming the classical

>
Young WT
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Old S1P,-null Old WT

=)
Young WT

m
Old WT

=M
Old $1P,-null

Fig. 2. Integrity of neuromuscular junctions (NMIs) is preserved during aging
in S1P3-null mice. Soleus muscles from adult {age, 5 mo) and old (age. 23 mo)
WT mice or old S1Ps-null mice were dissected, fixed, and stained for a NMJ
presynaptic marker, either VAMP1 (A-C) or syntaxin-1A1B (D-F}). shown in
areen, and for the postsynaptic nicotinic acetylcholine receptors labeled in red.
as described in MATERIALS AND METHODS. Adult NMIs (A and D) present the
typical pretzel-like shape, which is largely lost in old WT muscle (B and E).
which display a fragmented organization. NMIs from old 51P3-null muscles (C
and F) still exhibit a continuous and curvy pattern, similar to the pattern found
in young mice. Photographs show a representative NMJ from at least two
soleus muscles. Bar = 20 pm.

pretzel-like shape that is perfectly matched by the presynaptic
terminals. In agreement with previous reports (14, 15, 62), the
morphology of the aged NMI is characterized by a significant
loss of the pretzel-like structure, which becomes highly frag-
mented and accompanied by a more complex branching of the
presynaptic clements (Fig. 2, B and E). Remarkably. this
alteration is significantly restrained in the age-matched S1Ps-
null NMJ, which still displays a continuous and curvy archi-
tecture, more similar to that displayed by adult mice, though in
some cases slightly less elaborated (Fig. 2, C and F).

Aging of skeletal muscle is known to be associated with a
progressive decline in muscle function (1). To evaluate
whether the absence of S1Ps may affect age-related changes in
soleus performance, we compared the contractile properties of
adult and old wild-type and S1Ps-null soleus. The absolute
twitch and tetanic tensions of wild-type soleus were largely
lower (—40.2 and —41%, respectively) in old compared with
adult mice. On the contrary, no difference in absolute tension
was observed between old and adult soleus of S1Pa-null mice
(Fig. 3, A and B). Moreover, the specific twitch and tetanic
tensions of old SI1Ps;-null soleus were higher compared with
adult and old wild-type muscles (Fig. 3, A and B). Old wild-
type soleus showed a significant lengthening of twitch contrac-
tion time, which was not evident in old S1P5-null soleus. The
maximal rate of tetanus rise was dramatically reduced (—55%)
in old wild-type soleus compared with adult muscle. but
unchanged in old S1Pz-null soleus. The half-relaxation time of
the twitch is similar in the four muscles. whereas the half-
relaxation time of the tetanus increased in old wild-type soleus
only (Fig. 3, A and B).

The smaller tension developed by the twitch and tetanus of

old wild-type soleus is also confirmed by the force-frequency
curves, in which the absolute tension developed at each stim-
ulation frequency tested was clearly smaller in old wild-type
soleus than adult wild-type soleus (Fig. 3C). Therefore, old
S1Ps-null soleus displays a similar absolute force-frequency
curve (Fig. 3C) and a larger specific force-frequency curve to
that of adult muscle at all stimulation frequencies (Fig. 3D).

Thus, aging produces a slowing of contractile properties in
wild-type but not in S1Ps-null soleus. To evaluate whether the
lengthening of contraction and relaxation times are associated
with a reduced reaccumulation of myoplasmic calcium by the
sarcoplasmic reticulum calcium pump (SERCA), we measured
the expression level of fast and slow SERCA isoforms. In the
soleus of old S1Ps-null mice the expression level of the fast
SERCAI isoform was lower than that in wild-type muscles
(Fig. 4A). On the contrary, expression levels of the slow
SERCA? isoform were similar in adult and old soleus muscles
(Fig. 4B).

The slowing of contractile properties could also be the
consequence of fast-to-slow changes in the proportion of my-
osin isoforms, To evaluate possible changes in muscle pheno-
type we examined the composition of MyHC isoforms in adult
and old soleus muscles. First, S1Ps-null adult soleus has a
slower phenotype compared with that of wild-type muscle,
showing a higher content of type | MyHC isoform and a lower
content of type 2A and 2X isoforms (Table 1). Aging of
wild-type soleus is characterized by a significant increase in
type 1 fibers to the detriment of type 2A and 2X MyHC
isoforms (Table 1), whereas no changes were observed when
adult and old S1Ps-null soleus were compared.
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Fig. 3. Contractile properties of adult and old soleus muscle from WT and S1Ps-null mice. A: twitch characteristics of WT and S1Ps-null soleus. The absolute
(mN) and specific (N/g) twitch tensions, time-to-peak time (ms), and the half-relaxation (HR) time (ms) of the twitch are shown. 8: tetanus characteristics of
WT and $1Ps-null soleus, The abselute and specific tetanic tensions, the maximal rate of rise of tension {N/s). and the half-relaxation time (ms) of the tetanus
are shown. C: absolute force-frequency curves of adult and old WT and S1Pa-null soleus. [J; specific force-frequency curves of adult and old WT and S1Ps-null
soleus, Number of soleus muscles examined: adult WT (n = 8). old WT (n = 6), adult S1Pa-null (n = 9), and old S1Ps-null (r = 7). *P < 0.05, **P < 0.001.

Moreover, because the number of hybrid fibers (i.e., fibers
expressing two or even more MyHC isoforms) has been re-
ported during aging (52), we analyzed the fiber type composi-
tion of old soleus muscles. Results indicate that both old
wild-type and S1Ps;-null soleus possess a very low number of
hybrid fibers (i.e., fibers expressing both type 1 and type 2A
MyHC) (4.0 = 1.4 vs. 5.0 = 2.1% for old wild-type and S1P5-
null soleus, respectively).

Oxidative stress contributes, at Igast in patt, to the progres-
sive loss of muscle mass and function, leading to accumulation
of oxidatively modified (carbonylated) proteins, including reg-
ulatory and contractile proteins (38, 49, 51). We investigated
whether the extent of carbonylated proteins could explain the
higher specific tension of old SIPs-null soleus muscle. The
results show that the amount of total carbonylated proteins was
significantly lower in old SI1P:-null muscle compared with
adult S1P3 muscles, but not compared with adult or old
wild-type muscles (Fig. 40).

We next examined the consequences of the lack of SIPz on
the expression of proteins involved in age-related atrophy.
PGC-lw is a key regulator of mitochondria biogenesis (37) that
could protect the S1P5-null soleus muscle during aging. How-

ever, the expression level of PGC-la did not change during
aging either in wild-type soleus or in SI1Ps;-null soleus (Fig.
54), which is in agreement with the similar SDH staining

intensity (Fig. 1H) and the amount of Tom2(0. a component of

the translocase receptor complex of the mitochondrial outer
membrane, and an index of mitochondria content (Fig. 5B).
The expression level of MuRFI, the E3 ligase involved in the
proteolytic events of muscle atrophy (5) was comparable both
in wild-type and S1Ps-null muscles (Fig. 5C). Moreover, the
expression level of whole Akt and activated Akt (P-Akt), as
well as the ratio between P-Akt and Akt, whose increase is
related to muscle growth (6). did not change with age in
wild-type or in S1Ps-null soleus. However, levels of P-Akt in
adult muscle and that of whole Akt in old S1Ps-null muscles
were higher than those in cognate wild-type muscles (Fig. 5D).
We also examined the level of phosphorylated S6, the ribo-
somal protein marker of mammalian target of rapamycin
(mTOR) and protein synthesis activation. No difference in the
level of P-S6 was observed in the four conditions (Fig. 5E).
Next, we measured the amount of p62, a protein involved in the
recognition of autophagy substrates. and the LC3-IILC3-I
ratio, which is important in autophagosome formation (7).
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Fig. 4. Expression of SERCA protein isoforms and total level of carbonylated proteins in soleus muscle of adult and old WT and S1Ps-null mice. A: SERCA1
isoform expression level in adult and old WT and S1Ps-null soleus as determined by Western blotting (see example plot. fop) as described in MATERIALS AND
METHODS. The amount of SERCA1 was compared with that of GAPDH. B: SERCA? isoform in adult and old W'l' and S1Ps-null soleus as determined by Western
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During aging, the expression level of p62 protein did not
change in wild-type soleus, whereas it was significantly de-
creased in S1Ps-null muscle (Fig. 5F). Conversely, the LC3-
[I/LC3-I ratio did not change during aging either in wild-type
or S1Ps-null soleus (Fig. 5G). Finally, to evaluate possible
apoptotic events, we measured the expression level of Bel-2,
which, however, did not change (Fig. 5H).

We recently reported that expression of S1P; and SIP;
transcripts, which are physiologically expressed in skeletal
muscle, increases in the fast-twitch EDL muscle of S1P;-null
mice (27). Thus, we examined whether the absence of S1P;
affects the expression level of the other SIP receptors in the
slow-twitch soleus muscle. Using real-time PCR, we quanti-
tated the transcript level of S1P, and S1P5 receptors in soleus
muscle. The data show that S1P; deficiency does not modify
the expression level of S1P; or S1P; receptors either in adult or
in old soleus muscle (Fig, 6).

Table 1. Myosin heavy chain composition of soleus muscle
from wild-type and S1Ps-null soleus muscle

Wild Type 51P3-Null
MyHC Isoform Adult (n = 8) Old (n = 6) Adult (n = 10) Old in=6)
Type 1 403+ 1.7 48.6 * 3.2* 493 + 3.1% 489 + 33
Twpe 2A 37816 33626 331 = 1.3* 32415
Type 2X 20,2 1.0 153 1.1#* 13.2 % .8* 148049
Type 2B 17517  49+17 43+22 39+39

Values are means = SE (n = no. of muscles examined). MyHC, myosin
heavy chain. *P << 0.05 vs. adult wild type.

Regeneration of old S1Ps-null soleus. We next examined the
role of the S1P; receptor on the regenerative capacity of soleus
muscle during aging. Regeneration of soleus muscle was in-
duced by myotoxic injury (21, 29) to both adult and old soleus
muscles from wild-type and S1Ps:-null mice. Only muscles
almost entirely regenerated were examined. Regenerating fi-
bers were identified by the presence of centrally located nuclei
after DAPI staining (Fig. 7A).

After 10 days of regeneration, adult wild-type soleus fibers
had a mean CSA similar to that of age-matched S1Ps-null
soleus (Fig. 7, A and B), indicating that regeneration pro-
gressed similarly in the two muscles and that the absence of the
receptor does not seem to influence the regenerative process of
adult soleus muscle.

The mean CSA of old wild-type soleus after 10 days of
regeneration was significantly smaller (—28%) compared with
that of adult regenerated muscle (Figs. 7, A and 8), suggesting
that regeneration of old wild-type soleus either proceeds more
slowly or is impaired compared with that of adult muscle. On
the contrary, regeneration of old S1Ps-null soleus was appar-
ently as vigorous as in adult muscle, with a mean fiber CSA
similar to that of adult muscle, and consequently, significantly
larger (+ 27%) compared with that of old wild-type muscle
(Fig. 7, A and B). Analysis of CSA distribution demonstrates
that compared with old wild-type soleus, the larger mean CSA
of 51Ps-null muscle derives from the presence of larger fibers
and the absence/reduction of smaller ones (Fig. 7C).

The extent of fibrotic areas, as evidenced by PicroSirius Red
staining, was not statistically different in old S1Pz-null soleus
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(12.8 = 1.4%, n = 5) compared with wild-type regenerating
soleus (18.6 = 2.5%, n = 4) (Fig. 7D).

Finally, we measured the myogenic transcription factors
usually involved in muscle regeneration. The expression level
of MyoD. a marker of cell proliferation (44). was significantly
lower in old S1Ps-null soleus compared with adult transgenic
muscle, whercas no difference was evident in wild-type mus-
cles (Fig. 84). MyoD levels in old regenerating S1Ps-null
soleus were also lower than those of old wild-type regenerating
muscle. The level of myogenin, a muscle differentiation
marker (44), was larger in old wild-type soleus than in the adult
muscle. Moreover, the level of myogenin was lower in old
S1Ps-null soleus than in old wild-type soleus and was un-
changed compared with that of adult transgenic muscle (Fig.

A

adult WT

Fig. 7. Regeneration capacity is preserved
in old S1Pa-null soleus muscle. Regenera-
tion was induced in adult and old WT and B
51Ps-null soleus by nolexin, as described in

O adutt O old C

88). Finally, the expression level of embryonic myosin, which
was used to evaluate the progression of differentiation, was
similar in the four regenerating muscles (Fig. 8C).

DISCUSSION

In this work, we evaluated whether and how S1Ps receplor
ablation influences the effects produced by age on soleus
muscle. The study compared the morphological and functional
characteristics, as well as the regenerative capacity of adult and
old soleus muscle of wild-type and S1Ps:-null mice. Some
significant differences emerged in old animals: /) old S1P3-
null mice were heavier than age-matched wild-type mice; 2)
soleus muscles of S1Ps;-null mice were protected from the
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age-related drop in muscle mass: 3) the soleus muscles of old
S1P;-null mice were stronger and faster than those of wild-type
mice; 4) NMIJs of old S1Ps-null mice are less deteriorated than
those of wild-type mice: and 3) the regenerative capacity of old
S1P;s-null soleus is as efficient as it is in adulthood and is more
efficient than it is in old wild-type soleus.

First. it is worth mentioning that the absence of S1P; appears
to have different effects in fast and slow muscles. We recently
characterized 3-mo-old S1Ps-null EDL (27). A common re-
sponse to the absence of S1P; is a higher content of type |
fibers that, only in soleus, is compensated by a decrease in type
2A and 2X fibers. Vice versa, the expression level of S1P, and
S1P; in S1Ps-null EDL muscle is higher than in wild-type EDL
muscle but it did not differ in soleus. Moreover, contractile
properties of EDL were affected by the absence of S1P; (for
example, lower twitch and tetanic tensions) but were mostly
unaffected in soleus (27). Thus, the absence of S1P; seems to
produce some fiber type-dependent differences.

Adult wild-type and S1P;-null mice exhibited similar body
weight, soleus muscle mass, and force. Diversely, old S1Ps-
null mice were heavier than old wild-type mice. Wild-type
mice usually grow up to approximately 16-18 mo of age and
then slowly lose their body mass (62). The larger body mass of
old S1Ps-null mice suggests a lower body mass reduction
during aging compared with that in wild-type mice. Although
there was no difference in body weight between adult and old
wild-type mice, soleus mass, mean muscle fiber CSA. and ratio
between soleus mass and body weight (a sarcopenia index)
(24) were all significantly diminished during aging. Differ-
ently, soleus mass and the mean soleus fiber CSA of old
S1Ps-null mice diminished much less (—9% and — 3%, respec-
tively) than they did in wild-type mice (—26% and —24%,
respectively). Thus, compared with adult mice, old S1P3-null
mice showed an increased body weight and unchanged muscle
weight, so that the muscle-to-body mass ratio was decreased as
it is in wild-type mice (—19% and —25%, respectively),
implying that the growth of other tissues and organs contrib-
utes to the heavier body, an intriguing aspect that deserves
further investigation. Nonetheless, we propose that the larger
body weight is in part dependent on the lower atrophic re-
sponse of transgenic muscles. Our results indeed show that in
the absence of S1Ps. the masses of old soleus, EDL, and tibialis
anterior wete the same size as they were in adult-age muscles.

To understand the reason for the minor atrophy of S1Ps-null
soleus, we evaluated the expression of diverse muscle atrophy-

€63
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related markers., An important factor in muscle loss is the
prevalence of protein degradation over protein synthesis (7).
The major component responsible for the degradation of con-
tractile proteins in skeletal muscle is the ubiquitin-proteasome
system (UPS), with MuRF-1 and atrogin-1 being the main E3
ubiquitin ligases activated during several forms of acute atro-
phy (5., 7). Here we found that, compared with adult soleus, the
expression level of MuRF-1 protein was not changed cither in
old wild-type or in SI1Pz-null soleus. Of note. during aging,
MuRF-1 is reported to be either unchanged (32, 64). increased
(17), or even decreased (24), suggesting that in the long term,
the role of E3 ligases in age-related atrophy is apparently less
definite than in acute atrophy.

Diminished protein synthesis in acute atrophy is associated
with downregulation of Akt/mTOR signaling (3, 6, 7, 43).
although even this correlation was not ohserved in the age-
related atrophy of wild-type soleus (56, 64). In agreement, here
we found that the level of total Akt and activated P-Akt did not
change during aging either in wild-type or in S 1P:-null soleus.
However, the expression levels of Akt and P-Akt were higher
in adult and old S1P;-null soleus than in wild-type soleus, a
condition that could contribute to the maintenance of muscle
mass in aged transgenic soleus, However, MuRFI and P-S6,
both downstream of Akt, did not change in transgenic soleus.
Nevertheless, it is not surprising that the absence of S1P; may
perturb Akt signaling. In fact, P-Akt and total Akt increase
after denervation in S1P3-null EDL (27). Moreover, it is known
that S1P; and S1P; have opposite actions on cell proliferation
through the stimulation and inhibition, respectively, of signal-
ing pathways. including Akt (60).

The UPS and the lysosomal-autophagy system are coordi-
nately activated in atrophying muscles (7. 43). We measured
the amount of p62, a protein involved in the recognition of
autophagy substrates (for example, mitochondria), and the
LC3-II/LC3-1 ratio, to evaluate the extent of autophagy. At
variance with recent reports (11, 65), but in agreement with
others (55, 64), in wild-type and S1Ps-null old soleus muscle.
the LC3-1I/LC3-I ratio did not change during aging compared
with the ratio in adult-age muscle. During aging, the level of
p62 did not change in wild-type soleus. whereas it significantly
decreased in old S1Ps-null muscle. The reduced level of p62
protein could indicate a reduced autophagy in old S1Ps;-null
soleus, and therefore, a reduced atrophy. However, reduced or
defective autophagy are reported to compromise mitochondrial
homeostasis (11, 45) and mitochondrial-mediated apoptosis in
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old muscles (65), eventually worsening sarcopenia (25). In-
stead. our results show that mitochondrial homeostasis seems
preserved in old S1Ps-null soleus, as indicated by SDH stain-
ing, constitutive Tom20 protein, and PGC-1a levels that were
comparable to those of adult-age muscle. Finally, the expres-
sion level of the antiapoptotic Bel-2, reported to increase in fast
but not in slow old rat muscles (53), was similar in adult and
old wild-type and SI1P;-null soleus.

Another possible element contributing to the reduced sar-
copenia in the knockout mice could be the better preservation
of the architecture of their neuromuscular junctions. Indeed, it
is long known that motor nerve terminals and their interactions
with myofibers are greatly altered during aging (14, 15, 62).
Even though we cannot establish whether reduced NMJ dete-
rioration is a cause or an effect of the reduced muscle mass loss
in S1Ps-null mice, it is, however, conceivable that the im-
proved maintenance of acetylcholing receptor clusters in these
animals may result in a more efficient and reliable stimulation
of muscle fibers, which is trophic by itself. Obviously, this may
in turn trigger a positive feedback toward nerve endings
through the release of neurotrophic factors from the muscle
fiber, thus leading to an overall endurance of the neuromuscu-
lar system. Vice versa, NMI deterioration in old wild-type
soleus could contribute to the progressive atrophy of the
muscle, however, without the appearance of small and angular
fibers and/or the reduction in total number of muscle fibers,
which are clear signs of denervation,

Old S1Ps-null soleus was not only protected from age-
related loss of mass but also from the loss of force. The
literature (1) and our results show a significant drop in absolute
force only in old wild-type soleus muscle, mainly attributable
to the loss of muscle mass. By contrast, in old S1Ps-null soleus,
not only was the absolute force unchanged. but it is evident of
a significant increase in specific force. The results also show a
slowing of contractile properties in old compared with adult
wild-type soleus, a change. however, that was not observed in
old S1P;-null soleus. Different factors could modulate muscle
force development and contraction speed: a greater relative
number of slow-type fibers (19, 59), the oxidative damage to
proteins involved in cross-bridge cycling (38), or alterations in
excitation-contraction coupling (50). It is known that slow
fibers have lower specific force than fast fibers (8, 9). so the
fast-to-slow shift in old wild-type soleus could be responsible.
at least in part, for the reduced force and contraction speed.
However, compared with wild-type soleus, adult SI1Ps-null
soleus displays a slower phenotype (more type 1 and fewer
type 2A and 2X fibers) but not varied contractile properties. a
characteristic that did not change during aging. Slowing of
contractile properties could also be due to the changes in the
total amount of SERCA isoforms. Because SERCAI and
SERCA? isoforms have the same enzymatic activity (42), the
speed of calcium reaccumulation into the sarcoplasmic reticu-
lum is related to the total amount of SERCA isoforms in a
muscle. Our data did not show overt differences in adult
muscles, and SERCAL content was significantly reduced only
in old S1Ps-null soleus. So, preservation of contractile prop-
erties in old S1Ps-null soleus does not seem to be related either
to a fiber type switch or to a higher content of SERCA
isoforms. An additional possibility is that the absence of S1P5
could maintain a more favorable microenvironment in old
animals compared with adult animals. Accordingly, myofibril-
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lar protein carbonylation, an index of oxidative stress, was
substantially decreased in old S1Ps-null soleus. Intriguingly.
reactive oxygen species were found to be involved in S1Ps-
mediated pathological cardiac remodeling in mice (61).

Morphologically, we did not observe a major difference
between wild-type and S1Ps-null soleus. However, we noted
that old wild-type soleus had a higher fibrosis level than old
S1Ps-null soleus as confirmed by a lower level of CTGF
(CCN2) mRNA in the transgenic muscle. Recent findings show
that the concentration of collagen and of fibrosis in old mice is
almost twice that in young mice (66). Because CTGF expres-
sion in adult tissues is a clinically relevant molecular marker of
fibrosis (10), this result indicates that a less fibrotic phenotype
is maintained in old soleus in the absence of S1P; receptor. It
is worth mentioning that the reduced expression of CTGF and
the related lower extent of fibrosis in S1Ps-null compared with
wild-type old soleus are in agreement with recent data dem-
onstrating a correlation between S1P;y and activation of Yes-
associated protein (YAP) (16). YAP is a transcriptional regu-
lator that acts through the TEA domain family (TEAD) tran-
scription factor, a recognized early activator of CTGF
expression (68). Therefore, we can hypothesize that the lower
extent of skeletal muscle fibrosis in S1Ps-null old soleus could
be ascribed to decreased YAP/TEAD activation, which is
responsible for CTGF expression. Moreover, S1Ps is the dom-
inant signaling receptor upon TGF-B1 challenge and seems to
be implicated in the transdifferentiation of myoblasts into
myofibroblasts (13). In agreement, the structural analogue of
S1P. FTY720 phosphate, has been reported to elicit myofibro-
blast differentiation of fibroblasts via S1Ps, as its effect was
abrogated in S1Pz-null mice (35). Activation of Smad3 signal-
ing is also important for myofibroblast transdifferentiation
(35). However, we did not observe significant changes in the
P-Smad3/Smad3 ratio either in old wild-type or in S1P;-null
soleus. The absence of S1P; seems to be beneficial in the
age-related accumulation of collagen in old soleus, which is
consistent with the finding that S1P5 ablation represses cardiac
fibrosis (61).

Regeneration is less efficient or at least delayed in old
muscles (4. 30). The lower regenerative capacity of aged
muscle is associated with several factors, including the de-
crease of resident muscle stem cells and/or to a less favorable
environment for stem cell activation and function (2, 12). Our
data indicate that the absence of SIPs facilitates the growth of
regenerating fibers, Multiple findings support the notion that
S1P; may play a eritical role in muscle regeneration. Indeed,
quiescent SCs display very high levels of S1Ps compared with
proliferating SCs (26), suggesting that the drop in receptor
level promotes proliferation. As a confirmation, SCs isolated
from young (6-8 wk of age) SIPs-null mice exhibited en-
hanced proliferative ability and more extensively differentiated
into myotubes (26). Moreover, regeneration of tibialis anterior,
the fast muscle of young SI1Ps-null mice, was transiently
enhanced compared with that of wild-type mice (26).

During regeneration, MyoD is related to proliferation of
SCs, whereas myogenin is related to muscle differentiation.
And whereas in young muscles myogenin and MyoD mRNA
levels return to baseline after regeneration, in old muscles they
remain upregulated (44), suggesting a more prolonged need for
myogenic factors in old muscles. Ten-day-old regenerating
S1Ps-null soleus contains less MyoD and myogenin proteins
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than old wild-type soleus. Therefore, the reduced levels of
MyoD and myogenin in old S1P;-null regenerating muscle
suggests a more efficient regeneration compared with that of
wild-type muscle; however, it is not paralleled by a reduction
in embryonic MyHC isoform. Because myogenin increases
during muscle denervation (27, 63). the altered functional
innervation observed in old wild-type muscle could contribute
to the elevated myogenin expression of regenerating muscle.

Sarcopenia is a progressive, multifactorial impairment of
skeletal muscle. Present results show that the absence of S1P3
protects soleus from the decrease in muscle mass and force.
and attenuation of regenerative capacity, all of which are
typical characteristics of aging, The lack of SI1P; scems to
modulate the aging process without, apparently, atfecting ob-
vious molecular targets, most likely by modulating critical
signaling pathways. During aging, the progressive adaptation
of soleus muscle to the absence of S1P; and related signals
probably produces a condition that allows a better resistance to
sarcopenia. In conclusion, our results identify S1P3 and its
signaling as candidate targets for controlling the effects of
aging on skeletal muscle. Because various novel molecules
have been identified to modulate SIP signaling (60), our
findings represent the basis for the development of treatments
for sarcopenia.
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