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Abstract

Botulinum neurotoxins are produced by clostridia bacteria. A novel serotype named
BoNT/X was recently discovered that targets a larger number of SNAREs than the
other toxins. Previous work from the lab has shown that expression of the BoNT/X
light chain leads to pleiotropic defects in intracellular trafficking, with loss of the TF-R
from the cell surface, and impaired delivery of soluble and membrane anchored cargo
to the plasma membrane. However, it was unclear whether these phenotypes are
specific to SNARE cleavage. To address this, we have developed a novel reporter
system for studying SNARE cleavage and used it to engineer SNAREs which are
resistant to BONT/X. Using the cleavage resistant SNARESs we have investigated their
roles in both endocytic and biosynthetic trafficking. We have shown that cleavage
resistant VAMP3 and Ykt6 are able to rescue TF-R trafficking, uncovering an
unexpected role for Ykt6 in this process. We have extended these studies to examine
the role of all R-SNAREs in the fusion of transport vesicles with the cell surface and
investigated the impact of disease-causing mutations on R-SNARE function.
Expression of cleavage resistant versions of VAMPs 1-3 and 8 partially rescue the
fusion of cargo with the cell surface in the absence of Ykt6, and the insertion of a
disease-causing proline substitution in VAMP3 disrupts its function. Prolonged
expression of LC/X induces apoptosis in intoxicated cells which is due to SNARE
cleavage as expression of cleavage resistant VAMP3 and Ykt6 restores cell viability.
Intoxicated cells accumulate at G2/M, indicating there is a defect in cell division. Taken
together, these results suggest that BONT/X is not only a useful tool for studying
SNARE function but also has the potential to be used as a novel agent to induce cell
death.
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Chapter 1

1. Introduction

The Clostridium genus contains over 100 different species of clostridia, several of
which are human pathogens (Hatheway, 1990). They are rod-shaped spore-forming
anaerobic bacteria that typically are found in low oxygen environments. C. botulinum
and C. tetani produce potent neurotoxins which are among the most poisonous toxins
known to humans, and as such have been identified as potential agents of bioterrorism
(Arnon et al., 2001).

Tetanus and botulism are conditions that cause spastic paralysis and flaccid paralysis
respectively. Tetanus is the condition that arises from intoxication with TeNT, and
botulism from BoNT intoxication (Dickson, 1918; Bizzini, 1979). There are three key
routes of botulinum intoxication: foodborne, wound, and infant botulism (Hatheway,
1990). Presently, there is no known antidote for botulism, however there are antitoxins
available to neutralise the action of the toxin. The antitoxin works if the BONT molecule
has not entered the presynaptic compartment in neurons, so it must be administered
as soon as possible after intoxication (Winner, Bodt and McNutt, 2020). As BONT
works by causing flaccid paralysis, symptoms include breathing difficulties,
constipation, and problems with swallowing (Thwaites, 2017). In severe cases

respiratory failure could result in fatality.

1.1 Botulinum neurotoxins

BoNTs are classified into seven main serotypes (BoNT/A-G) (Figure 1.1) based on
their reactivity to reference antisera and sequence homology. In addition to the main
serotypes there are also mosaic toxins (e.g. BoONT/DC) and subtypes which show
limited cross reactivity to the antisera (e.g. BONT/A2) (Moriishi et al., 1996; Nakamura
et al., 2010; Maslanka et al., 2016).

There are newly discovered BoNT-like molecules that have been identified by
bioinformatic analysis of environmental samples, such as BONT/Wo, BoNT/En, PMP1
and BTNT (Zornetta et al., 2016; Zhang et al., 2018; Contreras et al., 2019). BONTs
classically target different organisms, for example BoNT/A, B, E and F typically affect

humans, whereas BoNT/C, D and E affect mammals, birds and fish (Lloyd et al., 1976;
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Ortolani et al., 1997; Hyytia, Hielm and Korkeala, 1998; Eleopra et al., 2004), making
understanding these toxins interesting not only for human biology and therapeutics,

but also animal health and welfare.

A B BONT/D
BoNT/A BoNT/F  BONT/X BoNT/BBONT/G
1 BoNT/E ' ' v
HVAWP1 DKL SEL DDRADAL QAGASCFESSAAKLKRKY 90
HVAVP2 DKL SEL DDRADAL QAGASGFETSAAKLKRKY 88
o BoNT/F HVAVP3 DKL SEL DDRADAL QAGASCFETSAAKLKRKY 71
HVAVP4 GERLDEL QDKSESL SDNATAFSNRSKQLRRGM 109
BoNT/B HVAVPS GVKLAELQQRSDCLLDVBSTFNKTTONLACKK 62
3 < HVAVP7 GERLELLI DKTENLVDSSVTFKTTSRALARAM 182
BoNT/G HVAVPS GENLEH_RNKTEDLEATSEHFKT TSCKVARKF 69
HSEC22 GEALSAL DSKANNL SSLSKKYRCDAKYLNVHS 191
! BoNT/C HYKT6 GEKLDDL VSKSEVL GTQSKAFYKTARKQNSCC 195
ey
BoNT/D
BoNT/X

Figure 1.1 Phylogenetic tree of the BONT family of proteins and SNARE cleavage
sites

(A) Phylogenetic tree generated using ClustalOmega and the Simple Phylogeny tool
(Madeira et al., 2024) (B) Sequence alignment of R-SNARE family members and the

cleavage site of different BONTSs, aligned using ClustalOmega (Madeira et al., 2024).

Even though BoNT intoxication can be lethal, the potential to use BoNT therapeutically
was investigated initially as an alternative non-surgical treatment for strabismus using
BoNT/A (Scott, 1980). In recent years, BONT/A has become a key treatment option for
dystonic disorders, blepharospasm, hyperhidrosis, spasticity, chronic migraine as well
as in aesthetics (Bushara and Park, 1994; Fonfria et al., 2018). Currently the only
commercially available BoNT serotypes are BONT/A and BoNT/B, though BoNT/B is

not as widely used (Fonfria et al., 2018).

1.1.1 BoNT structure

The different serotypes all share the same general structure, comprising a ~50 kDa
light chain (LC) and a ~100 kDa heavy chain (HC) connected by a disulphide bond
(Pirazzini et al., 2017). BoNTs are produced as ~150 kDa single-chain polypeptides,
which are cleaved to form di-chain molecules (Turton, Chaddock and Acharya, 2002).
The LC functions as a zinc-dependent endopeptidase and is known as the catalytic

domain (Turton, Chaddock and Acharya, 2002). There is a His-Glu-x-x-His zinc-

20



binding motif in the LC that is highly conserved between the different serotypes of
BoNTs (Schiavo et al., 1994).

There are two ~50 kDa functional domains present in the HC, the N-terminal (Hy) and
C-terminal (Hc) (Lacy et al., 1998). The domains are arranged linearly, with the Hy
separating the LC from the Hc (Figure 1.2). Binding of the toxin to the target cell
membrane is facilitated by the ganglioside-binding domain (Hc), which allows the toxin
to be internalised into neurons (Turton, Chaddock and Acharya, 2002). It has been
proposed that the translocation domain (Hy) acts to form a pore in the endosomal lipid
bilayer allowing the LC access to the cytoplasm (Turton, Chaddock and Acharya,
2002). The active site in the catalytic domain of the BoONT/A toxin is partially obstructed
by a belt (N terminus of heavy chain), preventing catalytic activity until the LC is
released in the cytosol. However, this appears not to be the case with other toxins
such as BoNT/B (Lacy et al., 1998; Swaminathan and Eswaramoorthy, 2000).

i
[ 1

[ = |

Figure 1.2. The domain structure of botulinum neurotoxins

Botulinum neurotoxins exist as a ~150 kDa protein, with a ~100kD Heavy chain and a
~50kD light chain. The heavy chain (HC) comprises the translocation domain (Hy) and
the binding domain (Hc). The protease/catalytic domain is the light chain (LC). The HC
and LC are connected by a disulphide bridge, and function as a di-chain molecule.

Created with BioRender.com.

1.1.2 BoNT mechanism of action

BoNT intoxication works by interfering with vesicle fusion and therefore
neurotransmitter release in neuronal cells (Pirazzini et al., 2017). BoNTs have a high
specificity for targeting neurons and recognise two receptors on the nerve terminal
surface (Montecucco, 1986; Brunger and Rummel, 2009; Berntsson et al., 2013). First
the BONT molecule binds to gangliosides on the neuronal cell membrane, then it binds
to a protein receptor (Rummel et al., 2009). There is a conserved ganglioside binding
site in BONT/A, B, E, F, G and TeNT which contains the core residues SXWY, these
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residues however are not conserved in BoNT/C1 and BoNT/D (Rummel, Mahrhold, et
al., 2004; Fu et al., 2009; Stenmark et al., 2010). The two currently known protein
receptors for BONTs are synaptotagmin (Syt) and glycosylated SV2 (Pirazzini et al.,
2017). BoNT/A, E and F bind to SV2 (Dong et al., 2006; Rummel et al., 2009), BONT/B
and BoNT/G bind to synaptotagmin (Nishiki et al., 1994; Dong et al., 2003, 2007,
Rummel, Karnath, et al., 2004). Once bound, the toxin-receptor complex is then
internalised into an intracellular vesicle (Figure 1.3) (Pirazzini et al., 2017). The
endosomal lumen acidifies due to the action of v-ATPase, which has been proposed
to cause a conformational change of the toxin (Pirazzini et al., 2016). It is in this acid
conformation that the toxin inserts into the lipid bilayer, forming a channel and the LC
can be translocated across the vesicular membrane into the cytosol (due to the Hy
domain) (Montecucco and Schiavo, 1994). Variation in the speed of translocation of
the LC has been observed between different serotypes (Keller, Cai and Neale, 2004;
Sun et al., 2012). With the LC in the cytosol, the disulphide bond can be reduced
(Fischer and Montal, 2007). The reduction of the disulphide bond is thioredoxin
reductase-mediated, which enables the LC to become active as a zinc-endopeptidase
(Pirazzini et al., 2014). The chaperone Hsp90 is also present on the cytosolic side of
synaptic vesicle and works with thioredoxin reductase (TrxR) and thioredoxin (Trx) to
reduce the disulphide bond (Azarnia Tehran et al., 2017). The LC can then cleave
SNAREs (soluble N-ethylmaleimide-sensitive factor attachment protein receptors)
when it is free in the cytosol, the result of which prevents vesicles containing
neurotransmitters from fusing with the plasma membrane during exocytosis

(Montecucco, Schiavo and Pantano, 2005). This prevents neurotransmitter release.

The model outlined above is likely to be an oversimplification and several studies have
challenged its dogma. For example, there have been unexplained observations where
the speed of intoxication is not what one would expect (Ledda et al., 2022) and that
significant structural changes have not been observed in the HC and LC under acidic
conditions (Galloux et al., 2008), which has led to an alternative mechanism of action
for BONT/A being proposed (Yeo et al., 2024). In genetically engineered neurons, it
has been shown that the BoNT/A may traffic through the Golgi to the ER (via a
retrograde trafficking pathway) and uses SEC61G to translocate into the cytosol. This
demonstrates that there is much to be uncovered in BoNT mechanisms and cellular

trafficking.
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Figure 1.3. Summary of the classical BONT mechanism of action

The BoNT molecule binds to its target receptor on the surface of a neuron and is
internalised into the cell via endocytosis. It is then trafficked to endosomes, where
acidification leads to the translocation of the light chain into the cytosol. The light chain

is then able to cleave its target SNARE. Created with BioRender.com

1.1.3 BoNTs in neurotransmitter release

BoNT and TeNT both target neuronal SNARES involved in neurotransmitter release.
BoNT serotypes A, C and E have been shown to cleave SNAP-25 (Table 1)
(Montecucco and Schiavo, 1995; Humeau et al., 2000). TeNT and BoNT serotypes B,
D, F and G can cleave VAMP1/2/3 (Humeau et al., 2000). BoNT/C also cleaves
syntaxin 1. The different members of the SNARE family have various roles within
cellular trafficking, therefore BoNTs that cleave other SNAREs may have different

effects on cellular trafficking and therefore potentially have new therapeutic utilities.
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Table 1. The different binding and substrate targets of BoNT serotypes.

Serotype | Neuronal cell surface Substrate target | Cleavage site
receptor
A SV2 SNAP-25 Q197-R198
B Syt VAMP1/2/3 Q77-F78
C/CD SNAP-25, R198-A199(SNAP-25), K253-
Syntaxin 1 A254(STX1)
D/ DC D- SV2, DC -Syt VAMP1/2/3 K59-L60
E SV2 SNAP-25 R180-1181
F SV2 VAMP1/2/3 Q58-K59
FA SV2 VAMP1/2/3 L54-E55
G Syt VAMP1/2/3 A81-A82
1.2 SNAREs

Soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARES) are
a family of proteins that are essential for membrane fusion in the secretory pathway
(Jahn and Sudhof, 1999). Botulinum toxins are potent inhibitors of SNARESs and have
therefore been used to study SNARE function (Schiavo et al., 1992; Gaisano et al.,
1994; Steinhardt, Bi and Alderton, 1994; Regazzi et al., 1995). In neurotransmitter
release, vesicles containing neurotransmitters are generated at the Golgi and are then
stored at the synapse beneath the plasma membrane. An influx of calcium in the
presynaptic terminal triggers the fusion of synaptic vesicles with the cell membrane
(Chen et al.,, 1999). The synaptic vesicles contain VAMP2 (synaptobrevin) on the
surface, the plasma membrane has SNAP-25 and syntaxin 1 (Sollner, Bennett, et al.,
1993; Sodliner, Whiteheart, et al.,, 1993). A four-helix complex (also known as the
SNAREpin) forms a bridge between the vesicle membrane and the plasma membrane
(Figure 1.4) (Hanson et al., 1997). This coiled-coil bundle fuses the vesicle to the

target membrane (Weis and Scheller, 1998). In the neuronal SNARE complex,
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syntaxin and synaptobrevin contribute one a-helix each and SNAP-25 provides two
(Sutton et al., 1998). As SNARE proteins are required for membrane fusion, the
cleavage of these SNARE proteins blocks the release of vesicular contents out of the

cell.

VA

Figure 1.4. Neuronal SNARE complex formation
Q-SNAREs (SNAP and Syntaxin) on the plasma membrane form a SNARE complex
with R-SNAREs (VAMPSs) on vesicle membranes to facilitate membrane fusion.

Created with BioRender.com.

In addition to the neuronal SNARE complex, which drives neurotransmitter release,
there are many non-neuronal SNARE complexes that mediate fusion steps throughout

the endomembrane system.

1.2.1 SNARE complex formation and disassembly

Within mammalian cells, most SNAREs have a C-terminal transmembrane domain
which allows the SNARE to be inserted into the membrane at the ER. The SNARE
protein is then trafficked to other membranes within the cells such as the plasma
membrane, Golgi and endosomes. Membrane fusion not only requires SNARE
proteins, but also additional chaperones and regulatory proteins to facilitate both the
formation and disassembly of the SNARE complex. A key player in this process is N-
ethylmaleimide Sensitive Factor (NSF). NSF hydrolyses ATP to drive the dissociation
of SNARE complexes (Ryu et al., 2015; Shah et al., 2015; Choi et al., 2018; Park et
al., 2023). NSF was initially believed to be involved in transport vesicle and Golgi
fusion (Malhotra et al., 1988), however it was later discovered that it is instead involved
in SNARE disassembly and acts as a chaperone in SNARE recycling (Matveeva and

Whiteheart, 1998). There are other proteins involved in SNARE complex disassembly,
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known as Soluble NSF Attachment Proteins (SNAP), which exist in three forms in
mammals, alpha, beta, and gamma (Clary, Griff and Rothman, 1990). a-SNAP in
particular is required for NSF binding to SNARE complexes. The binding of NSF to the
SNAP-SNARE complex forms a 20S supercomplex, which when hydrolysed causes a
conformational change in the NSF N-terminal domain (Soliner, Bennett, et al., 1993;
Zhao et al.,, 2015). This conformational change causes the SNARE complex to

unwind.

For the regulation of SNARE activity, there are a number of proteins that interact with
SNARESs and/or the SNARE complex. The Sec1l/Munc18-like (SM) family of proteins
are cytosolic proteins that are involved in the regulation of membrane fusion by
interacting with SNAREs. An SM protein, Muncl8, is involved in the regulation of
syntaxin and SNARE complex formation (Hata, Slaughter and Sudhof, 1993). It binds
to syntaxin in a closed formation, regulating availability to form SNARE complexes,
and is stabilised by the Habc domain of syntaxin (Dulubova et al., 1999, 2007; Misura,
Scheller and Weis, 2000). It has been suggested that Muncl8 is involved in the
transport of syntaxin to its target compartments (Rowe et al., 2001; Han et al., 2011),
however a Munc18 knockout study did not find impaired trafficking of syntaxin to the

target membrane (Toonen et al., 2005).

Another key regulatory protein for membrane fusion is synaptotagmin 1, a calcium
sensor (Zhou et al.,, 2015). Synaptotagmins are a family of membrane-trafficking
proteins that are involved in vesicle docking and regulate exocytosis. There are 16
synaptotagmin proteins, with synaptotagmin 1 (Syt-1), a calcium sensor, being
involved in faster synchronous neurotransmitter release along with Syt-2 and Syt-9
(Xu, Mashimo and Sudhof, 2007).

The exact number of SNARE complexes required to mediate exocytosis is not known,
however BoNT has been used as a tool to estimate these numbers as they act on
SNARE complex formation by targeting SNAREs (Montecucco, Schiavo and Pantano,
2005). As BoNT/A and BONT/E both cleave SNAP-25 but have different rates of
translocation and target different cleavage sites (Keller, Cai and Neale, 2004),
comparing SNAP-25 cleavage and exocytosis in intoxicated cells can be helpful in

estimating SNARE complex numbers.
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Previously SNAREs were classified as either v-SNAREs (vesicle-localised) or t-
SNAREs (target membrane-localised) (Rothman, 1994). However, when the
crystallised structure of a SNARE complex was observed, SNARE proteins were
reclassified as Q-SNARESs or R-SNARESs (Fasshauer et al., 1998). Q-SNARES provide
complementary glutamines (Q) and R-SNAREs provide complementary arginine (R)
to the zero ionic layer (the centre hydrophobic core of the SNARE complex)
(Fasshauer et al., 1998). All characterised SNARE complexes involved in membrane
fusion consist of 3 Q-SNARESs (Qa, Qb, Qc) and 1 R-SNARE (Fasshauer et al., 1998).

1.2.2 VAMPS/R-SNAREs

VAMPs (vesicle associated membrane proteins) are a family of SNARE proteins that
are involved with vesicle fusion (Rothman, 1994). Using the Q-SNARE or R-SNARE
classification system, VAMPs are classified as R-SNARES, as they contain an arginine
in the zero ionic layer. VAMP binding to syntaxin-SNAP-25 leads to the formation of a

SNARE complex, which leads to membrane fusion (Hayashi et al., 1994).

1.2.3 Q-SNAREs

Q-SNARESs can be divided into Qa-, Qb- and Qc-SNARES, depending on the position
of the SNARE motif. Qa-SNARESs are also known as syntaxins, Qb- and Qc- SNAREs
are SNAP family proteins.

Syntaxins are membrane-integrated Q-SNAREs. They have a folded N-terminal Hapc
domain, a single coiled-coil domain and are C-terminally anchored to membranes
(Teng, Wang and Tang, 2001). There are 15 syntaxin family proteins in humans
(Bennett et al., 1993; Tang, Low, et al.,, 1998; Tang, Tan, et al., 1998). Syntaxin
comprises a transmembrane domain, SNARE domain, linker region and a Habc
domain. The exceptions are Syntaxin 11 and 19 which lack transmembrane domains
and are anchored to membranes by palmitoylation (Prekeris, Klumperman and
Scheller, 2000; Ampah et al., 2018). The SNARE domain is the target for SNAP-25
and synaptobrevin. The Habc domain is an autoinhibitory domain, which folds and
interacts with the SNARE domain in syntaxin to block SNARE maotif formation (Lerman
et al., 2000; Teng, Wang and Tang, 2001).
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Synaptosomal-associated Protein-25 kDa (SNAP-25) provides two of the a-helices in
the SNARE complex and has both the Qb- and Qc- domains. There are several
proteins that are closely related to SNAP-25 and exist within the SNAP-25 family of
proteins, notably SNAP-23, SNAP-29 and SNAP-47 (Steegmaier et al., 1998; Holt et
al., 2006).

1.2.4 Role of R-SNAREs in membrane fusion

Brevins

The brevins are small R-SNARES that have a short N-terminal region, a SNARE motif
and a C-terminal transmembrane domain (Trimble, Cowan and Scheller, 1988;
Baumert et al., 1989; Hazzard, Sudhof and Rizo, 1999; Deak et al., 2006). The brevin
R-SNAREs are VAMPs1-5 and VAMP8. VAMP4 is also a brevin however is unusual
in that it contains an extended N-terminal region that targets the TGN (Peden, Park
and Scheller, 2001; Zeng et al., 2003).

VAMPs 1-3

VAMP1 (synaptobrevin 1) and VAMP2 (synaptobrevin 2) are both synaptic vesicle
proteins, with VAMP1 mediating neurotransmitter release in neurons (Nystuen et al.,
2007) and VAMP2 having a role in Ca?* triggered neurotransmitter release in neurons
(Schoch et al., 2001). VAMP3 (also known as cellubrevin) is a ubiquitously expressed
R-SNARE that is localised to early endosomes and recycling endosomes (McMahon
et al., 1993; Daro et al., 1996; Bajno et al., 2000). Studies have shown the inhibition
of VAMP3 results in reduced trafficking of 31 integrin to the cell surface, without the
reduction of total levels, suggesting there is a block in trafficking to the plasma
membrane (Luftman et al., 2009). The reduction of VAMP3 caused reduced cell
adhesion to laminin but not to fibronectin or collagen, and did not impact cell
proliferation (Luftman et al., 2009). In neuroblastoma studies, it was shown that a
reduction of VAMP3 resulted in worse neuroblastoma outcomes for patients (Zhang
et al., 2023). Interestingly, increased VAMP3 levels reduced cell proliferation and
increased apoptosis, suggesting that VAMP3 may play a role in cell survival pathways
(Zhang et al., 2023). A recent study revealed the potential role of VAMP3 in Bax
induced apoptosis, with VAMP3 showing anti-apoptotic properties (Akintade and
Chaudhuri, 2021). Despite studies demonstrating co-localisation of VAMP3 with
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transferrin (Kubo et al., 2015) and evidence supporting the role of VAMP3 in key
cellular processes such as transferrin recycling in CHO cells (Galli et al., 1994), the
loss of VAMP3 in mice knockout studies does not have an impact on viability (Galli et
al., 1994; Yang, Mora, et al., 2001), and RNAi knock out did not impact transferrin
recycling (Kubo et al., 2015).

VAMPs 4, 5, and 8

VAMP4 is widely expressed and has been shown to likely mediate vesicle trafficking
between trans-Golgi network (TGN) and late endosomes (Steegmaier et al., 1999).
VAMP4 was also identified as being a key SNARE involved in homotypic fusion of
early endosomes (Brandhorst et al., 2006). VAMP4 and VAMP7 appear to have arole
in the release of lytic granules from NK-cells (Krzewski et al., 2011). VAMP5 was
discovered in muscle tissue where it was generally localised to the plasma membrane
(Zeng et al., 1998), however since its initial discovery it has also been found in other
tissues such as liver and kidney (Takahashi et al., 2013). Studies suggest that it may
be involved in glucose uptake via GLUT4 trafficking in muscle (Rose et al., 2009). The
definitive role of VAMP5 is unclear, a VAMP5 KO mouse study revealed that by
knocking out VAMPS5 the resulting mice had a low birth rate and low body weight as
well as abnormalities in the urinary and respiratory systems, suggesting that VAMP5
may be required for these systems to function (lkezawa et al., 2018). VAMP8
(endobrevin) is primarily localised to endosomes (Wong et al., 1998) but is also found
on the TGN and plasma membrane (Antonin et al., 2000). It is known to be involved
in homotypic fusion of endosomes (Antonin et al., 2000) and co-localises with Syntaxin
7 so may be involved in endosome-lysosome fusion (Mullock et al., 2000). VAMP8
may also be involved in exocytosis in exocrine systems as VAMP8 KO mice show
abnormalities in salivary and lacrimal glands (Wang et al., 2004, 2007). VAMP8 has
also been linked to cytokinesis in cell division, where it is involved in abscission (Low
et al., 2003; Mukai et al., 2008; Rannou et al., 2012).

Longins

Like the brevins, longin SNARESs contain a SNARE motif. They however also contain
a longin domain located in the N-terminal domain which is highly conserved (Filippini
et al., 2001). There are three longin R-SNAREs: VAMP7, Ykt6 and Sec22B. The longin
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domain is a regulatory domain like the Habc domain and folds back on to the SNARE

domain.

VAMP7

VAMP7 is a VAMP that is not cleaved by clostridial neurotoxins (Galli et al., 1998) and
is also known as the tetanus neurotoxin-insensitive VAMP (TI-VAMP). It forms
complexes with other SNARES localised at the apical plasma membrane in epithelial
cells. VAMP7 co-localised with LGP120 (a lysosome marker), suggesting that it is
involved in lysosome trafficking (Advani et al., 1998), however a VAMP7 KO mouse
model did not demonstrate impaired localisation of lysosomes, therefore other VAMPs
may be able to compensate for the loss of VAMP7 (Sato et al., 2011). It has also been
linked to autophagic pathways as VAMP?7 is involved in autophagosome-lysosome
fusion (Fader et al., 2009; Itakura, Kishi-ltakura and Mizushima, 2012; Guo et al.,
2014). VAMP7 has also been found as a mediator of secretory lysosome exocytosis
(Verderio et al., 2012). Neurite outgrowth requires exocytosis that appears to involve
SNARE complex formation using VAMP7 (Martinez-Arca et al., 2000, 2001). Neurite
outgrowth is reduced in VAMP7 knockout cells (Wojnacki et al., 2020). In VAMP7
knockout mice however there were no clear abnormalities observed, though axonal
outgrowth was reduced (Sato et al., 2011). More recently it has been described that
VAMP7 may play a role in chemokine secretion in mast cells, as a knockdown of
VAMPY7 led to reduced secretion levels (Sakamoto et al., 2024).

YKT6

Ykt6 is an unusual SNARE as it does not have a transmembrane domain and is lipid
anchored to the membrane (Fukasawa et al., 2004). It contains a prenylation
consensus motif (CAAX box) and can exist as both an active membrane-bound form
and an inactive cytosolic form (McNew et al., 1997; Zhang and Hong, 2001; Fukasawa
et al., 2004). The biology of Ykt6 function and modification is widely debated, as it
undergoes various modifications, e.g. geranylgeranylation, farnesylation,
palmitoylation (Fukasawa et al., 2004; Shirakawa et al., 2020; Sakata et al., 2021).
When Ykt6 is phosphorylated at a conserved site, a conformational change occurs
allowing the structure to open or close (therefore membrane-bound or cytosolic)
(McGrath et al., 2021).
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It has been shown to be essential in yeast, where it is involved in ER-Golgi and Golgi-
vacuole transport (Kweon et al., 2003). In rats, Ykt6 is highly expressed in the brain,
where it is concentrated in neurons, with low levels being expressed in other tissues
(Hasegawa et al., 2003). The depletion of Ykt6 resulted in the inhibition of
autophagosome-lysosome fusion, suggesting that Ykt6 acts in this pathway (Matsui et
al., 2018; Takats et al., 2018). It has been proposed that the function of Ykt6 is
perturbed in Parkinson’s disease, as a-Synuclein has been shown to interact with Ykt6
in the cytosol, reducing the levels of membrane-bound Ykt6 that can form SNARE
complexes. This results in defects in lysosomal function and protein homeostasis,

causing an accumulation of proteins (Cuddy et al., 2019).

Combinatorial depletion of Ykt6 and VAMP3 caused a block in secretion in Drosophila
cells, leading to post-Golgi transport vesicles to accumulate (Gordon et al., 2017). In
addition to its involvement in ER-Golgi transport, it has also been demonstrated to be
involved in exosome secretion, which is a key driver for cell-cell signalling in cancer,
with increased Ykt6 expression being linked to reduced survival in non-small cell lung

cancer (Ruiz-Martinez et al., 2016).

Sec22B

Sec22 has three isoforms, Sec22A, B and C. Sec22B is an R-SNARE as it contains a
longin domain and SNARE motif, whereas isoforms A and C are not considered
SNARESs as they do not contain the SNARE motif. Sec22B is predominantly localised
to the ER and Golgi where it functions in anterograde and retrograde transport,
mediating fusion of COPII vesicles and Golgi membranes, COPI and ER (Sun et al.,
2020). It also has been shown to be involved in transport between secretory

autophagosomes and the plasma membrane (Kimura et al., 2017).

The R-SNARESs Ykt6 and Sec22B function in a redundant manner in Drosophila cells,
as there is a notable block in secretion when both are depleted, with cargo being
trapped in ER however only partial block is observed when individually depleted
(Gordon et al., 2017). This has also been observed in yeast where a loss of Sec22p
increases levels of Ykt6p expression and Ykt6p functionally rescues the loss of
Sec22p (Liu and Barlowe, 2002), and mammalian cells (Gordon et al., 2017). However,
in plasma cells Sec22B has a non-redundant role, as the loss of Sec22B resulted in

antibody secretion deficiencies (Bonaud et al., 2023).
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1.2.5 R-SNAREs and intracellular trafficking
SNARES are key drivers of membrane fusion and so play a role in the various cellular

trafficking pathways in the endomembrane system (Figure 1.5).

Endocytosis and the endocytic recycling pathway are key intracellular processes.
Endocytosis can be clathrin-dependent or clathrin-independent (Pearse, 1976; Mayor
and Pagano, 2007; McMahon and Boucrot, 2011). Clathrin-mediated endocytosis
involves several key steps: initiation, membrane bending, scission, and uncoating
(Figure 1.6). The initial stage of clathrin-mediated endocytosis begins with recruitment
of cargo and endocytic proteins such as AP-2 to the membrane (Godlee and Kaksonen,
2013). Actin localises to the membrane where it polymerises and aids in shaping the
membrane (Merrifield et al., 2002; Yang et al., 2022). Myosin motor protein helps to
facilitate this process (Buss et al., 2001; Sun, Martin and Drubin, 2006). This
polymerisation causes a pit to form in the membrane, which promotes the process of
vesicle budding (Kukulski et al., 2012). Clathrin forms a hexagonal/pentagonal
structure around the pit, known as a clathrin-coated pit (Crowther and Pearse, 1981;
G P Vigers, Crowther and Pearse, 1986). The clathrin molecules do not bind directly
to the plasma membrane directly in this process but instead use adaptor proteins (e.g.
AP-2 and accessory protein AP180) (G. P. Vigers, Crowther and Pearse, 1986;
Morgan et al., 1999). For vesicle formation to be completed, the vesicle membrane
must detach from the cell membrane, a process known as vesicle scission. In clathrin-
mediated endocytosis, the GTPase dynamin forms a helical structure at the top of the
clathrin-coated pit, which constricts and pinches the membrane, driving vesicle
scission (Robinson et al., 1994; Sweitzer and Hinshaw, 1998; Stowell et al., 1999).
After scission of the membrane, the clathrin-coated vesicle traffics into the cytoplasm.
The clathrin-coat disassembles due to the activity of HSC70 and auxilin (Barouch et
al., 1994; Greener et al., 2000). This releases the vesicle containing its cargo allowing
it to be sorted to early endosomes. After uncoating, the adaptor proteins and clathrin
traffic back to the plasma membrane so they can be recycled for future endocytic
events. GTPases (Rab and Arf proteins) regulate trafficking and recycling of the
vesicles to their target compartments (Nielsen et al., 1999; Weigert et al., 2004;
Kouranti et al., 2006a; Navaroli et al., 2012; Donaldson and and Dutta, 2016; Arrazola
Sastre et al., 2021). Interaction with the cytoskeleton and motor proteins allows for the

vesicles to travel through the cytoplasm to the required organelle, for example Rab5
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Is involved in microtubule and early endosome interactions (Nielsen et al., 1999). The
vesicle fuses with the target membrane and the cargo is delivered, allowing the

receptors to recycle back to the plasma membrane and await cargo binding.

Cargo is trafficked from the cell surface to early endosomes, then recycled back to the
cell surface either via the rapid recycling route (direct to cell surface) or it is sorted to
late endosomes/recycling endosomes (Grant and Donaldson, 2009). Once at the
recycling endosome the cargo is returned to the cell surface. Early endosomes receive
cargo from vesicles made by endocytosis. As the lumen of the early endosome is
acidic, ligand release from receptors can be facilitated. If we look at a classic model of
endocytic recycling, the transferrin pathway is a key pathway for iron transport in cells
(Figure 1.6). Holo-transferrin binds to the transferrin receptor at the cell surface. It is
then internalised and trafficked to endosomes. Here, the acidic lumen causes the iron
to dissociate from the transferrin, resulting in apo-transferrin (Dautry-Varsat,
Ciechanover and Lodish, 1983). The apo-transferrin is then recycled back to the cell
surface where it can then bind iron and repeat the process (Dautry-Varsat,
Ciechanover and Lodish, 1983). The fast-recycling pathway is used by proteins such
as transferrin receptor (TF-R) and glycosphingolipids (Sharma et al., 2003). Proteins
such as RAB4 and RAB35 are often implicated in these pathways, along with R-
SNARESs such as VAMP3 (van der Sluijs et al., 1992; Daro et al., 1996; Kouranti et al.,
2006b; Navaroli et al., 2012). Transferrin transport also utilises the slow-recycling
pathway, where transferrin and it's receptor traffic to the recycling endosome and
relies on proteins such as Rabll to transport the transferrin back to the plasma
membrane (Schlierf et al., 2000).

There are two pathways of secretion in cells, regulated, and constitutive secretion.
Regulated secretion is typically found in specific cell types, such as endocrine and
neuronal cells. It involves the transport of newly synthesised proteins (such as
neurotransmitters) from the Golgi to secretory granules or vesicles in the cytoplasm,
where they are stored until they are triggered for release by an external stimuli (Kelly,
1985). This causes an increase in Ca?*, which results in vesicle fusion. Constitutive
secretion involves the transport of proteins from the ER to the plasma membrane and
is governed by the rate of protein synthesis rather than by external stimuli (Kelly, 1985).

This occurs continuously and is also known as bulk flow.
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1.2.6 Role of Q-SNAREs in membrane fusion

Q-SNAREs are also essential for membrane fusion, forming the SNARE complex
along with R-SNAREs. Historically some of the best studied SNAREs are the Q-
SNARESs involved in neurotransmitter release, such as SNAP-25. Synaptosomal

associated protein 25 (SNAP-25) is one of the main SNARE proteins involved in
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membrane fusion at the presynaptic terminal, where it is attached to the cell
membrane via lipid modifications e.g. palmitoylation and contains cysteine residues in
the coil region to dock it to the target membrane (Hess et al., 1992; Veit, Sollner and
Rothman, 1996).

In neuronal cells, SNAP-23 is able to compensate for the loss of SNAP-25 and prevent
cell death, however in differentiated cells there is a notable loss of SNAP-23
expression (Rust et al., 2016). SNAP-25 is expressed in neuronal and neuroendocrine
cells, whereas SNAP-23 is ubiquitously expressed. There appears to be a level of
genetic redundancy in SNARES, for example SNAP-23 K/O mice are non-viable (Suh
et al., 2011) however, in some cells that contain both SNAP-23 and SNAP-25, such
as pancreatic islet cells, SNAP-23 is redundant in the presence of SNAP-25 (Liang et
al., 2020).

In addition to neurotransmitter exocytosis, Q-SNARESs are also involved in endocytic
and constitutive delivery of cargo to the plasma membrane. Late endosome-lysosome
fusion has been shown to involve Syntaxin 7 and Syntaxin 8, where they are able to
form SNARE complexes with VAMP7 and VAMPS8 (Pryor et al., 2004). In Dictyostelium
discoideum, endosome-lysosome fusion in macropinocytosis requires a SNARE
complex comprising Syntaxin 7, Syntaxin 8, Vtil and VAMP7 (Bogdanovic et al., 2002).
Syntaxin 4 is known to be involved in insulin exocytosis (Yang, Coker, et al., 2001).
Syntaxin 5 forms SNARE complexes with Sec22B to facilitate ER-Golgi transport
(Dascher, Matteson and Balch, 1994) and has arole in autophagy (Renna et al., 2011).
In constitutive secretion, Syntaxin 19 is involved in Golgi-plasma membrane
trafficking/fusion and is able to form SNARE complexes with SNAP-23, SNAP-25,
SNAP-29, VAMP3 and VAMPS8 (Gordon et al., 2010).

There appears to be a critical role of Q-SNARES in functions outside of membrane
trafficking, it has recently been shown that they are involved in cell survival and cell
cycle, where SNAP-29 is involved in kinetochore formation, and plays a role in
chromosomal segregation during mitosis/meiosis (Morelli et al., 2016). Syntaxin 1 has
been shown to be involved in glioblastoma multiforme progression, where a loss of
Stx1 aids in reducing the proliferation and cell invasion of the tumour (Ulloa et al.,
2015).
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1.2.7 SNARE mutations and disease (SNAREopathies)

A number of disease-causing mutations in SNARESs have been identified (Kovacevic
et al., 2018; Salpietro et al., 2019; Vardar et al., 2020; Verhage and Sgrensen, 2020).
A SNAP-25 mutant was identified that impairs SNARE complex assembly, causing
intellectual disability, hyperexcitability, ataxia and myasthenia in humans (Rebane et
al., 2018). Studies have suggested a link between mutations in the SNAP-25 gene
with conditions such as ADHD, bipolar disorder, schizophrenia and epileptic
encephalopathy (Young et al., 1998; Barr et al., 2000; Brophy et al., 2002; Kustanovich
et al., 2003; Etain et al., 2010; Klockner et al., 2021). Another example is in VAMP1
where a mutation has been shown to cause hereditary spastic ataxia in humans
(Bourassa et al., 2012). A VAMP2 mutation (S75P) results in a neurodevelopmental
disorder, causing reduced fusion of VAMP2 vesicles and prevents Munc18 interaction
(Salpietro et al., 2019).

1.2.8 SNAREs in cell division

Cell survival and division relies on the successful progression of cells through the cell
cycle. The cell cycle is made up of four key stages: GO/G1 (gap 1), S (synthesis), G2
(gap 2) and M (mitosis). In G1, cells increase their size, causing the expansion of the
plasma membrane. In S phase, there is synthesis of DNA for the daughter cell. G2
phase involves rapid cell growth and protein synthesis. M phase is where cell division
occurs. For cell division to occur, the replicated chromosomes segregate to opposite
poles of the cell, prior to undergoing cytokinesis - the physical separation of the cells
(Barr and Gruneberg, 2007). This segregation of chromosomes requires the assembly
of kinetochores, which involves the SNARE SNAP-29 (Boucrot and Kirchhausen, 2007;
Morelli et al., 2016). The completion of cytokinesis relies on the abscission of the
plasma membrane, a process that requires the action of SNARE proteins such as
Syntaxin 2/16 and VAMPS8 (Low et al., 2003; Gromley et al., 2005; Song et al., 2009;
Schiel et al., 2011). SNAP-25 and VAMP2 have also been localised in the cleavage
furrow during cytokinesis (Ming Li et al., 2006). As well as the reformation of the
plasma membrane during cell division, nuclear envelope reformation is potentially a
SNARE-mediated fusion event (Jantsch-Plunger and Glotzer, 1999; Baur et al., 2007).
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1.2.9 Cytotoxicity of BONTs

It is known that whilst BONT intoxication can be lethal in whole organisms, they show
limited cytotoxic action in cells. When SNAP-25 or VAMPs1-3 are cleaved by BoNTs
there is no cell death, suggesting that cell viability is not reliant on synaptic vesicle
fusion (Osen-Sand et al., 1996). This is further supported by VAMP2 and SNAP-25
knockout mice which remain viable until birth (Schoch et al., 2001; Washbourne et al.,
2002). There have been studies that demonstrate cytotoxicity from some BONT
serotypes, notably BONT C and E (Osen-Sand et al., 1996; Peng et al., 2013). The
potential for BONTs to be used as a cancer therapy has been previously studied in
BoNT/C, as intoxication resulted in cytotoxicity in neurons and neuroendocrine cells
(Wiliamson and Neale, 1998; Peng et al., 2013; Arsenault et al., 2014). The
overexpression of syntaxins (2/3/4) and SNAP-23 were able to rescue the cytotoxicity,
possibly by acting in a compensatory manner (Peng et al., 2013). This was an
interesting finding as cell survival should not be affected if the BONT solely acts by
blocking neurotransmitter release as neuron development or survival is not dependent
on synaptic vesicle exocytosis (Osen-Sand et al., 1996). The disruption of plasma
membrane recycling processes could be a possible explanation for the cytotoxicity

seen in these cells (Peng et al., 2013).

1.3 BONT/X

Since the discovery of BONT/G in 1969, there had been no new BONT serotypes
recorded, with only subtypes and mosaic toxins being identified (BoNT/FA, A1-7, CD
etc). Interestingly when analysing BoNT strains, there have been cases where silent
toxin genes are found in the genome of the bacteria. For example, the bacterial strain
produces BoNT/A but also encodes BoNT/B gene which is not expressed (Franciosa,
Ferreira and Hatheway, 1994; Barash and Arnon, 2014).

In 1996 a report of infant botulism in Japan was identified which was caused by
clostridium botulinum strain 111, which expresses BoNT/B (Kakinuma et al., 1996).
Computational analysis of the bacterial genome from this strain by Zhang et al (2017)
identified a region in the genome which shared homology with botulinum toxins
suggesting this strain may encode an additional toxin. Further analysis of this

sequence revealed a gene located on the chromosome which they named BoNT/X. It
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was established that BoONT/X is a novel serotype as it had a low sequence similarity
to other known BONTs, no known antisera could neutralise the toxin and yet it
possesses the conserved HEXXH and SXWY motifs in the protease and binding
domains respectively (Zhang et al., 2017). The C. botulinum strain 111 therefore
appears to be a dual toxin producing strain, and it is currently assumed that the gene

for BONT/X is silent or that it is non-toxic.

1.3.1 BoNT/X substrate specificity

To identify which SNAREs BoNT/X cleaves Zhang et al (2017) produced a His6-
tagged version of the LC and incubated the toxin with recombinant VAMP2. BoNT/X
cleaves VAMP?2 at a novel site (R66-A67), which is in the SNARE motif of the protein
(Zhang et al., 2017). To validate the specificity of the LC/X they used transient
transfections to express HA-tagged VAMP1, VAMP3, VAMP7, VAMPS8, Myc-tagged
Sec22b and Ykt6. This revealed that VAMP1, VAMP3 and Ykt6 were cleaved, whilst
VAMP7, VAMPS8 and Sec22b were resistant to cleavage. They also discovered that
GST-tagged VAMP4 and VAMP5 could be cleaved (Zhang et al., 2017). The cleavage
site of VAMP4, VAMP5 and Ykt6 is in the homologous location as R66-A67 in VAMP2,
however the residues are different (KS in VAMP4 and Ykt6, and RS in VAMPS5), with
K87-S88 in VAMP4 and R40-S41 in VAMPS. The location of the cleavage site is also
conserved in VAMP1 and VAMP3 (Zhang et al., 2017). Kinetics studies showed that
LC/X cleaves VAMP1 with ten times higher efficiency than BoOoNT/B and TeNT
(Masuyer et al., 2018).

BoNT/X is the only known BoNT that cleaves VAMP4, VAMPS5 and Ykt6, which makes
it a potentially powerful tool to study their roles in intracellular trafficking, but also could
be utilised as a potential therapeutic. Previous work in the Peden lab (Asnawi, 2021)
demonstrated that BoNT/X cleaved VAMPs1-4 and Ykt6 in vivo, causing significant
perturbations in endocytic and biosynthetic trafficking pathways. Intoxication resulted

in reduced surface protein levels and block of delivery of cargo to the cell surface.

At present it is not known how BoNT/X binds to neurons as the sites known to bind
gangliosides and neuronal receptors in the protein are not well conserved. Potential
binding targets have been assessed (GT1lb, GDla, GM1, SV2), however very weak
binding to these receptors was shown, or the sites lacked conserved residues for the
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binding interaction (Martinez-Carranza et al., 2024). Due to the structure of BoNT/X,
the binding sites of synaptotagmins 1 and 2 are not accessible, and so are also unlikely

targets (Martinez-Carranza et al., 2024).

Due to its broad substrate specificity, and ability to cleave SNAREs with different
residues at the cleavage site, it was thought that the BoNT/X protein would likely be
able to adjust to residue changes well. This could make the molecule a useful tool to
engineer new variants that could perhaps cleave currently untargeted SNARESs such
as VAMP7 and VAMPS8 (Masuyer et al., 2018). Newly engineered BoNT/X proteins
were developed that selectively cleave VAMP4 or Ykt6 over the other substrates in
vitro (Blum et al., 2021), demonstrating the potential for new versions of the toxin to

be developed in the future.

1.3.2 Therapeutic potential of BONT/X

Previous work in the Peden lab (Asnawi, 2021) has shown that when HeLa cells were
transfected with the light chain of BoNT/X, the morphology of the cells changed and
showed a more rounded shape and a decreased cell size, suggesting that BoNT/X
may be having a cytotoxic effect on cells. There were also fewer cells present in the
BoNT/X transfected cells, which could imply that there is a reduction in cell proliferation
or possible apoptosis. Current BONT therapeutics rely on the cleavage of SNAREs
involved with neurotransmitter release that then induce paralysis, however as BoNT/X
cleaves SNAREs involved in other processes this molecule could be utilised

therapeutically for new indications not currently treated using BoNTSs.

Due to safety restrictions, a sortase-mediated ligated version of the toxin was
generated using two fragments of BONT/X that are non-toxic individually but with the
addition of sortase form a full-length toxin to assess the activity of the toxin (Zhang et
al., 2017). This ligated BoNT/X caused flaccid paralysis in vivo when injected into
mouse muscle, demonstrating that the toxin is functional (Zhang et al., 2017). However,
it was less potent and less toxic than other BoNTS, as lethal doses are typically in
picogram levels, whereas the mice survived a dose of 1 ug (Zhang et al., 2017). Initially
there was no anti-BoNT/X antiserum, which limited native full-length toxin production
due to safety concerns. However, it is now available, allowing for the native toxin to be

studied (Gregg et al., 2024). Studies using the native and recombinant BoNT/X protein
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have confirmed that BONT/X is less potent than other BoNTSs, likely in part due to its
inability to bind to cell targets (Gregg et al., 2024; Martinez-Carranza et al., 2024).
Together, the existing data suggest that BoNT/X is not toxic to vertebrates or humans.
This could be due to the inability of the toxin to enter neurons, as a chimeric toxin using
the receptor binding domain of BoNT/A demonstrates toxicity (Miyashita et al., 2021;
Gregg et al., 2024).

1.4 Summary

Studies have shown that BoNT/X acts on previously untargeted SNARESs, which could
mean that it acts on different cellular pathways compared to existing known toxins.
Previous work from the Peden lab (Asnawi, 2021) has shown that BONT/X severely
perturbs trafficking within the endomembrane system and blocks the delivery of
proteins to the cell surface. We do not currently know if this is a result of SNARE
cleavage or because the toxin is cleaving non-SNARE proteins. In addition to this, the
roles of various R-SNAREs are not fully understood, and the impact of disease-
causing mutations are hard to study using existing models. We can therefore use
BoNT/X as a tool to study R-SNARE function.
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1.5 Aims and objectives

1. Develop novel reporters for measuring BoNT/X activity.

As BoNT/X is a novel toxin, there are limited tools developed to monitor its activity, as
existing assays focus on SNAP-25/VAMP2 cleavage. As novel toxins are discovered
and engineered, it will be important to be able to characterise and monitor their activity.
The development of simple assays to assess SNARE cleavage and function will aid
those studying the biology of these toxins and provide new insight into the role of

SNARE proteins in intracellular trafficking.

2. Determine if the trafficking phenotypes observed during BoNT/X intoxication

are specifically due to SNARE cleavage.

We know that BoNT/X is able to cleave a broad range of R-SNARES not previously
targeted by other toxin serotypes (VAMPs1-5 and Ykt6) (Asnawi, 2021). In addition,
intoxication leads to pleiotropic changes in both endocytic and biosynthetic transport.
However, it is unclear whether these phenotypes are specifically caused by SNARE
cleavage. By generating cleavage resistant SNAREs, we can determine if these

phenotypes are specific to R-SNARE proteolysis.

3. Explore whether the BoNT/X reconstitution system can be used to model the

impact of disease-causing mutations on SNARE function.

By establishing cleavage resistant SNAREsS, we can investigate key residues of
interest in SNAREs and assess their function. There are many disease-causing
mutations, if these can be studied using cell-based systems, it could help to uncover

their role in disease without reliance on animal models.

4. Investigate the mechanisms by which BoNT/X intoxication affects cell viability

and cell division.

We know that R-SNARESs are required for both endocytic and secretory trafficking.
However, their roles in cell homeostasis and cell survival remain to be fully elucidated.
Characterising the impact of BONT/X intoxication on these processes may shed new
light into the role of R-SNARES in these processes.
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Chapter 2

2. BONT/X a new tool for studying the function of R-SNARESs in post-Golgi

trafficking and constitutive secretion
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Abstract

Botulinum neurotoxins inhibit neurotransmitter release by cleaving SNARE proteins.
A novel serotype, BoNT/X was recently discovered which has a broader substrate
specificity compared to BoNT/B, D, F and G. In this study we have demonstrated that
the light chain of BONT/X cleaves VAMPs 1-4, and Ykt6 in cells, and perturbs endocytic
and secretory trafficking. Specifically, we have observed a significant reduction in
transferrin uptake in intoxicated cells caused by the loss of the transferrin receptor
from the cell surface and a dramatic block in the delivery of newly synthesised proteins
to the plasma membrane. To establish if these phenotypes were due to R-SNARE
proteolysis, we have generated cleavage resistant R-SNARESs and developed a simple
genetic reconstitution assay to assess their function in post-Golgi trafficking. Using this
approach we have identified an unexpected role for Ykt6 in transferrin receptor
trafficking and uncovered roles for VAMPs 1-3 and 8 in the fusion of post-Golgi
vesicles with the cell surface when the function of Ykt6 is disrupted. To further explore
the utility of the genetic reconstitution assay, we have introduced a series of mutations
into VAMP3 and investigated their impact on transferrin receptor trafficking.
Introduction of the neurodevelopmental disease-causing proline substitution (S75P)
from VAMP2 into VAMP3 abolishes VAMP3 function.
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Introduction

SNARE proteins are core components of the machinery required for intracellular
transport and membrane fusion (Soéllner et al., 1993). They have a highly conserved
region termed the SNARE motif that forms complexes with other SNAREs (Jahn and
Scheller, 2006). For membrane fusion to occur, SNAREs on opposing membranes
must come together and zipper up to form a SNARE complex (Sutton et al., 1998).
SNAREs were originally classified as either vesicle associated, or target membrane
associated SNAREs. However, they have been reclassified as either R or Q-SNARES
depending on the presence of a conserved arginine or glutamine in their SNARE motif
(R-SNAREs are all v-SNARES) (Kloepper, Kienle and Fasshauer, 2007). The biology
of R-SNAREs have been studied extensively, and there is a good understanding of
where these proteins are localised within the endomembrane system and biochemical
evidence to support the pathways they act on (Jahn and Scheller, 2006). However,
their disruption in cells and/or mice does not always yield the anticipated phenotypes
(Bethani et al., 2009; Gordon et al., 2010). For example, mice lacking VAMPs 3, 4 and
7 are viable and have no gross abnormalities even though these R-SNAREs have
been implicated in a range of key intracellular processes in which should be essential
for viability (e.g. transferrin receptor recycling and iron uptake for VAMP3) (Yang et al.,
2001; Sato et al., 2011; Ivanova et al., 2021). One interpretation of these data is that
the functions of the missing SNARESs are being replaced by the upregulation of other
post-Golgi R-SNAREs. However, in most instances there seems to be little evidence
to support this hypothesis (Gordon et al., 2010). Thus, it is possible that alternative R-
SNARESs not thought to function in post-Golgi trafficking, may be taking over their role
and/or may normally act in this process. In support of this hypothesis, we have found
that the Ykt6 may be playing this role. For example, we have observed that both Ykt6
and VAMP3 must be depleted to completely block delivery of biosynthetic cargo to the
cell surface and that endosome-lysosome fusion can only be fully inhibited when the
function of Ykt6 is disrupted in combination with VAMPs 7 and 8 (Davis et al., 2021).
Ykt6 is an unusual R-SNARE that does not have a proteinaceous membrane anchor
like other R-SNARES so is capable of cycling on and off membranes (McNew et al.,
1997; Fukasawa et al., 2004). Thus, it is possible that Ykt6 is directly recruited to sites

of membrane fusion without the need for intracellular trafficking.
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Botulinum neurotoxins are produced by anaerobic bacteria and specifically inhibit
neurotransmitter release through their cleavage of SNARE proteins. There are 7 well-
characterised serotypes which have varying specificity for the SNARE molecules they
cleave (BONT/A and E target SNAP-25, BONT/C targets syntaxin and SNAP-25, and
BoNT/B, D, F and G target VAMPs1-3) (Pirazzini et al., 2017). Due to their potency
and specificity, they have been extensively used to dissect the role of SNARES in
regulated exocytosis (Schiavo et al., 1992; Gaisano et al., 1994; Steinhardt, Bi and
Alderton, 1994; Regazzi et al., 1995). Botulinum toxins have a highly conserved
domain architecture that consists of a receptor binding domain, a translocation domain
and a zinc dependent protease which cleaves SNARESs (also known as the light chain,
LC). In 2017 a novel botulinum-like molecule was identified through a detailed
bioinformatic analysis of published C. botulinum genomic sequences (Zhang et al.,
2017). The protein has the lowest sequence homology to any known toxin serotype
and so was named BoNT/X. BoNT/X was shown to cleave a broad range of
recombinant R-SNAREs (VAMPs 1-5 and Ykt6) in contrast to other R-SNARE cleaving
toxins which can only cleave VAMPs 1-3 (Pirazzini et al., 2017). The broader substrate
specificity of BONT/X not only allows the function of a wider range of SNARES to be
studied but also potentially increases the range of physiological processes which can
be targeted by these toxins. The light chain of BONT/X cleaves its substrates at a
unique position which is found within the SNARE motif (VAMP3: R53-A54; VAMPA4:
K87-S88; Ykt6: K173-S174) (Zhang et al., 2017). However, BoNT/X does not cleave
recombinant VAMPs 7, 8 and Sec22b suggesting it has some degree of substrate

specificity.

To elucidate the impact of BONT/X intoxication on intracellular trafficking we have
generated a tagged recombinant light chain and characterised its activity in cells. LC/X
Is capable of cleaving VAMPs 1-4 and Ykt6 in cells and leads to pleiotropic defects in
both endocytic and biosynthetic transport. To determine if these phenotypes are
specific to SNARE cleavage, we have developed a simple genetic reconstitution assay
utilising SNARES which are resistant to the action of the toxin. Using this approach we
have observed that YKt6 appears to have an unexpected role in transferrin receptor
trafficking and can rescue delivery of cargo to the plasma membrane. In addition,
VAMPs 1-3 and 8 can also mediate the fusion of biosynthetic vesicles with the cell

surface when Ykt6 has been lost from cells. This assay can also be used to dissect
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mechanistic functions of SNAREs and disease-causing mutations, we have shown a
neurodevelopmental disorder mutation in VAMP2 when introduced in VAMP3 causes
loss of function. The use of this genetic reconstitution system should allow for new
mechanistic insight into the role of R-SNARES in post-Golgi trafficking and membrane

fusion.

Materials

Antibodies and ligands

The following antibodies were used in this study: Rabbit anti-VAMP3, hamster anti-
VAMP4, mouse anti-VAMP7, rabbit anti-VAMP8 were previously described in (Gordon
et al., 2010). An affinity-purified rabbit anti-Ykt6 was a gift from Dr Jesse C. Hay
(University of Michigan) to A.A.P. as previously reported (Gordon et al., 2010) and was
raised against the peptide DGHLSRYQNPREADPMSKC. Rabbit anti-Sec22B (SySy -
186 003), Precision Protein StrepTactin-HRP conjugate (1:5000, Bio-Rad, 1610380),
anti-GFP (Abclonal AEO012, 1:2000), mouse anti-gamma adaptin (MAB100.3,
prepared in-house), DyLight 800 Goat Anti-mouse secondary (ThermoFisher, SA5-
35521, 1:5000), Anti-tubulin (Protein-tech, 66240-1-1g), Rat anti-RFP (Chromotek
5F8), mouse anti-CD71-APC (BD Biosciences, M-A712), APC anti-mouse CD63
(1:100, Biolegend, 143906), APC mouse anti-human CD8 (1:20, BD Biosciences,
555369), anti-human CD8 1:100 (Serotec, LT8 MCA1226), anti-mouse CD63 1:100
(Biolegend, NVG-2 143902), anti-HA (1:500, Biolegend, 901502), Cy™5 anti-mouse
antibody (Jackson ImmunoResearch 115-175-146, 1:500). For immunofluorescence,
secondary antibodies used were Donkey anti-mouse Alexa Fluor™ 647
(ThermoFisher, A-31571) and Goat anti-rat Alexa Fluor™ 594 (ThermoFisher, A-
11007). Secondary HRP-conjugated antibodies for immunoblotting were HRP
conjugated goat anti-mouse (1:5000, Jackson ImmunoResearch 115-035-008) and
HRP conjugated goat anti-rabbit (1:5000, Jackson ImmunoResearch 111-035-144).
The following ligands and markers were used: Wheat Germ Agglutinin
AlexaFluor™ 647 (Invitrogen, W32466), Transferrin AlexaFluor ™ 647 and
AlexaFluor™ 594 (Invitrogen T23366, T13343).
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Plasmids

HA-tagged human R-SNARE and cleavage resistant versions of these constructs were
synthesised by Genscript and cloned into pIRES-Neo2. The MAO tagged human R-
SNARESs and cleavage resistant versions of these constructs were synthesised by
Genscript and cloned into eGFP-C3 (Clontech). The light chains of BoNT/D and X
(active and inactive) were synthesised by Genscript and cloned into eGPF-C3
(Clontech). mCherry and non-fluorescent versions of BONT/X were then generated by
replacing the eGFP with either mCherry, miRFP670 or a Strepll tag. For full list/details
of plasmids used, see Supplemental Table 1.

Methods

Cell culture and plasmid transfections

HelLa-M and HEK-293T cells were cultured and maintained in high glucose DMEM
media (Sigma) supplemented with 10% fetal bovine serum, 100 IU/mL penicillin, 100
ug/mL  streptomycin and 2 mM glutamine at 37°C in a 5% CO. humidified
incubator. HeLa-C1 cells (Gordon et al.,, 2010) and HA-Ykt6VT stable cells were
maintained with the addition of the appropriate antibiotic selection, 1 pg/mL puromycin
and 1 mg/mL G418 respectively. The Cherry-VAMP stable cells were maintained with
the addition of G418. Plasmids were transfected into cells using either
polyethylenimine (PEI) (3 ug PEI to 1 pg plasmid DNA) or Lipofectamine 2000 (1.25:1
Lipofectamine 2000 to plasmid DNA).

Stable cell line generation

Stable cell lines expressing mCherry-VAMPSs were generated by transfecting HeLa-M
cells with mCherry VAMPs 3, 4, 7 and 8 and selecting the cells with G418 for 2 weeks.
mCherry positive cells were autocloned using flow cytometry and screened for
expression. Cells with moderate expression were selected. HA-tagged Ykt6VT was
synthesised by GenScript and cloned into the retroviral expression vector pLXIN
(Clontech). HEK-293T cells were transfected with the pLXIN construct, puMVC
(Addgene) and pCMV VSV-G (Addgene) using PEI. The cell culture media was
collected 48 hours post-transfection, polybrene was added (5 pg/mL) and filtered using
a 0.45 um syringe filter (Sartorius). HeLa-M cells were infected with the retrovirus

particles and centrifuged at 2000 x g for 1 hour at room temperature, prior to incubation
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at 37°C. Post-transduction, cells were placed into G418 selection (Roche) and auto-
cloned into a 96 well plate using a FACSMelody cell sorter (BD Biosciences). Clonal

cell lines were screened for expression by staining with an anti-HA antibody.

Immunoblotting

R-SNARE cleavage blots

HelLa-M cells were transfected with either GFP, GFP-LC/X WT or GFP-LC/X inactive
using Lipofectamine2000 transfection reagent. Cells were trypsinised prior to sorting
for GFP-positive cells using a FACSMelody cell sorter (BD Biosciences). The sorted
cells were collected, and approximately 160,000 GFP-positive cells were used per
sample. Sorted cells were lysed in SDS-PAGE sample buffer (Bio-Rad) supplemented
with 5% (v/v) mercaptoethanol and boiled at 95°C, prior to separation using SDS-
PAGE gel electrophoresis. Proteins were then transferred overnight onto PVDF
membranes using wet transfer methods. The membranes were blocked using 5% milk
in 1X PBS-Tween20. The membranes were probed with antibodies against R-
SNARESs and beta tubulin (loading control). The bound antibodies were detected using
secondary antibodies conjugated to HRP and developed using ECL substrate.
Membranes were imaged using LI-COR C-DiGit® blot scanner (LI-CORE Biosciences)

and Image Studio Lite Software (LI-COR Biosciences).

VAMP-MAO blots

HEK-293T cells were transfected with various VAMP-MAO constructs with or without
StrepTag-LC/X (9:1) using PEI. Cells were collected post-transfection and lysed in
SDS-PAGE sample buffer (Bio-Rad). The lysates were boiled at 95°C prior to
separation by SDS-PAGE gel electrophoresis. Proteins were transferred overnight
onto nitrocellulose membranes by wet transfer. The membranes were blocked using
5% milk in 1X PBS-Tween20. The membranes were probed with antibodies against
GFP and gamma adaptin. Secondary antibodies conjugated to DyLight 800 were used
to detect the primary antibodies. A HRP-conjugated StrepTactin (Bio-Rad) was used
to detect the StrepTagged BoNT/X. StrepTactin-HRP blots were developed using ECL
substrate (Bio-Rad). Membranes were imaged using LI-COR C-DiGit® blot scanner
(LI-COR Biosciences) and LI-COR OdysseySA imaging system (LI-COR
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Biosciences). Images were obtained using the Image Studio Lite Software (LI-COR

Biosciences).

Fluorescence microscopy and image analysis

Cells were grown on glass coverslips overnight prior to transfection. Cells were fixed
in 4% paraformaldehyde (PFA) 1 day post-transfection, the PFA was quenched using
0.1 M Glycine, then washed with PBS. The coverslips were mounted on microscope
slides using ProLong Gold antifade mountant (Invitrogen). Images were captured

using a Nikon Al confocal microscope with a 60x Plan Apochromat oil objective lens.

VAMP-MAOQO microscopy

HelLa-M cells that stably express HA-Ykt6VT were seeded onto glass coverslips and
co-transfected with the indicated VAMP-MAO constructs and mCherry-LC/X using PEI.
Cells were fixed, mounted onto glass slides using ProLong Gold antifade mountant

(Invitrogen).

Immunolabeling for microscopy

PFA fixed cells were permeabilised using 0.1% saponin (Sigma S4521), 1% BSA
(Fisher Scientific) solution in PBS (IF buffer), prior to incubating with the appropriate
primary and secondary antibodies. Coverslips were washed with PBS and mounted

onto microscope slides using ProLong Gold antifade mountant (Invitrogen).

Transferrin uptake microscopy

Cells were incubated with transferrin-Alexa Fluor™ 647 (25 pg/mL, Invitrogen) for 10
minutes at 37°C, washed with media then fixed with 4% paraformaldehyde. The
coverslips were mounted as above using ProLong Gold. Images were captured using
an Olympus BX61 wide-field epifluorescence microscope with a 60x UplanApo oil

immersion objective lens.

CD8 and CD63 surface-labelling
HelLa-M cells expressing either CD8 or CD63 were chilled on ice and incubated with
the indicated antibodies diluted in ice cold media for 30 minutes. Coverslips were

washed using cold media prior to fixation with 4% PFA. Cells were quenched with 0.1
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M glycine in PBS and washed with PBS. Cells were permeabilised in IF buffer, prior
to incubation for 30 minutes at room temperature with the appropriate secondary
antibody diluted in IF buffer. Coverslips were washed with PBS and mounted onto
glass slides using ProLong Gold mountant (Invitrogen). Representative images were
captured using an Olympus BX61 wide-field epifluorescence microscope. The images
were analysed using ImageJ (Schindelin et al., 2012), and the brightness/contrast

were also adjusted.

Flow cytometry assays

Cell viability

HelLa-M cells were transfected with either GFP, GFP-LC/X active or inactive
constructs. 16 hours post transfection the cells were trypsinised and stained with TO-
PRO®-3 according to manufacturer's instructions. Data was acquired using a LSRII

flow cytometer (BD Biosciences).

Transferrin uptake

HelLa-M cells were seeded in 12 well plates prior to transfection using PEI or
Lipofectamine 2000. 16 hours post-transfection, cells were trypsinised and pelleted by
centrifugation at 1500 rpm. The cells were resuspended in Transferrin Alexa Fluor™
647 (Invitrogen) diluted in fresh media (25 pg/mL) and incubated for 10 minutes at
37°C. Cells were washed twice with fresh chilled media and resuspended in 1% PFA.
Mean fluorescence intensity was measured using an LSR Il cytometer (BD

Biosciences) or an Attune NXT cytometer (ThermoFisher).

Cell membrane protein surface labelling
To label membrane proteins at the cell surface, cells were incubated with the

appropriate antibody at 4°C for 30 minutes prior to washing and fixation.

Secretory reporter assay

Secretory reporter cells (HeLa-C1) were transfected with mCherry-LC/X and HA-
tagged R-SNAREs. Cells were incubated with 1 uM rapamycin for 120 minutes prior
to trypsinisation. Cells were placed on ice in suspension to pause secretion. Mean
fluorescence intensity was measured using an Attune NxT flow cytometer (Thermo

Fisher Scientific). Cells expressing mCherry constructs were gated prior to quantifying
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GFP fluorescence. Percentage of secreted cargo was calculated by taking a ratio

between rapamycin treated and untreated samples.

Intracellular protein labelling

Transfected HelLa-M cells were trypsinised prior to fixation with 4% paraformaldehyde.
The PFA was quenched using 0.1 M Glycine before the cells were permeabilised with
1X PBS containing 0.1% saponin and 1% BSA. The cells were incubated with the
appropriate antibody diluted in the permeabilisation buffer for 45 minutes. For non-
conjugated primary antibodies, cells were washed with the permeabilisation buffer
prior to incubation with the appropriate secondary antibody for 45 minutes. Cells were
resuspended in 1% PFA. Mean fluorescence intensity of the cells was measured by

flow cytometry.

Statistics and analysis

GraphPad Prism version 9 for Windows (GraphPad Software, Boston, MA, USA) was
used for plotting all graphical data included in figures and the associated statistical
analysis (Meiringer et al., 2008). FlowJo™ v10.8 Software (BD Life Sciences) was
used to display flow cytometry data and calculate the mean and geometric mean

fluorescence intensity.

Results

The recombinant LC of BONT/X is active and cleaves VAMPs 3, 4 and Ykt6

It has previously been reported that the light chain of BONT/X can cleave recombinant
VAMPs 1-5; Ykt6, and endogenous VAMPs 2 and 4 in vivo (Zhang et al., 2017). Thus,
it could potentially be a novel tool for investigating that function of R-SNARES in
intracellular transport. To investigate the activity and specificity of the toxin in vivo we
synthesised a GFP-tagged version of the light chain (residues 1-439aa), which was
tagged with eGFP. As a control, an inactive form of the LC/X was also made by
mutating Arg360 and Tyr363 (R360A/Y363F) (Zhang et al., 2017). HeLa-M cells stably
expressing mCherry-tagged R-SNAREs (VAMP3, VAMP4, VAMP7, VAMPS8) were
transiently transfected with the indicated light chain constructs and microscopy
performed (Figure 1A, Supplemental Figure 1). In the cells transfected with the

active BoNT/X construct, the signal for VAMP3 and VAMP4 were reduced and became
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predominantly cytoplasmic, whereas the levels and/or localisation of VAMP7 and
VAMP8 were not affected. As expected, an inactive version of the BONT/X LC has no
impact on the levels of VAMP3 or its localisation. To determine whether BoNT/X can
cleave endogenous R-SNAREs cells were transfected with the indicated constructs,
enriched using cell sorting and analysed by immunoblotting against a panel of well
characterised R-SNARE antibodies (Figure 1B). As expected, the levels of VAMP3
and VAMP4 were greatly reduced in the cells expressing the active construct. In
addition, a lower molecular weight band for Ykt6 was observed, suggesting that the
protein had been proteolytically cleaved. No loss of signal was observed for VAMP7,
VAMPS8 or Sec22B, indicating that they are not cleaved by the LC/X and the specificity
of the toxin had not been altered by the tag. It is likely that HeLa-M cells also express
VAMP2 (Kubo et al., 2015) which is cleaved by the light chain of BONT/X. However,
due to technical difficulties we are unable to detect this R-SNARE by immunoblotting.
In performing these experiments, it was noticed that there were fewer cells in samples
transfected with the active light chain. To directly quantify this, the cell number and
cell viability was measured using an automatic cell counter and flow cytometry (Figure
1C and D). In samples transfected with BONT/X there was no significant drop in cell
viability after 16 hours. However, there was a significant decrease in cell number

suggesting that there may be a reduction in cell proliferation in intoxicated cells.
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Figure 1. The recombinant LC of BoNT/X is active and specifically cleaves
VAMPs 3, 4 and Ykt6

(A) HeLa-M cells expressing mCherry-tagged VAMPSs were grown on coverslips and

transiently transfected with either active or inactive light chain of BoNT/X tagged with
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GFP. Cells were fixed and representative images captured. Scale bar = 10 um. (B)
HelLa-M cells were transiently transfected with either GFP, GFP-LC/X active or
inactive constructs. GFP-positive cells were sorted using flow cytometry, lysed in SDS-
PAGE sample buffer and transferred to PVDF membranes. Blots were probed with
antibodies against GFP, VAMP3, VAMP4, VAMP7, VAMPS8, Ykt6 and Sec22B. Tubulin
was used as a loading control. (C, D) HeLa-M cells were transfected with either GFP,
GFP-LC/X active or inactive or constructs, the cell number and cell viability measured
16 hours post-transfection. An automatic cell counter was used for cell number
estimation (n=5). One-way ANOVA with Dunnett’s multiple comparison was performed
for analysis, **** P<0.0001. To assess cell viability, cells were stained with TO-PRO®-

3 prior to acquisition by flow cytometry (n=3). Error bars show SEM.

Expression of the BoNT/X light chain perturbs the trafficking of the TF-R

The immunoblotting data suggests that BoNT/X can cleave a broad number of R-
SNAREs in HelLa-M cells (VAMPs (2) 3, 4 and Ykt6) so it is likely that there will be
significant alterations in intracellular trafficking. To investigate this, cells were
transfected with the light chain of BONT/X and the uptake of fluorescent transferrin
assessed using immunofluorescence microscopy and flow cytometry (Figure 2A and
B). In intoxicated cells, almost no detectable transferrin uptake was observed. To
check that this phenotype was specific to BoONT/X and its broader substrate specificity
we transfected cells with BONT/D light chain constructs which were GFP tagged.
BoNT/D only cleaves VAMPs 2 and 3 (Yamasaki et al., 1994 and Supplemental 1).
In BONT/D intoxicated cells no significant alteration in transferrin uptake was observed
(Figure 2C) suggesting that it is likely to be the additional loss of VAMP4 and/or Ykt6

which is causing this phenotype.

To determine if this reduction of transferrin uptake is due to a loss of the transferrin
receptor (TF-R) from the cell surface, its localisation and levels were determined using
fluorescence microscopy and flow cytometry (Figure 2D-G). In control cells the
receptor is present in a perinuclear pool and punctate structures dispersed throughout
the cytoplasm, most likely early and recycling endosomes (van der Sluijs et al., 1992;
Ullrich et al., 1996). However, in intoxicated cells there was a dramatic reduction in
signal accompanied with a clear alteration in its localisation (Figure 2D). In support of

this observation the levels of the receptor were also dramatically reduced at the cell
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surface (Figure 2E) suggesting a possible block in the delivery and/or recycling of the
receptor with the cell surface. As expected, BoNT/D intoxication did not alter the
surface levels of the TF-R (Figure 2F) indicating that the observed phenotypes are
BoNT/X specific. To further explore the impact of BONT/X on TF-R trafficking, the total
levels of the receptor were also measured using flow cytometry (Figure 2G). In the
intoxicated cells there was a significant reduction in the receptor levels, possibly

indicating a misrouting of the receptor to lysosomes.
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Figure 2. The LC of BONT/X is a potent inhibitor of Transferrin receptor
trafficking

(A) To determine the effect of BONT/X on receptor-mediated endocytic trafficking,
HelLa-M cells were grown on glass coverslips and transiently transfected with either
active or inactive BoNT/X constructs tagged with GFP. The cells were then incubated

with Transferrin Alexa Fluor™ 647 for 10 minutes at 37°C. The cells were fixed using
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4% PFA and representative images captured. Scale bar = 10 um. (B) To quantify the
amount of transferrin taken up by the transfected cells, the experiments were repeated
in suspension and the mean fluorescent intensity of the cells measured using flow
cytometry (n=4). The amount of transferrin internalised by the cells was normalised to
the GFP control. Error bars represent SEM. One-way ANOVA with Dunnett’'s multiple
comparison was performed for analysis, **** P<0.0001. (C) To determine if this
phenotype was specific to BONT/X intoxication, HeLa-M cells were transfected with
either the active or inactive GFP tagged light chain of BONT/D and the transferrin
uptake assay repeated as above. The amount of transferrin internalised by the cells
was normalised to the GFP control. Error bars represent SEM. (D) To determine if
BoNT/X intoxication impacts the localisation of the transferrin receptor (TF-R) HelLa-
M cells were transfected with either active or inactive BoNT/X constructs tagged with
GFP. Cells were fixed with 4% PFA and permeablised with IF buffer, prior to staining
with anti-CD71 antibody for 30 minutes at 4°C. Cells were then washed with PBS and
representative images captured. Scale bar = 10 um. (E) To measure the levels of TF-
R on the cell surface, HeLa-M cells were transfected with either the active or inactive
versions of BONT/X LC. Cells were harvested and stained with the anti-TF-R (CD71)
antibody at 4°C. Cells were then fixed, and the mean fluorescent intensity of the cells
were measured by flow cytometry (n=4). Error bars represent SEM. One-way ANOVA
with Dunnett’s multiple comparison was performed for analysis, **** P<0.0001. (F) As
a control, surface levels of transferrin receptor were measured with HeLa-M cells
transfected with active or inactive BONT/D constructs by flow cytometry (n=4). Error
bars represent SEM. (G) To measure the total TF-R levels, cells were transfected with
active and inactive BoNT/X LC, fixed and permeabilised prior to staining with anti-
CD71. Mean fluorescent intensity of the cells were measured by flow cytometry (n=4).
One-way ANOVA with Dunnett’'s multiple comparison was performed for analysis, ***
P=0.0001. Error bars show SEM.

BoNT/X intoxication blocks the delivery of newly synthesised membrane proteins to
the cell surface

To determine if the trafficking of newly synthesised membrane proteins to the cell
surface was perturbed in BoNT/X intoxicated cells, the localisation of transiently
transfected GFP tagged CD8 and GFPSpark CD63 was assessed by microscopy and
flow cytometry (Figure 3). CD8 is a transmembrane glycoprotein that localises to the
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surface of T cells and is not expressed in HeLa-M cells. CD63 is an
endosomal/lysosomal protein that actively traffics to the cell surface so can also be
used to measure biosynthetic transport. To be able to specifically detect transfected
CD63, murine CD63 and a species specific antibody was used. As both reporter
constructs were GFP tagged, a non-fluorescent version of the BoNT/X LC was used.
In cells transfected with the inactive toxin, there was strong plasma membrane staining
for both CD8 and CD63 suggesting that the reporter constructs were efficiently
delivered to the cell surface. However, in the intoxicated cells, the surface staining was
dramatically reduced and strong intracellular labelling reminiscent of the ER and Golgi
was observed suggesting that the constructs were becoming trapped in the early
biosynthetic pathway. To quantitatively measure the levels of CD8 and CD63 at the
cell surface, the experiments were repeated, and flow cytometry performed. As
expected, the levels of CD8 and CD63 were significantly reduced in the intoxicated
cells compared to that of the inactive control. To determine if the delivery of soluble
biosynthetic cargo to the plasma membrane was also perturbed in the BoNT/X
intoxicated cells the experiments were repeated using reporter assay previously
developed by our group (Gordon et al., 2010) (Figure 3E). In this assay, the secretion
of GFP is regulated by the addition Rapamycin or AP21998 which controls the
oligomerisation state of the reporter molecule (Gordon et al., 2021). In intoxicated cells,
we observed that there was almost no secretion of the reporter construct as measured
by flow cytometry suggesting that BoNT/X intoxication blocks the transport of soluble

cargo to the cell surface.

As we observed a significant reduction in the cell surface levels of the TF-R, CD8,
CD63 and a block in the delivery of soluble cargo to the cell surface we wondered
whether BONT/X intoxication could be having a more global impact on the levels of
cell surface receptors. To test this hypothesis, we measured the amount of wheat germ
agglutinin (WGA) binding to the cell surface of transfected cells. WGA is a lectin that
binds glycosylated proteins so should provide an estimate of the cell surface levels of
any glycosylated protein (Figure 3F). WGA binding was reduced by approximately 50%
in BONT/X intoxicated cells compared to either GFP or the inactive control. These
results suggest that there is a global change in the levels of glycosylated proteins at

the cell surface in intoxicated cells.
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Figure 3. The LC of BoNT/X blocks the transport of a wide range of proteins to
the cell surface

(A) To determine if BONT/X blocks the delivery of CDS8 to the cell surface, HeLa-M
cells were grown on coverslips and co-transfected with active or inactive BoNT/X and
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eGFP-CD8a. To detect surface expression of CD8 the cells were labelled with the anti-
CD8 antibody at 4°C prior to fixation. Scale bar = 10 ym. (B) The surface levels of CD8
were also measured by flow cytometry by collecting the cells in suspension prior to
staining with anti-CD8-APC. Mean fluorescence intensity was calculated and
normalised to the GFP control. Error bars represent the SEM. One-way ANOVA with
Dunnett’'s multiple comparison was performed for analysis, *** P=0.0002, ****
P<0.0001. (C) To determine if BONT/X blocks the delivery of CD63 to the cell surface,
HelLa-M cells were grown on coverslips and co-transfected with the active or inactive
BoNT/X and murine CD63-GFP. To detect surface expression of CD63 the cells were
labelled with a mouse-specific anti-CD63 antibody at 4°C prior to fixation. Scale bar =
10 um. (D) Surface levels of CD63 were measured by flow cytometry by collecting the
cells in suspension prior to staining with anti-CD63-APC. Mean fluorescence intensity
was calculated and normalised to the GFP control. Error bars represent the SEM. One-
way ANOVA with Dunnett’'s multiple comparison was performed for analysis, ****
P<0.0001. (E) To determine the effects of LC/X intoxication on secretion, secretory
reporter cells were transfected with mCherry-tagged active and inactive BoNT/X LC.
Post-transfection, the cells were trypsinised and treated with 1 uM Rapamycin for 120
minutes at 37°C. Mean fluorescence intensity was determined by flow cytometry. Error
bars represent the SEM. One-way ANOVA with Dunnett’s multiple comparison was
performed for analysis, **** P<0.0001. (F) To measure WGA binding at the cell surface,
BoNT/X LC transfected cells were incubated with WGA at 4°C prior to being washed
and fixed. Mean fluorescence intensity was measured by flow cytometry (n=4). One-
way ANOVA with Dunnett’'s multiple comparison was performed for analysis, ****
P<0.0001.

Development of BONT/X resistant R-SNARESs

It has previously shown that SNARES can be made resistant to the action of botulinum
and tetanus toxins by altering residues at their cleavage sites (Pellizzari et al., 1996;
Regazzi et al., 1996; Peng et al., 2013). Thus, to determine if the phenotypes caused
by BoNT/X intoxication are caused by the cleavage of R-SNAREs and to develop new
tools for studying SNARE function we have developed cleavage resistant R-SNAREsS.
BONT/X cleaves its target R-SNAREs at a novel site compared to other BoNTs;
VAMPs 4, 5 and Ykt6 are cleaved between highly conserved lysine and serine (KS)
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residues and VAMPs 1-3 are cleaved between arginine and alanine (RA) (Figure 4A).
In the first instance we swapped the cleavage site residues to lysine and threonine
(KT) as they are found in VAMP8 which is not cleaved by the toxin. Unfortunately, this
substitution was not resistant to cleavage (Supplemental Figure 2). We also tested
a series of additional mutations with limited success (QA, AA, HA). We then tried
substituting the residues to VW, a change which protects VAMP2 against the action
of tetanus toxin (Regazzi et al., 1996; Randhawa et al., 2000). This change patrtially
protected VAMP3 from BONT/X cleavage (Supplemental Figure 2A). Finally, we
substituted the residues to valine and threonine (VT) which gave VAMP3 protection
against BONT/X (Supplemental Figure 2A).

To confirm these preliminary observations, we developed a simple microscopy-based
assay for measuring SNARE cleavage. In this assay GFP tagged R-SNAREs are
anchored to the surface of mitochondria using the targeting domain of a monoamine
oxidase (MAO) and in the presence of the toxin the GFP is cleaved from the reporter
molecule and becomes cytoplasmic (Figure 4A). The mitochondrially anchored
VAMP3, VAMP4 and Ykt6 are efficiently cleaved when incubated with LC/X, resulting
in a cytoplasmic GFP signal (Figure 4B). The VT mutation in VAMP3 and Ykt6
appears to offer good levels of protection against this cleavage and remain localised
to mitochondria. To support these observations the experiments were repeated by
immunoblotting (Figure 4C). Interestingly, VAMP4VTonly has partial resistance to the
action of BoONT/X. In cells expressing high levels of the toxin, GFP becomes cytosolic
and there is an appearance of a faint lower molecular weight band in the GFP

immunoblot suggesting the construct is becoming cleaved.

BoNT/X resistant R-SNARESs are capable of rescuing BoNT/X intoxication

To determine if VT versions of the SNAREs were functional and can rescue BoNT/X
intoxication we co-transfected HA-tagged VAMP3VT, VAMP4VT and Ykt6VT with
BoNT/X LC and measured transferrin uptake (Figure 4D). Cells overexpressing
VAMP3VT were able to partially rescue transferrin uptake and Ykt6VT rescued this
phenotype to levels comparable to the mock transfected cells. However, VAMP4VT
failed to restore transferrin uptake. In parallel, we also tested VAMP3KT and Ykt6vVW.
Neither construct was able to rescue transferrin uptake suggesting that the constructs

are either still cleaved by the toxin and/or are non-functional (Supplemental Figure
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2B and C). We also determined whether the VT SNAREs could also rescue the
surface and total levels of the TF-R (Figure 4E and F). Ykt6VT effectively rescued the
surface levels of the receptor but only partially rescued its total levels suggesting that
the trafficking of the receptor had not been fully rescued by expression of the individual
SNAREs.

Based on these results, we wondered whether we would be able to use this approach
to investigate the function of other R-SNAREs. In particular, it is still not fully
understood which R-SNARES act in the delivery of material to the cell surface (Antonin
et al., 2000; Miller et al., 2011; Kubo et al., 2015). Work from other labs have implicated
VAMPs 2, 3, 7 and 8 as potentially having a role in this process. However, the loss of
these SNARES either through genetic disruption or RNAIi based approaches does not
dramatically impact this process. Thus, we generated a library of HA tagged R-
SNAREs (VAMPs 1-5, 7, 8, Sec22B and Ykt6) resistant to BoNT/X. These SNAREs
were then co-transfected into HeLa-M cells with LC/X and the amount of transferrin
taken up by the cells measured. As expected, expression of VAMP3VT and Ykt6VT
significantly enhanced transferrin uptake in the intoxicated cells. In addition, VAMP2VT
and VAMPS8 also were able to partially rescue this process. In support of these findings,
we also observed that these SNARES significantly increased the cell surface levels of
the TF-R (Figure 5E). To confirm that all the R-SNARE constructs were being
expressed in the intoxicated cells we performed intracellular HA staining
(Supplemental 3A). All of the constructs were co-expressed with the GFX-LC/X
(Supplemental Figure 3B). However, the levels of HA-Sec22B and HA-VAMP7 were
relatively low compared to the other SNARES. To extend these observations, we
looked at the surface levels of CD8, CD63 and the total levels of surface proteins using
WGA (Figure 5C, D and E). The VT versions of VAMPs 2, 3, 8 and Ykt6 all
significantly increased the amount of WGA binding to the intoxicated cells. Similar
results were also observed for CD8 and CD63, except VAMP1VT was also able to

increase the amount of these proteins at the cell surface.

To gain a more mechanistic understanding of the role of Ykt6 in this process, we also
investigated a truncated version of Ykt6 lacking its C-terminal lipid modifications
(Ykt6V™P) (Fukasawa et al., 2004). The truncated version of Ykt6 was unable to rescue
BoNT/X intoxication suggesting that the protein must be bound to membranes to

function correctly. As an additional control, we also investigated the impact of co-
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expressing the non-cleavage resistant version of Ykt6. Surprisingly, this construct was
able to partially rescue the surface levels of CD8 and CD63 suggesting that some of

the protein may remain uncleaved if it is expressed at high enough levels.
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Figure 4. R-SNARESs can be engineered to have resistance to BoNT/X

(A) Sequence alignment of human R-SNAREs showing the BoNT/X cleavage site in

red (* shows position of conserved arginine (R) in the middle of the SNARE domain).
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A schematic of the VAMP-MAOQ reporter constructs used to measure SNARE cleavage.
When the reporter construct is cleaved by BoNT/X, GFP is released into the cytoplasm.
(B) To determine if the VT substitutions provide protection against the action of
BoNT/X the indicated VT constructs were co-transfected into HelLa-M cells with
mCherry-LC/X. The next day the cells were fixed using 4% PFA and representative
images acquired using a confocal microscope. To make the imaging easier to perform
HelLa-M cells stably expressing HA-Ykt6VT were used. (C) HEK-293T cells were
transfected with indicated VAMP-MAO constructs with and without StrepTag-LC/X.
The next day, cell extracts were prepared from the cells and immunoblotting performed.
Membranes were probed for GFP and StrepTactin. Gamma adaptin was used as a
loading control. (D) To establish if cleavage-resistant R-SNARES or overexpression
could rescue the phenotype resulting from LC/X intoxication, HeLa-M cells were co-
transfected with GFP-BoNT/X LC and HA-VAMP3VT, VAMP4VT or Ykt6VT'. Cells were
collected and incubated with transferrin-Alexa™ 647 at 37°C for 10 minutes prior to
washing and fixation. The mean fluorescent intensity of the cells was measured by
flow cytometry (n=4). The amount of transferrin internalised by the cells was
normalised to the GFP control. One-way ANOVA with Dunnett’s multiple comparison
was performed for analysis, compared to the Active LC/X, ** P=0.0002, **** P<0.0001.
Error bars represent the SEM. (E) The cell surface levels of transferrin receptor (TF-
R) were measured on the transfected cells by incubating the cells with anti-TF-R APC
at 4°C for 30 minutes. The cells were washed, fixed using 4% PFA and the mean
fluorescence intensity measured by flow cytometry (n=4). One-way ANOVA with
Dunnett’'s multiple comparison was performed for analysis, compared to the Active
LC/X, **** P<0.0001. Error bars represent the SEM. (F) The total TF-R levels were
measured on the transfected cells by fixing the cells with 4% PFA, permeabilising them
using 0.1% saponin and incubating them with an anti-TF-R APC labelled antibody for
30 minutes. The cells were washed several times, and the mean fluorescent intensity
was measured by flow cytometry (n=4). One-way ANOVA with Dunnett’s multiple
comparison was performed for analysis, compared to the Active LC/X, **** P<0.0001.

Error bars represent the SEM.
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Figure 5. VAMPs 2, 3, 8 and Ykt6 are able to rescue the delivery of cargo to the
cell surface in BONT/X intoxicated cells

To establish if other R-SNAREs could rescue the phenotype resulting from LC/X

intoxication, HeLa-M cells were co-transfected with GFP-BONT/X LC and a panel of
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HA-tagged R-SNAREs. (A) Cells were collected and incubated with transferrin-
Alexa™ 647 at 37°C for 10 minutes prior to washing and fixation. The mean
fluorescence intensity was measured by flow cytometry (n=4). The amount of
transferrin internalised by the cells was normalised to the GFP control. One-way
ANOVA with Dunnett’s multiple comparison was performed for analysis, compared to
the Active LC/X, **** P<0.0001. Error bars represent the SEM. (B) Cells were
incubated with WGA-Alexa Fluor™ 647 (Invitrogen) for 15 minutes, prior to washing
with cold media. Cells were fixed and the mean fluorescence intensity measured by
flow cytometry (n=4). One-way ANOVA with Dunnett's multiple comparison was
performed for analysis, compared to the Active LC/X, * P=0.0490, *** P=0.0003, ****
P<0.0001. Error bars represent the SEM. (C, D) To determine if surface levels of CD8
and CD63 could be rescued by cleavage resistant SNAREs, HeLa-M cells were
transiently transfected with non-fluorescent LC/X, CD8-GFP or CD63-GFP, and the
panel of HA-tagged R-SNARE constructs. The surface levels of CD8 or CD63 were
measured by incubating the cells with either anti- CD8 or CD63 antibodies labelled
with APC for 30 minutes at 4°C. Cells were washed, fixed and the mean fluorescence
intensity measured by flow cytometry (n=4). Error bars represent the SEM. One-way
ANOVA with Dunnett’s multiple comparison was performed for analysis, compared to
the Active LC/X, CD8: *** P=0.0005, **** P<0.0001, CD63: ** P=0.0060, *** P=0.0003,
*+x P<(0.0001. (E) The cell surface levels of transferrin receptor (TF-R) were measured
by incubating the transfected cells with anti-TF-R APC at 4°C for 30 minutes. The cells
were washed, fixed using 4% PFA and the mean fluorescence intensity measured by
flow cytometry. Error bars represent the SEM. Adjusted P values calculated using one-
way ANOVA with Dunnett’s multiple comparisons test, compared to the Active LC/X,
* P=0.0211, ** P=0.0099, *** P=0.0006, **** P=<0.0001.

The secretion of soluble cargo can be partially rescued by BoNT/X resistant Ykt6

We have previously shown that BoNT/X intoxication blocks the secretion of soluble
cargo using a GFP reporter assay (Figure 3E). To determine if this phenotype can be
rescued by the overexpression of cleavage resistant SNAREs we co-transfected the
secretory model cell line with the indicated R-SNAREs and mCherry BoNT/X LC
(Figure 6A and B). Expression of cleavage resistant Ykt6 significantly increases

secretion of the GFP reporter in the intoxicated cells. However, we observed no
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improvement in secretion with the co-expression of VAMP2VT and/or VAMP3VT. At

present it is unclear if this lack of rescue is due to a simple technical problem or

represents a physiologically important observation.
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Figure 6. The secretion of soluble cargo in BoNT/X intoxicated cells can partially
be rescued by overexpression of cleavage resistant Ykt6

(A) Schematic demonstrating the GPF secretory reporter assay. (B) HeLa-C1 cells
stably expressing the GFP reporter were transfected with mCherry-LC/X and HA-
tagged R-SNAREs. Cells were incubated for 120 mins with 1 uM rapamycin prior to
trypsinisation. Cells were collected in suspension. Mean fluorescence intensity was
measured by flow cytometry. Error bars represent the SEM. Adjusted P values
calculated using one-way ANOVA with Dunnett’s multiple comparisons test, compared
to the Active LC/X, * P=0.0370, **** P=<0.0001.

BoNT/X can be used to the dissect the role of specific residues in R-SNARE function
The genetic reconstitution assay we have developed can not only be used to study the
role of different R-SNARESs in intracellular trafficking but can also potentially be used
to: 1) investigate the function of key residues in SNARE biology and 2) elucidate the
impact of disease-causing mutations on SNARE function. We demonstrated the utility
of this assay by showing that a truncated form of Ykt6 (Ykt6V™P) which is not able to
associate with membranes is unable to rescue BoNT/X associated phenotypes
(Figure 5). To further explore the use of this assay we have also introduced a panel
of mutations into cleavage resistant VAMP3 and assessed their ability to rescue
transferrin uptake (Figure 7). It has previously shown that VAMPs 1-3 are
endocytosed from the cell surface through an interaction with endocytic accessory
protein PI-CALM (Harel et al., 2008; Miller et al., 2011) and that mutations in the N-
terminal portion of the coiled-coil domain abolish this interaction (V30A/M33A).
However, we were not able to assay the importance of this interaction because at the
time there were no simple assays to measure VAMP3 function. Thus, we introduced
the V30A/M33A mutation into HA-VAMP3VT and assessed the ability to rescue
transferrin uptake. In parallel to these studies, we also explored the impact of altering
the ionic layer of VAMP3 to a glutamine (R39Q) (Katz and Brennwald, 2000; Graham
et al., 2001; Scales, Yoo and Scheller, 2001), mutating the di-tryptophan motif
(W71A/W72A) which is next to the transmembrane domain (Sutton et al., 1998; Kweon,
Kim and Shin, 2003; Borisovska et al., 2012; Fang, Zhao and Lindau, 2013), and
placing the HA-tag at the C-terminus of VAMP3 (Gordon et al., 2009; Miller et al.,

2011). To confirm that the constructs were expressed we used both fluorescence
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microscopy and intracellular flow cytometry (Figure 7A and B). The V30A/M33A,
R39Q and W71A/W72A mutants partially restore transferrin uptake suggesting that
these mutations have not fully disrupted the function of VAMP3. However, when
VAMP3 was tagged at the C-terminus it failed to rescue transferrin uptake indicating
that the tag is most likely blocking the ability of VAMPS3 to drive membrane fusion. As
a final experiment we assessed whether this approach could be used to model the
impact of a mutation which causes a neurodevelopmental disorder (Salpietro et al.,
2019). It has previously been shown that the S75P substitution in VAMP2 perturbs the
function of the SNARE. However, it is unclear whether the mutation causes a loss of
function and/or is acting in a dominant negative fashion. VAMPs 2 and 3 share high
degrees of homology and the majority of residues in the SNARE domain are 100%
conserved. Thus, we introduced the equivalent StoP substitution in VAMP3 (S58P)
and measured transferrin uptake. Surprisingly, this mutant abolished the ability of
VAMP3 to rescue transferrin uptake suggesting that at least in this context the

mutation abolishes the function of VAMPS3.
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M cells were transfected with mutated HA-VAMP3VT constructs, fixed with PFA and
permeabilised prior to staining with anti-HA antibody. Images captured using a Nikon
Al confocal microscope. Scale bar = 10 um. (C) To determine if the HA-VAMP3VT
mutants and LC/X were co-expressed in cells, HeLa-M cells were co-transfected with
GFP-LC/X (0.1 pg), HA-VAMP (0.5 pg) and GFP (0.4 pg, carrier to boost transfection
efficiency). Cells were collected in suspension and fixed. After fixation, the cells were
permeabilised, then stained with an anti-HA mouse antibody, followed by an anti-
mouse Cy5 secondary. Cells were placed in 1% PFA, and fluorescence measured by
flow cytometry. (D) To assess the effects of functional mutations in VAMP3, the
transferrin uptake assay was used. Cells were collected and incubated with transferrin-
Alexa Fluor™ 594 at 37°C for 10 minutes prior to washing and fixation. Mean
fluorescence intensity was measured by flow cytometry (n=4). The amount of
transferrin internalised by the cells was normalised to the GFP control. Error bars
represent the SEM. One-way ANOVA with Dunnett's multiple comparison was
performed for analysis, compared to the Active LC/X ** P=0.0030, *** P=0.0003, ****
P=<0.0001.

Discussion

In this study we aimed to understand the impact of BONT/X intoxication on intracellular
trafficking and establish if the toxin can be used as a new tool to dissect R-SNARE
function. We have shown that the recombinant light chain of BoNT/X is active in cells
and cleaves VAMPs 1-3 as well as the non-canonical R-SNAREs VAMP4 and Ykt6.
We have demonstrated that trafficking in the endomembrane system is significantly
perturbed in intoxicated cells and co-expression of cleavage resistant R-SNARESs such
as VAMP3 and Ykt6 can rescue these phenotypes. The development of this simple
genetic reconstitution assay has allowed the role of post-Golgi R-SNAREs in trafficking

to the cell surface to be assessed in a way which has not been feasible up until now.

Does Ykt6 normally function in TF-R trafficking?

One of the most striking observations from this study is that Ykt6 is able to restore TF-
R trafficking in intoxicated cells suggesting that it can mediate the fusion of TF-R
containing vesicles with the plasma membrane. Based on the known literature, Ykt6
would not be expected to have this role (Galli et al., 1994; Kweon et al., 2003; Takats

74



et al., 2018). However, Ykt6 is a promiscuous SNARE that acts several pathways
including in ER-Golgi trafficking and autophagosome/lysosome fusion (McNew et al.,
1997; Xu et al., 2002; Hasegawa et al., 2003; Takats et al., 2018). In addition, Ykt6
has been implicated in the fusion of biosynthetic cargo with the cell surface (Gordon
et al., 2017; Watanabe et al., 2024). Thus, it is feasible that Ykt6 acts in the fusion of
TF-R containing vesicles with the cell surface. It has previously shown that VAMPs 2
and 3 are present on TF-R containing vesicles (Kubo et al., 2015). However, their
disruption does not lead to dramatic alterations in the surface levels of the TF-R. In
addition, we also failed to detect any gross change in either the trafficking or cell
surface levels of the TF-R in cells depleted of VAMPs 2 and 3 using BoNT/D (Figure
2F). Based on these observations it would seem likely that Ykt6 plays a role in TF-R
trafficking. At present, we cannot rule out the possibility that Ykt6 only acts on this
pathway when the function of VAMPs 2 and 3 have been disrupted. Ykt6 is a peculiar
SNARE as it has the ability to cycle on and off membranes (Fukasawa et al., 2004;
Meiringer et al., 2008) thus it is possible that Ykt6 could be recruited to transport
vesicles which are lacking R-SNAREs. However, it is unclear how the cell would sense
these changes and regulate this process. In the future it will be important to determine
how intoxication impacts the formation of SNARE complexes at the plasma membrane.
One would predict that if Ykt6 normally acts at this step the levels of Ykt6 containing

SNARE complexes would not change after intoxication.

Several R-SNAREs can mediate the fusion of biosynthetic vesicles with the cell

surface

The human genome encodes 7 post-Golgi R-SNAREs with many of them being
implicated in mediating the fusion of biosynthetic transport vesicles with the cell
surface (Galli et al., 1994; Wong et al., 1998; Steegmaier et al., 1999; Schoch et al.,
2001; Gordon et al., 2017). Interestingly, we only observed significant rescue with
VAMPs 1-3 and 8 in the assays performed. At present it is unclear why VAMP3 is the
most effective ‘brevin’ type R-SNARE in this process. It is possible that VAMP3 is the
one which is most efficiently packaged into transport vesicles exiting the TGN and/or
has the optimal affinity for the Q-SNARES expressed in these cells. In agreement with
this hypothesis, there is a significant pool of endogenous and tagged VAMP3 at the
TGN (data not shown) suggesting that it is well placed to act in this pathway. Our
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functional data suggests that VAMPs 1-3, and 8 can drive the fusion of biosynthetic
vesicles with the plasma membrane. However, their role in this process is only
uncovered when the function of Ykt6 is disrupted. Why is this the case? As previously
discussed, it is possible that Ykt6 is taking over this process in cells where the function
of these SNAREs has been disrupted. However, it is also feasible that there are
multiple redundant routes to the cell surface from the TGN that are defined by these
SNARESs and that their role only becomes apparent when several of these pathways

are disrupted.

Can the genetic reconstitution assay be used to study functional and disease-

causing mutations in R-SNAREs?

The genetic reconstitution assay provides a novel platform to assess the function of
individual SNARESs in intracellular trafficking. In addition, the assay can be used to
perform detailed mechanistic studies where key residues are changed within the
SNAREs. For example, we have investigated the role of lipidation in regulating Ykt6
function by deleting its C-terminal cysteine containing motif and shown that the protein
must be membrane anchored to function. To investigate how R-SNARE endocytic
recycling impacts SNARE function we introduced mutations in VAMP3 which
abolishes its interaction with clathrin adaptor protein, clathrin assembly lymphoid
myeloid leukaemia (CALM) (Miller et al., 2011). This mutation blocks the ability of
VAMP3 to be recycled after fusion with the cell surface. Surprisingly, the mutant form
of VAMP3 was able to partially rescue transferrin uptake. In the reconstitution assay
the R-SNARESs are over expressed using a CMV promoter so it is possible that the
biosynthetic delivery of VAMP3 to the cell surface is able to compensate for any defect
in endocytic recycling. Thus, in the future it may be of interest to repeat these
experiments using stable cell lines which express the mutant constructs at levels
closer to that of the endogenous SNAREs (Gordon et al., 2009). It has previously been
shown that substitution of a serine for a proline residue (S75P) in the SNARE domain
of VAMP2 causes a serious neurodevelopmental disorder (Salpietro et al., 2019). Itis
thought that this mutation prevents Munc18 from activating SNARE complex assembly
and membrane fusion. When a comparable mutation is introduced into VAMP3 the
protein is unable to rescue transferrin uptake, suggesting that protein no longer

functions. It has previously been shown that the conserved Q and R residues at the
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zero layer position in the SNARE complex are important for SNARE function (Katz and
Brennwald, 2000; Scales, Yoo and Scheller, 2001). Surprisingly, we observed that the
VAMP3 (R39Q) mutant was still able to partially rescue transferrin uptake. Similar
results have been observed by others and the RtoQ mutant of Ykt6 is able to rescue
autophagy (Takats et al., 2018). VAMP2 has a pair of tryptophan residues (W89/W90)
that are thought to play a role in fusion by inserting their hydrophobic side chains into
the membrane. When these residues are mutated, it was previously observed that
there was a ~50% decrease in activity compared to the wild type VAMP2 (Borisovska
et al., 2012; Fang, Zhao and Lindau, 2013). Our data suggests that these residues are
also important in VAMP3 function, as we observed a significant reduction in function
compared with wild type VAMP3VT.

VAMP4VTis only partially resistant to cleavage by LC/X

The VT substitution in VAMP4 did not fully protect the protein from the action of LC/X
especially when the light chat was expressed at high levels. Thus, the functional
studies looking at the role of VAMP4 in post-Golgi trafficking need to be considered
with caution. At present it is unclear why this is the case as the VT substitution protects
other R-SNAREs. Conducting mass spectrometry-based analysis to identify the
cleavage products would provide insight into the possibility of an alternative cleavage
site. It could also be interesting to model the protein residues as there could be a
structural/conformational change induced in VAMP4 that facilitates proteolysis by
LC/X.

In conclusion, we have demonstrated that the light chain of BONT/X is able to cleave
VAMPs 1-3 and non-canonical R-SNAREs in vivo, and this results in notable defects
in intracellular trafficking. By mutating R-SNAREs targeted by BONT/X to resist
cleavage we have established that the phenotypes caused by intoxication are specific
to SNARE proteolysis. We have developed a simple and robust genetic constitution
assay to explore the role of R-SNARES in post-Golgi trafficking. We have uncovered
an unexpected role for Ykt6 in transferrin receptor trafficking and identified key
residues in VAMP3 that are important for its function. BONT/X is an exciting novel tool
for studying the function of R-SNARES in post-Golgi trafficking.
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Supplementals

mCherry-V3 GFP-LC Merge

Active

Inactive

Supplemental Figure 1. BONT/D cleaves VAMP3 in vivo

A GFP-tagged active BONT/D light chain (residues 1-430aa) was synthesised, and an
inactive version was also generated (Y168D/L200D) (Guo and Chen, 2013). HeLa-M
cells expressing mCherry-tagged VAMPs were grown on coverslips and transiently
transfected with either active or inactive light chain of BONT/D tagged with GFP. Cells

were fixed and representative images captured. Scale bar = 10 pum.
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Supplemental Figure 2. Testing mutations in R-SNAREs to protect against
BoNT/X LC
(A) Immunofluorescence of VAMP3 mutants. HeLa-M cells were co-transfected with

the indicated GFP-tagged VAMP3 mutants and either mScarlet or mScarlet-BoNT/X
LC. Cells were fixed with PFA and representative images captured. Scale bar = 10 pum.
(B,C) To establish if the mutations could rescue the phenotype resulting from LC/X
intoxication, HeLa-M cells were co-transfected with GFP-BONT/X LC and HA-
VAMP3KT HA-VAMP3VT, myc-Ykt6VW, HA-Ykt6VT, HA-Ykt6V™P. Cells were collected
and incubated with transferrin-Alexa™ 647 at 37 °C for 10 minutes prior to washing
and fixation. The mean fluorescent intensity of the cells was measured by flow
cytometry (n=4). The amount of transferrin internalised by the cells was normalised to
the GFP control. Adjusted P values calculated using one-way ANOVA with Dunnett’s

multiple comparisons test, compared to the Active LC/X. *** P=<0.0001.
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Supplemental Figure 3. HA-tagged R-SNARE expression
(A) Steady state immunofluorescence of resistant HA-tagged R-SNAREs. HelLa-M
cells were transfected with the VT mutant HA-tagged R-SNARES. Cells were fixed with

81



PFA and permeabilised with IF buffer prior to staining with anti-HA antibody and
representative images captured. Scale bar = 10 um. (B) HA-tagged R-SNAREs
transiently co-expressed with GFP-LC/X. To determine if HA-tagged R-SNARE and
LC/X were co-expressed in cells, HeLa-M cells were co-transfected with GFP-LC/X
(0.1 pg), HA-tagged R-SNARE (0.5 pg) and GFP (0.4 ug, carrier to boost transfection
efficiency). Cells were collected in suspension and fixed. After fixation, the cells were
permeabilised, then stained with an anti-HA mouse antibody, followed by anti-mouse

Cy™5 secondary. Cells were placed in 1% PFA and acquired by flow cytometry.
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Supplemental Table 1. Plasmid constructs and mutations

Construct Vector Notes
The light chain of BONT/X (1-439aa) was codon
GFP-BoNT/X LC pEGFP-C3 o ) ) ]
i optimised, synthesised and cloned into the vector using
active (Clontech/Takara)
Xhol and EcoRl.
GFP-BoNT/X LC pEGFP-C3 The inactive version of the light chain (R360A/Y363F)
inactive (Clontech/Takara) was generated using site directed mutagenesis.
mCherry-BoNT/X pEGFP-C3 The construct was made by swapping eGFP with
LC active (Clontech/Takara) mCherry (Nhel/BsrG1).
mCherry-BoNT/X pPEGFP-C3 The construct was made by swapping eGFP with
LC inactive (Clontech/Takara) mCherry (Nhel/BsrGl).
Strepll tag- pEGFP-C3 The construct was made by swapping eGFP with Strepll
BONT/X LC active | (Clontech/Takara) tag (Agel/Xhol).
Strepll tag- ) ]
pEGFP-C3 The construct was made by swapping eGFP with Strepll
BoNT/X LC
] ] (Clontech/Takara) tag (Agel/Xhol).
Inactive
The construct was made by swapping eGFP with
mMiRFP670- pPEGFP-C3 MiRFP670 (Agel/Xhol). For unknown reasons the fusion
BONT/X LC active | (Clontech/Takara) protein was not fluorescent, so it was used as a dark
version of BoNT/X LC.
) The construct was made by swapping eGFP with
miRFP670- ) .
pPEGFP-C3 mMiRFP670 (Agel/Xhol). For unknown reasons the fusion
BONT/X LC ) )
nacti (Clontech/Takara) protein was not fluorescent, so it was used as a dark
inactive
version of BONT/X LC.
mScarlet-BoNT/X pEGFP-C3 The construct was made by swapping eGFP with
LC active (Clontech/Takara) mScarlet (Agel/Xhol).
The construct was obtained from Addgene (Plasmid
mScarlet pScarlet-N1
#128060).
The light chain of BoNT/D (1-430aa) was codon
GFP-BoNT/D LC pEGFP-C3 o ) ) )
) optimised, synthesised and cloned into the vector using
active (Clontech/Takara)

Xhol and EcoRI.
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GFP-BONT/D LC pEGFP-C3 The inactive version of the light chain (Y168D/L200D)
inactive (Clontech/Takara) was generated using site directed mutagenesis.
Human VAMPL1 (Refseq NM_014231.5) was synthesised
HA-VAMP1 (VT pIRES-Neo2 ) ] o
with an N-terminal HA tag, R68V/A69/T substitutions and
mutant) (Clontech/Takara) ) ] ] )
cloned into the expression plasmid using EcoRI and Notl.
Human VAMP2 (Refseq NM_014232.3) was synthesised
HA-VAMP2 (VT pIRES-Neo2 ) _ o
with an N-terminal HA tag, R66V/A67T substitutions and
mutant) (Clontech/Takara) ) ) ) )
cloned into the expression plasmid using EcoRI and Notl.
Human VAMP3 (Refseq NM_004781.4) was synthesised
HA-VAMP3 (VT pIRES-Neo2 ) . T
with an N-terminal HA tag, R49V/A50T substitutions and
mutant) (Clontech/Takara) ) ] ] ]
cloned into the expression plasmid using EcoRI and Notl.
HA-VAMP3 (VT pIRES-Neo2 HA-VAMP3 (VT mutant) as synthesised above with an
mutant) CALM (Clontech/Takara) additional V30A/M33A substitution.
HA-VAMP3 (VT pIRES-Neo2 HA-VAMP3 (VT mutant) as synthesised above with an
mutant) S to P (Clontech/Takara) additional S58P substitution.
HA-VAMP3 (VT pIRES-Neo2 HA-VAMP3 (VT mutant) as synthesised above with an
mutant) R to Q (Clontech/Takara) additional R39Q substitution.
HA-VAMP3 (VT _ _
pIRES-Neo2 HA-VAMP3 (VT mutant) as synthesised above with an
mutant) WW to . -
AA (Clontech/Takara) additional W71A/W72A substitution.
Human VAMP3 (Refseq NM_004781.4) was synthesised
VAMP3-HA (VT pIRES-Neo2 _ ) T
with a C-terminal HA tag, R49V/A50T substitutions and
mutant) (Clontech/Takara) ) ) ) )
cloned into the expression plasmid using EcoRI and Notl.
Human VAMP4 (Refseq NM_003762.5) was synthesised
HA-VAMP4 (VT pIRES-Neo2 ) ) o
with an N-terminal HA tag, K87V/S88T substitutions and
mutant) (Clontech/Takara) i ) ) i
cloned into the expression plasmid using EcoRI and Notl.
Human VAMP5 (Refseq NM_006634.3) was synthesised
HA-VAMPS (VT pIRES-Neo2 ] . T
with an N-terminal HA tag, R40V/S41T substitutions and
mutant) (Clontech/Takara) ) ) ) )
cloned into the expression plasmid using EcoRI and Notl.
Human VAMP7 (Refseq NM_005638.6) was synthesised
pIRES-Neo2 ) ) ) )
HA-VAMP7 with an N-terminal HA tag and cloned into the expression
(Clontech/Takara)

plasmid using EcoRI and Notl.
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IRES-Neo2 Human VAMPS (Refseq NM_003761.5) was synthesised
-Neo

HA-VAMP8 P with an N-terminal HA tag and cloned into the expression
(Clontech/Takara)

plasmid using EcoRI and Notl.

Human Ykt6 (Refseq NM_006555.4, 1-198aa) was
pIRES-Neo2 ) . i i
HA-Ykt6 synthesised with an N-terminal HA tag and cloned into
(Clontech/Takara)

the expression plasmid using Nhel and Notl.

Human Ykt6 (Refseq NM_006555.4, 1-198aa) was

HA-Ykt6 (VT pIRES-Neo2 synthesised with an N-terminal HA tag, K173V/S174T
mutant) (Clontech/Takara) substitutions and cloned into the expression plasmid
using Nhel and Notl.
HA-Ykt6 (VT pLXIN-Mod _
HA-Ykt6 (VT mutant) was cloned using Xhol/Notl.
mutant) (Clontech/Takara)

Human Ykt6 (1-193aa, Refseq NM_006555.4) was
HA-Ykt6 (VT and pIRES-Neo2

synthesised with an N-terminal HA tag, K173V/S174T
truncation mutant) | (Clontech/Takara)

substitutions and cloned into the expression plasmid

using Nhel and Notl.

| Neo2 Human Sec22B (Refseq NM_004892.6) was synthesised
HA-S P RES-Neo

-Sec22 i with an N-terminal HA tag and cloned into the expression
(Clontech/Takara)

plasmid using EcoRI and Notl.

Human VAMP3 (Refseq NM_004781.4) (1-77aa) was
synthesised with a C-terminal HA tag and MAO targeting
GFP-VAMP3-HA- pEGFP-C3 )

sequence (Refseq NM_001270458.2; isoform 1, 481-
MAO (Clontech/Takara) ) i i )
527aa) and cloned into the expression plasmid using
Xhol and EcoRl.

Human VAMP3 (Refseq NM_004781.4) (1-77aa) was

synthesised with a C-terminal HA tag, R49V/A50T
GFP-VAMP3-HA- pEGFP-C3

substitutions, MAO targeting sequence (Refseq
MAO (VT mutant) | (Clontech/Takara)

NM_001270458.2; isoform 1, 481-527aa) and cloned into

the expression plasmid using Xhol and EcoRl.

Human VAMP4 (Refseq NM_003762.5, 1-117aa) was
synthesised with a C-terminal HA tag, MAO targeting
GFP-VAMP4-HA- pEGFP-C3 }
sequence (Refseq NM_001270458.2; isoform 1, 481-
MAO (Clontech/Takara) ) ) ) )
527aa) and cloned into the expression plasmid using
Xhol and EcoRI.
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Human VAMP4 (Refseq NM_003762.5, 1-117aa) was
synthesised with a C-terminal HA tag, K87V/S88T

GFP-VAMP4-HA- pEGFP-C3 o ,
substitutions, MAO targeting sequence (Refseq
MAO (VT mutant) | (Clontech/Takara) . )
NM_001270458.2; isoform 1, 481-527aa) and cloned into
the expression plasmid using Xhol and EcoRl.
Human Ykt6 (Refseq NM_006555.4, 1-193aa) was
synthesised with a C-terminal HA tag, MAO targeting
GFP-Ykt6-HA- pEGFP-C3 )
sequence (Refseq NM_001270458.2; isoform 1, 481-
MAO (Clontech/Takara) ) ) ) )
527aa) and cloned into the expression plasmid using
Xhol and Hindlll.
Human Ykt6 (Refseq NM_006555.4, 1-193aa) was
synthesised with a C-terminal HA tag,
GFP-Ykt6-HA- pEGFP-C3 K173V/S174T substitutions, MAQO targeting sequence
MAO (VT mutant) | (Clontech/Takara) (Refseq NM_001270458.2; isoform 1, 481-527aa) and

cloned into the expression plasmid using Xhol and
Hindlll.

mCherry-VAMP3

pmCherry-C1
(Clontech/Takara)

Rat VAMP3 (Refseq NM_057097.2) was cloned into the
expression plasmid using Xhol/BamHI. Gift from Ben
Nichols lab.

mCherry-VAMP4

pmCherry-C1
(Clontech/Takara)

Rat VAMP4 (Refseq NM_001108856.2) was cloned into
the expression plasmid using Xhol/BamHI. Gift from Ben
Nichols lab.

mCherry-VAMP7

pmCherry-C1
(Clontech/Takara)

Human VAMP7 (Refseq NM_005638.6) was cloned into
the expression plasmid using Hindlll/BamHI. Gift from

Ben Nichols lab.

mCherry-VAMP8

pmCherry-C1

Rat VAMP8 (Refseq NM_031827.2) was cloned into the

expression plasmid using Xhol/BamHI. Gift from Ben

(Clontech/Takara) )
Nichols lab.
Human VAMP3 (Refseq NM_004781.4) was synthesised
GFP-VAMP3 (AA pEGFP-C3 ) . o
with an N-terminal HA tag, R49A substitution and cloned
mutant) (Clontech/Takara) ) . . )
into the expression plasmid using Xhol and EcoRI.
Human VAMP3 (Refseq NM_004781.4) was synthesised
GFP-VAMP3 (QA pEGFP-C3 ) _ o
with an N-terminal HA tag, R49Q substitution and cloned
mutant) (Clontech/Takara)

into the expression plasmid using Xhol and EcoRI.

86




Human VAMP3 (Refseq NM_004781.4) was synthesised

GFP-VAMP3 (HA pEGFP-C3 ) . o
with an N-terminal HA tag, R49H substitution and cloned
mutant) (Clontech/Takara) ) . . )
into the expression plasmid using Xhol and EcoRlI.
Human VAMP3 (Refseq NM_004781.4) was synthesised
GFP-VAMP3 (VW pEGFP-C3 ) ] o
with an N-terminal HA tag, R49V/A50W substitutions and
mutant) (Clontech/Takara) . ] ] .
cloned into the expression plasmid using Xhol and EcoRl.
Human VAMP3 (Refseq NM_004781.4) was synthesised
GFP-VAMP3 (KT pEGFP-C3 _ _ o
with an N-terminal HA tag, R49K/A50T substitutions and
mutant) (Clontech/Takara) _ ) ) _
cloned into the expression plasmid using Xhol and EcoRl.
Human VAMP3 (Refseq NM_004781.4) was synthesised
GFP-VAMP3 (VT pEGFP-C3 ) . o
with an N-terminal HA tag, R49V/A50T substitutions and
mutant) (Clontech/Takara) . ] ] .
cloned into the expression plasmid using Xhol and EcoRl.
Human VAMP3 (Refseq NM_004781.4) was synthesised
HA-VAMP3 (KT pIRES-Neo2 ] . T
with an N-terminal HA tag, R49K/A50T substitutions and
mutant) (Clontech/Takara) ) ] ] )
cloned into the expression plasmid using EcoRI and Notl.
myc-Ykt6 (Rat, NM_031692.3) was a gift from Prof Jesse
Myc-Ykt6 (VW Hay (Hasegawa et al., 2004) and site directed
mutant) PCMV-Myc mutagenesis was performed to introduce the changes
(K173V/S174W).
CD8a-eGFP pEGFP-N1 Human CD8 expression plasmid from Addgene (86051).
pCMV3- Mouse CD63 (Refseq NM_001042580.2) purchased from
CD63-GFPSpark . . .
GFPSpark Sino Biological (MG50557-ACG).
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The recombinant light chain of BoNT/X is cytotoxic to cells by inducing
apoptosis

Authors: Pollyanna A. Rouse, Sarah Donald, Mark Elliott, Andrew A. Peden

Abstract

Botulinum neurotoxins are used therapeutically for a number of conditions such as
blepharospasm and in aesthetics. They are generally well tolerated, causing muscle
paralysis and show limited cytotoxicity in cell culture. BONT/X is a novel serotype which
cleaves a broader range of R-SNARE than traditional toxins. Expression of the light
chain in tissue cultures models leads to pleiotropic defects in intracellular trafficking
and causes alterations in the levels of cell surface receptors. To determine if these
dramatic alterations in trafficking impact cell viability we have developed several cell
lines which express the light chain of BONT/X under the control of a Tet inducible
promoter and developed approaches to electroporate the recombinant light chain into
cells. Using these methods we have observed that 24 hours post intoxication a
significant number of cells start dying due to apoptosis triggered by the expression of
caspases 3 and 7, and by 40 hours the majority of cells are dead. The intoxication
triggered cell death can be rescued by the overexpression of cleavage resistant R-
SNAREs (VAMP3 and Ykt6) suggesting that this process is SNARE dependent. In
parallel to these studies, we have investigated the impact of intoxication on the cell
cycle. We have observed increased DNA content in intoxicated cells suggesting that

intoxicated cells accumulate in G2 which may be triggering apoptosis.
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Introduction

Strains of Clostridium botulinum produce botulinum neurotoxins which can be used
therapeutically for a number of conditions ranging from blepharospasm to aesthetics
(Pellizzari et al., 1999; Fonfria et al., 2018). Botulinum toxins cause flaccid paralysis
by blocking the release of neurotransmitters through the cleavage of SNARE proteins
which are present on synaptic vesicles (Montecucco and Schiavo, 1994). Presently,
there are 7 main serotypes (BoNT/A-G) that can be further divided into subtypes (e.g.
BoNT/AL). Other BoNT and BoNT-like molecules have been identified, including
mosaic toxins and chimeric toxins (Moriishi et al., 1996; Nakamura et al., 2010;
Maslanka et al., 2016). In 2017 a new stereotype named BoNT/X was identified which
has only ~30% similarity with the other serotypes and is closely related to the BONT-
like molecule BONT/En (Zhang et al., 2017, 2018). BoNT/X cleaves a broader range
of SNAREs than other BoNTs, VAMPs 1-5 and Ykt6. By targeting these different
substrates, the toxin may be able to target different cell trafficking pathways that other
serotypes are not able to. Previous studies have shown that BONT/X is able to cleave
VAMP2 10 times more efficiently than BoNT/B, and it induces paralysis in mice,
however, it didn’t cause lethality at a dose that typically causes death in other BONT

serotypes (Zhang et al., 2017; Gregg et al., 2024).

Whilst BONTs are one of the most toxic substances known to humans, BoNTs show
limited cytotoxicity in neurons. Many studies have shown that the loss of SNAP-25,
Syntaxin 1 or VAMPs 1-3 do not cause cell death in neurons and knockout studies in
mice have shown that the brain develops relatively normally in these animals (Schoch
et al., 2001). It is known that generally most BoNTs are well tolerated by cells in terms
of cell survival, with therapeutic levels causing paralysis (Burgen, Dickens and Zatman,
1949). Cell cytotoxicity has however been observed in some serotypes of BONT and
within specific cell types. A study in 2013 (Peng et al., 2013) showed that neuronal
survival was linked to SNAP-25 and Syntaxin 1, which are targeted by BoNT/C and
BoNT/E. The cell death was able to be rescued by other SNARES not targeted by the
toxins (Syntaxin 2/3/4 and SNAP-23), demonstrating a level of redundancy in SNAREs
involved in cell survival. Interestingly, the block of cell membrane recycling processes
was the cause of the cell death rather than the block in synaptic vesicle exocytosis.
Further evidence of the cytotoxic effects of BoONT/C due to the cleavage of SNARE

proteins has been shown (Arsenault et al., 2014), with the action of cytotoxicity and
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apoptosis depending on whether the cells are undifferentiated or differentiated (Rust
et al., 2016). This sensitivity when differentiated can be attributed to the loss of SNAP-
23 expression in differentiated cells, as SNAP-23 is able to compensate for the loss of
SNAP-25 and prevent neuronal cell death. SNAP-25 is typically expressed in neuronal
and neuroendocrine cells, whereas SNAP-23 is ubiquitously expressed. Mouse
embryos with SNAP-25 K/O are viable (Washbourne et al., 2002). There appears to
be a level of genetic redundancy in SNAREs, for example SNAP-23 K/O mice are non-
viable (Suh et al., 2011) however, in some cells that contain both SNAP-23 and SNAP-
25, such as pancreatic islet cells, SNAP-23 is redundant in the presence of SNAP-25
(Liang et al., 2020).

SNARESs are essential for maintaining normal intracellular trafficking by facilitating
membrane fusion, and disruption of these pathways can impact cell survival
(Bhattacharya et al., 2002; Kaul et al., 2015). Ykt6 is an R-SNARE that contains a
longin domain and is unusual in that it has an inactive form where it is localised in the
cytosol, and an active form when it is membrane bound (Fukasawa et al., 2004). The
biology of Ykt6 function and modification is widely debated, as it undergoes various
modifications, e.g. geranylgeranylation, farnesylation, palmitoylation (Fukasawa et al.,
2004; Pylypenko et al., 2008; Shirakawa et al., 2020; McGrath et al., 2021; Sakata et
al., 2021). When Ykt6 is phosphorylated at a conserved site, a conformational change
occurs allowing the structure to open or close (therefore membrane-bound or cytosolic)
(McGrath et al., 2021). Due to its ability to cycle on and off membranes, Ykt6 plays a
role in various intracellular trafficking pathways, such as ER-Golgi trafficking (McNew
etal., 1997). It has also been demonstrated to be involved in exosome secretion, which
is a key driver for cell-cell signalling in cancer, with increased YKT6 expression being
linked to reduced survival in non-small cell lung cancer (Ruiz-Martinez et al., 2016).
VAMP3 (also known as cellubrevin) is an R-SNARE that is involved in endosomal
recycling and endocytosis in cells (McMahon et al., 1993). Studies have shown the
inhibition of VAMP3 results in reduced trafficking of 31 integrin to the cell surface,
without the reduction of total levels, suggesting there is a block in the trafficking to the
membrane, rather than ER-Golgi (Luftman et al., 2009). Integrin is involved in cell
adhesion and migration and facilitates cell morphological changes during the cell cycle
(mitosis and interphase). Interestingly, a reduction of VAMP3 resulted in reduced cell

adhesion suggesting it could play a role in cell survival/cell cycle, however cell
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proliferation was not impacted (Luftman et al., 2009). Whilst a loss of VAMP3 has been
reported to not impact cell survival, in neuroblastoma studies it was shown that a
reduction of VAMP3 resulted in worse neuroblastoma outcomes for the patient, as
increased VAMP3 levels reduced cell proliferation and increased apoptosis (Zhang et
al., 2023). VAMP3 may have a potential role in Bax induced apoptosis and possess
anti-apoptotic properties (Akintade and Chaudhuri, 2021). Despite the potential role of
VAMP3 in key cellular processes such as transferrin recycling, the loss of VAMP3 in
mice knockout studies does not have an impact on viability (Yang et al., 2001). This
leads to the question of the role of R-SNAREs and compensatory mechanisms that
may be in place to compensate for the loss of R-SNARES, and redundancy amongst
SNARE proteins.

Apoptosis is a form of programmed cell death and has two key pathways in cells: the
intrinsic and extrinsic pathway (Igney and Krammer, 2002; Elmore, 2007). Both
pathways involve the action of a family of protease enzymes called caspases.
Caspases are cell death/apoptosis mediators that when activated result in DNA
fragmentation, Golgi fragmentation, cell shrinkage and blebbing (Cotter et al., 1992;
Coleman et al., 2001; Lane et al., 2002). Pyroptosis is a form of programmed cell death
that occurs in a similar way to apoptosis, though is an inflammatory response pathway
(Cookson and Brennan, 2001; Yu et al., 2021). Like apoptosis, it causes DNA damage
and chromatin condensation and is caspase dependent, however in pyroptosis the
cells swell prior to rupturing (Fink and Cookson, 2006). The mechanism of pyroptosis
causes pores to form in the plasma membrane and the cytoplasm to flatten, resulting
in plasma membrane leakage (Chen et al., 2016). In apoptosis, cells retain membrane

integrity until late apoptosis/necrosis.

Autophagy is a crucial cellular process that is implicated in cell survival as well as cell
death. A key step of autophagy is autophagosome-lysosome fusion, which is known
to be facilitated by Syntaxin 17, SNAP-29 and VAMP7/8 (ltakura, Kishi-ltakura and
Mizushima, 2012; Guo et al., 2014). However, interestingly it has been shown that
YKkt6 is also required in this process as Ykt6 localises to lysosomes and autolysosomes,
and forms a SNARE complex with Syntaxin 17 and SNAP-29 (Takats et al., 2018).
VAMP7 can outcompete Ykt6 from this complex, however in this pathway Ykt6 acts
as non-conventional regulatory SNARE. It has been shown that Ykt6 and Sec22B

function redundantly, as when both are depleted there is a block in secretion and cargo
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is trapped in the ER (Gordon et al., 2017). The R-SNARE Sec22B is a crucial SNARE
for plasma cells, where it has a non-redundant role. A loss of Sec22B in plasma cells
increased apoptosis and cell cycle defects, with more cells in GO than G1,
demonstrating the role of R-SNAREs in cell survival and cell cycle progression
(Bonaud et al., 2023).

Preliminary studies conducted in our lab have suggested that the light chain of BONT/X
may be impacting cell proliferation and cell survival, therefore we wanted to elucidate
the mechanisms which underpin these observations. To investigate this, we have
developed several cell lines which express the light chain of BoNT/X under the control
of a Tet inducible promoter and developed approaches to electroporate the
recombinant light chain into cells. Using these methods we have observed that cell
death occurs in intoxicated cells due to caspase 3 and 7 mediated apoptosis, and this
cell death can be rescued by the overexpression of cleavage resistant R-SNAREsS
(VAMP3 and Ykt6). We have also investigated the impact of intoxication on the cell
cycle and have observed increased DNA content in intoxicated cells suggesting that

intoxicated cells accumulate in G2 which may be triggering apoptosis.

Materials
Antibodies and ligands

The following antibodies were used in this study: rabbit polyclonal Anti-Ykt6 antibody
(ab241276), mouse anti-Ykt6 (ab77150), mouse anti-gamma adaptin (MAB100.3,
prepared in-house), Anti-tubulin (Protein-tech, 66240-1-1g), Rabbit anti-VAMP3 as
previously described (Gordon et al., 2010). Secondary HRP-conjugated antibodies for
immunoblotting used were HRP conjugated goat anti-mouse (Jackson
ImmunoResearch 115-035-008), HRP conjugated goat anti-rabbit (Jackson
ImmunoResearch 111-035-144), and HRP Conjugated Goat anti-Rabbit 1gG (Sigma
A6154). The following ligand was used: Transferrin AlexaFluor™ 594 Conjugate
(Invitrogen, T13343).
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Plasmids

Table 1. Plasmid constructs

Construct Vector Notes
GFP- The light chain of BoNT/X (1-439aa) was codon optimised,
pEGFP-C3 _ . .
BoNT/X LC synthesised and cloned into the vector using Xhol and
) (Clontech/Takara)
active EcoRlI.
GFP- pLVX-TetOne- ] -~
The GFP-BoNT/X active LC construct was PCR amplified
BoONT/X LC Puro ) ]
_ and cloned into the vector using EcoRI/BamHI.
active (Clontech/Takara)
Strepll tag- ] ]
pPpEGFP-C3 The construct was made by swapping eGFP with Strepll
BoNT/X LC
) (Clontech/Takara) tag (Agel/Xhol).
active
Strepll tag- pLVX-TetOne- ) -
Strepll tagged BoNT/X active LC was PCR amplified and
BoONT/X LC Puro ] )
) cloned into the vector using EcoRI/BamHI.
active (Clontech/Takara)
Human VAMP3 (Refseq NM_004781.4) was synthesised
HA-VAMP3 pIRES-Neo2 _ _ T
with an N-terminal HA tag, R49V/A50T substitutions and
(VT mutant) | (Clontech/Takara) _ _ o
cloned into the expression plasmid using EcoRI and Notl.
HA-VAMP3 HA-VAMP3 (VT mutant) was cloned into the vector using
pLXIN-Mod
(VT mutant) EcoRI and Notl.
Human Ykt6 (Refseq NM_006555.4, 1-198aa) was
HA-Ykt6 (VT pIRES-Neo2 synthesised with an N-terminal HA tag, K173V/S174T
mutant) (Clontech/Takara) | substitutions and cloned into the expression plasmid using
Nhel and Notl.
HA-Ykt6 (VT pLXIN-Mod _
HA-Ykt6 (VT mutant) was cloned using Xhol/Notl.
mutant) (Clontech/Takara)
Methods

Cell culture and maintenance

HelLa-M and HEK-293T cells were cultured and maintained in high glucose DMEM
media supplemented with 10% fetal bovine serum (FBS), 100 IU/mL penicillin, 100
Hg/mL streptomycin and 2 mM glutamine at 37°C in a 5% CO, humidified incubator.
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T98G cells were maintained in MEM supplemented with 2 mM Glutamine, 1% Non
Essential Amino acids, 1% Sodium Pyruvate and 10% FBS. THP1 cells were
maintained in RPMI supplemented with 10% FBS and 100 IU/mL penicillin, 100 pg/mL

streptomycin and 2 mM glutamine.

Stable cell line generation using a tet-inducible system

The light chain of BONT/X (1-439aa) was synthesised either with an N-terminal GFP
or Strepll tag by Genscript and cloned into the Tet inducible lentiviral expression vector
pLVX-TetOne-Puro. HEK-293T cells were transfected with the 5 pg pLVX-TetOne-
Puro-LC/X construct, 5 pug psPAX2 (Addgene:12260) and 1 pg pCMV VSV-G
(Addgene:8454) using 33 pug PEI. The viral containing media was collected 48 hours
post transfection, polybrene added (final concentration 5 pg/mL) and filtered using a
0.45 pm syringe filter (Sartorius). HeLa-M or THP-1 cells were infected with the virus
particles and centrifuged at 2000 x g for 75 minutes at room temperature, prior to
incubation at 37°C. Cells expressing the constructs were selected using 1 pg/mL

puromycin for 1 week (Figure 1).
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Figure 1. Method for the creation of stable cells expressing a tet-inducible LC/X

Created with BioRender.com.

HelLa-M cells were auto-cloned into a 96-well plate using a FACSMelody cell sorter
(BD Biosciences). Clonal cell lines were screened for expression of the light chain

constructs by inducing the cells with doxycycline and assessing either GFP expression
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or Strepll signal by staining with Strep-Tactin XT DY-488 (IBA Lifesciences, 2-1562-
050) (Figure 2).

Transduced Sort cells Screen to assess Expand
cell line 1 cell per well expression in selected
each clonal line clonal lines
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= — . ) — ¢ sl Yalale) — {

\. 7

Figure 2. Method for the creation of clonal cell lines

Created with BioRender.com.

Stable cell line generation for tet-inducible rescue constructs

HA-tagged Ykt6VT (K173V/S174T) and HA-tagged VAMP3VT (R49V/A50T) were
synthesised by Genscript and cloned into the retrovirus expression vector pLXIN
(Clontech). HEK-293T cells were transfected with the 5 pg pLXIN construct, 5 ug
puMVC (Addgene: 8449) and 1 pg pCMV VSV-G (Addgene: 8454) using 33 ug PEI.
The viral containing media was collected 48 hours post transfection, polybrene added
(final concentration 5 pg/mL) and filtered using a 0.45 um syringe filter (Sartorius). The
stably expressed Tet-inducible GFP-LC/X and Strep-LC/X cells were infected with the
virus particles and centrifuged at 2000 x g for 75 minutes at room temperature, prior

to incubation at 37°C. Cells were selected for 1 week using 1 mg/mL G418 (Roche).

Recombinant production of active and inactive LC/X in bacteria

The following proteins were generated and purified: active LC/X protein (10HT-LC/X
(aa 1-438) (C423A)) and inactive LC/X protein: (LOHT-LC/X (E228Q/H231Y) (aa 1-
438) (C423A)). The C423A mutation prevents dimerisation via the disulphide bridge.
To clone the inactive mutation, the Q5 Site-directed Mutagenesis Kit (NEB E0554)

was used according to the manufacturer's instructions.

Proteins were expressed in NEB 5-alpha competent E. coli, grown and bacteria was
harvested by centrifugation at 4°C. Cells were lysed using a homogeniser (Constant
Systems) at 20 kpa and centrifuged for clarification. Proteins were purified using an
AKTA Pure FPLC system (Cytiva) using a HisTrap HP column (GE #17524802), and
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eluted using increasing concentrations of imidazole: 16%, 25%, 50% and 100% of 50
mM Tris pH 8, 200 mM NaCl, 500 mM Imidazole into fractions. Elution fractions were
pooled and desalted using a HiPrep 26/10 desalting column (GE #17508701) into PBS
pH 7.2 (Gibco).

Protein electroporation

A Neon transfection system (Invitrogen) was used to electroporate cells. T98G cells
were harvested, washed with PBS, and resuspended in Resuspension buffer R to a
final density of 2x107 cells/mL. An electroporation tube with 3 mL electrolyte buffer E
was placed in the pipette station and the pulse conditions were set. LC/X protein was
transferred at the desired concentration to a 0.5 mL tube. Cells were added to the tube
and mixed. The cell/protein mixture was drawn up into a tip and the Neon™ device
started. Once complete, 400 pL of media was added to the cells and the cells were

transferred to cell culture plates (100 uL to 96 well, 50 pL to half area 96 well).

Microscopy

T98G cells in 96 well plates were grown in the Incucyte (Sartorius) for 72 hours post-
electroporation and representative images were captured. THP-1 cells were induced
with 1 pg/mL doxycycline (Sigma) and 1 pg/mL PI (Merck 81845) in wells prior to live
imaging using a Nikon widefield live-cell microscope with a 20x Plan Apo objective
lens. Images were captured every 10 minutes for 15 hours. Frames were analysed
using FIJI ImageJ (Schindelin et al., 2012).

Western blotting

Clonal tet-inducible cells were lysed in SDS-PAGE sample buffer (Bio-Rad)
supplemented with 5% (v/v) mercaptoethanol and boiled at 95°C, prior to separation
using SDS-PAGE gel electrophoresis. Proteins were then transferred overnight onto
PVDF membranes using wet transfer methods. The membranes were blocked using
5% milk in one times PBS-Tween20. The membranes were probed with antibodies
against VAMP3 and YKT6, and gamma adaptin and beta tubulin were used as loading
controls. The primary antibodies were detected by using secondary antibodies

conjugated to HRP and developed using ECL substrate. Membranes were imaged
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using LI-COR C-DiGit® blot scanner (LI-COR Biosciences) and Image Studio Lite
Software (LI-COR Biosciences).

T98G cells were lysed in 25% NuPAGE sample buffer (Fisher Scientific)
supplemented with 10 mM DTT and 250 units/uL Benzonase (Sigma), prior to
separation using SDS-PAGE gel electrophoresis. Proteins were transferred to
nitrocellulose membranes. The membrane was probed with an antibody against Ykt6.
The primary antibody was detected by using a secondary antibody conjugated to HRP
and developed using ECL substrate (Fisher Scientific). The membrane was imaged

and analysed using a Syngene GeneGnome (Syngene Bioimaging).

Cell viability assay

Cells were seeded at 1200 cells/ well in 96 well half-area plates. Cells were treated
with 1 pg/mL doxycycline (Sigma) for 16 or 48 hours. Cell viability was assayed using
the CellTitre Glo luminescence cell viability assay kit (Promega). Reagents were used
according to manufacturer's instructions (50 pL reagent:50 pL media). Luminescence

acquired using a Perkin Elmer Envision 2104 Multilabel Plate Reader.

Caspase 3/7 activation assay

Cells were seeded at 1200 cells/ well in 96 well half-area plates. Cells were treated
with different concentrations of doxycycline (0.1-2 ug) (Sigma) and incubated for 24
hours at 37°C. The Caspase-Glo 3/7 Assay (Promega) was used according to
manufacturer's instructions, incubating for 60 minutes prior to acquisition using a
Envision 2104 Multilabel Plate Reader (Perkin Elmer).

GFP-LC/X expression

Tet-inducible cells were seeded in 12 well plates prior to induction with 1 pg/mL
doxycycline (Sigma). 8-, 16- and 24-hours post-induction, cells were trypsinised and
centrifuged. Fresh media was used to resuspend cells prior to GFP signal

measurement using an Attune NXT flow cytometer (Invitrogen).

Transferrin uptake
Tet-inducible cells were seeded in 12 well plates prior to induction with 1 pg/mL

doxycycline (Sigma). 16 hours post-induction, cells were trypsinised and centrifuged.
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Cell pellets were resuspended in Transferrin Alexa Fluor™ 594 (Invitrogen) diluted in
fresh media (25 pug/mL) and incubated for 10 minutes at 37°C. Cells were washed twice
with fresh chilled media and resuspended in 1% PFA. Mean fluorescence intensity

was measured using an Attune NXT flow cytometer (Invitrogen).

Apoptosis assay

Cells were seeded at 60,000 cells per well and light chain expression induced with 1
png/mL doxycycline and cells collected 40 h, 24 h and 16 h post induction. Cells were
dissociated from the plate using TrypLE (Gibco), then diluted with media prior to
centrifugation to remove the TrypLE. The amount of apoptosis was determined by
measuring fluorescence of Pl and Annexin V staining. Using an Annexin V detection
kit (88-8007-72, Invitrogen), cells were incubated for 10 minutes with Annexin V-647,
washed, then incubated with PI. Fluorescence was measured using a Cytek Aurora 3

laser cytometer. Data was acquired using SpectroFlo software (Cytek).

Cell cycle analysis

Cells were seeded at 80,000 cells per well. Cells were incubated for 16 hours with 1
Hg doxycycline (Sigma) and 9 uM RO-3306 (Santa Cruz, sc-359700). After 16 hours,
cells were washed, and media added before returning cells to the incubator for 3 hours.
Cells were fixed using 70% EtOH and placed at -20°C. After fixation, cells were washed
with 1X PBS then permeabilised using saponin/BSA, prior to staining with Strep-Tactin
XT Dy-488 (IBA Lifesciences, 2-1562-050) for 45 minutes. Cells were washed and
placed in 1X PBS containing Pl (Merck, 81845) and 0.5 mg/mL RNase A (Thermo
Scientific, R1253). Cells were incubated at 37°C for 30 minutes prior to acquisition.

Fluorescence was measured using an Attune NXT flow cytometer.

Data analysis

All flow cytometry experiments were analysed using FlowJo™ v10.8 Software (BD Life
Sciences. Graphs for figures were made using GraphPad Prism version 9.0. For
statistical analyses, One-way ANOVA followed by Dunnett’s multiple comparisons test
was performed using GraphPad Prism version 9.0 (GraphPad Software, USA).
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Results

A lentiviral tet inducible system can be used to regulate LC/X expression

The light chain of BONT/X can cleave recombinant R-SNAREs VAMPs 1-5 and Ykt6
(Zhang et al., 2017), and severely perturbs endomembrane trafficking when expressed
in HeLa-M cells (Asnawi, 2021; Chapter 2). In addition, we also have observed a
reduction in cell number and changes in cell morphology in intoxicated cells
suggesting that the construct may be cytotoxic (Asnawi, 2021; Chapter 2). To explore
these phenotypes more systematically, we have used a tet-inducible lentiviral system
to generate transduced cell populations expressing either GFP or Strepll tagged LC/X.
Having the ability to tightly regulate the expression of these constructs should make it
easier to study the impact of intoxication on cell viability without having to deal with
confounding factors caused by transient transfection (Kim and Eberwine, 2010). To
determine the optimal time required for light chain expression, a time course
experiment was conducted where the cells were treated with doxycycline (Figure 3A).
We observed that the GFP-LC/X can be detected 8 hours post-induction, with the
levels increasing at 16 and 24 hours.

We have previously observed that the light chain of BONT/X can significantly block
transferrin uptake in intoxicated cells 16 h post transfection due to loss of the receptor
from the cell surface (Asnawi, 2021; Chapter 2). To determine if the tet-inducible
system perturbs transferrin trafficking in a similar way to transient LC/X expression,
cells were incubated with Dox for increasing amounts of time and transferrin uptake
measured via flow cytometry (Figure 3B). In cells expressing the light chain (GFP
positive), the uptake of transferrin is significantly perturbed after 8 hours, showing that
the tet-inducible promoter can efficiently drive expression of the construct. During
these pilot experiments it became clear that not all of the cells in the population were
doxycycline responsive so a round of clonal selection was performed to identify clones
which showed more uniform expression of the light chain (data not shown). These

clonal cell lines were used for all further experiments.
To determine if the transferrin phenotype is specific to the cleavage of SNAREsS, a
clonal tet-inducible cell line was transduced with versions of Ykt6 and VAMP3 which

had been engineered to be resistant to LC/X (as described in Chapter 2) (Figure 3C
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and D). The stable cells lines were then incubated with dox for 16 h and transferrin
uptake measured. As a positive control for GFP expression, non-induced cells were
transfected with a GFP plasmid. As previously observed (Chapter 2), overexpression
of VAMP3VT and Ykt6VT rescues transferrin uptake. Surprisingly, overexpression of
Ykt6VT in intoxicated cells appears to enhance transferrin uptake compared to non-
intoxicated cells.
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Figure 3. Characterisation of tet-inducible cell lines for studying LC/X
intoxication
(A) To assess how quickly the GFP-LC/X is expressed in response to doxycycline a

stable population of transduced cells was treated for 8-24 hours and the levels of GFP-
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LC/X determined by flow cytometry. As a positive control a GFP plasmid was
transiently transfected into non-induced cells. Error bars represent the SEM. (B) To
determine the impact of GFP-LC/X expression on transferrin uptake the cells were
incubated with dox for 8, 16 and 24 hours. The cells were then trypsinised and
incubated with Transferrin Alexa Fluor™ 594 for 10 minutes at 37°C. The amount of
fluorescent transferrin taken up by the GFP/LC-X positive cells was measured using
flow cytometry and normalised to the non-induced cells expressing that had been
transfected with GFP as control. Error bars represent the SEM. One-way ANOVA with
Dunnett’'s multiple comparison was performed for analysis, *** P<0.0001. (C) To
determine if the transferrin phenotype is specific to SNARE cleavage the indicated cell
lines were incubated with dox for 16 hours. The cells were trypsinised and incubated
with Transferrin Alexa Fluor™ 594 for 10 minutes at 37°C. The mean intensity of the
transferrin fluorescence was measured using flow cytometry in the GFP/LC-X positive
cells and normalised to the non-induced cells which had been transfected with GFP (-
Dox). Error bars represent the SEM. One-way ANOVA with Dunnett’'s multiple
comparison was performed for analysis, **** P<0.0001. (D) To assess the expression
of GFP-LC/X from these cell lines, the percentage of cells expressing GFP was also
calculated from the transferrin uptake data. Error bars represent the SEM. To confirm
the expression of the R-SNARE constructs (HA-VAMP3VT and HA-Ykt6VT) in the tet
inducible cell lines, lysates were prepared and separated by SDS-PAGE. Membranes
were probed using antibodies for VAMP 3, Ykt6 and GFP. Tubulin and gamma adaptin

were used as loading controls.

LC/X Intoxication causes a dramatic loss of cell viability and the activation of
caspase 3 and 7

To determine how LC/X expression impacts cell viability the tet-inducible cells were
incubated with doxycycline for 16 and 48 hours, and the levels of ATP measured using
the CellTitre Glo luminescence reagent (Figure 4A). After 16 hours of induction, there
is only a slight decrease in viability as previously observed (Asnawi, 2021). However,
by 48 hours post treatment the viability drops significantly and only ~2% of cells are
viable. Almost identical results were observed for the GFP and Strepll tagged light
chain constructs indicating that the tags are not impacting the activity of the

recombinant light chains.
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To determine if the intoxicated cells were dying via apoptosis, a luminescence-based
caspase 3/7 assay was performed on cells after 24 h of induction (Figure 4B). The
Caspase-Glo 3/7 assay reagent contains a proluminescent aminoluciferin substrate
that is cleaved by caspases, allowing for the free aminoluciferin to be consumed by
luciferase. This produces a luminescent signal proportional to caspase 3/7 activity.
Significant levels of caspase 3/7 activity were observed even with the lowest
concentrations of doxycycline suggesting that the light chain expression induces
apoptosis in intoxicated cells.
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Figure 4. LC/X intoxication results in loss of cell viability and causes caspase
3/7 activation

(A) Tet-GFP-LC/X and Tet-Strep-LC/X cells were incubated with 1 pg/mL of

doxycycline for 16 or 48 hours, and cell viability measured using the CellTitre Glo
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assay (Promega). Error bars represent the SEM. One-way ANOVA with Dunnett’s
multiple comparison was performed for analysis, * P=0.0100, ** P=0.0040, ****
P<0.0001. (B) To determine if BONT/X intoxication induces apoptosis through the
activation of Caspases 3/7, Tet-GFP-LC/X and Tet-Strep-LC/X cells were induced for
24 h using either 0.1, 0.25, 0.5, 1 or 2 pg/mL of dox. The Caspase 3/7 Glo reagent
was added to the cells and luminescence measured. Caspase activation shown as a
percentage compared to the untreated control. Error bars represent the SEM. One-

way ANOVA with Dunnett’s multiple comparison was performed for analysis,
P=0.0001, **** P=<0.0001.

Cleavage resistant R-SNARESs can rescue LC/X induced apoptosis

To further explore how the intoxicated cells were dying a time course experiment was
performed and the levels of Annexin V and PI staining assessed using flow cytometry
(Figure 5). Annexin V stains apoptotic cells as phosphatidylserine translocates from
the inner surface of the plasma membrane to the external surface in early apoptosis.
Cells that are still viable will not stain for Pl whereas late apoptotic cells/necrotic cells
will stain positively for Pl and Annexin V as the cell membrane is no longer intact. At
the earlier time points very few cells were Pl and Annexin V positive indicating that
they are still viable in support of our previous observations (Asnawi, 2021; Chapter 2).
However, at the 40 h time point most of the cells are positive for Annexin V and PI

indicating that they are in late apoptosis or have already died.

To assess if cleavage of Ykt6 and/or VAMP3 are responsible for cell death we
intoxicated cells overexpressing cleavage resistant versions of these proteins and
repeated the Annexin V experiment. Approximately 85% of Ykt6VT cells and 70% of
VAMP3VT cells were still viable at 40 h suggesting that the loss of these SNARES is
likely the trigger for cell death.
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Figure 5. LC/X induced apoptosis can be rescued using cleavage resistant R-
SNARE

HelLa-M cells stably expressing Tet-inducible GFP-LC/X were incubated with 1 pg
doxycycline for 16, 24 and 40 h. Cells expressing Tet-inducible GFP-LC/X with either
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HA-VAMP3VT or HA-Ykt6VT were also induced for 40 h. The cells were then collected
and stained with Annexin V and PI. (A) Representative examples of gating methods
utilised to assess viable/apoptotic/necrotic/dead cell populations. (B) Dot plots of the
induced cells stained with Annexin V and PI. Using spectral flow cytometry, cells were
gated for GFP-LC/X positive cells and the fluorescence of Annexin V APC and Pl were
measured. (C) Percentages of cell populations that are viable, apoptotic, or dead.
Error bars show the SEM.

LC/X intoxication perturbs the cell cycle

We have previously observed that transiently intoxicated HelLa cells appear not to
proliferate as quickly as mock transfected cells (unpublished observation, Peden lab)
suggesting that blocking intracellular trafficking is impacting cell division. To assess if
the LC/X is impacting the cells’ ability to progress normally through the cell cycle and
undergo mitosis, Strepll-LC/X cells were induced for 16 h and cell cycle analysis
performed (Figure 6). In the non-intoxicated cells, the cells have a normal distribution
with 66% of cells in G1, 9% in S phase, and 25% in G2 which is comparable with
previous cell cycle studies on HelLa cells (Trinkle-Mulcahy et al., 2003). However, in
the intoxicated cells there was a dramatic shift in the distribution of the cells so that
almost twice as many were in G2 (50%). To further investigate these observations the
cells were synchronised at the G2/M phase using RO-3306 drug (Vassilev et al., 2006)
and the block released for 3 hours and cell cycle analysis repeated as before. In the
non-intoxicated cells approximately 49% of the cells were in G1, 8% in S-phase, and
42% in G2 indicating that the cells were able to progress through the cell cycle after
drug wash out. However, in the intoxicated cells most of the cells remained in the S/G2
phase (87%) and failed to progress to G1 (12%) suggesting that there is a serious
defect in cell cycle progression. In the intoxicated cells there is a dramatic reduction in
the percentage of cells in G1 (12%) and most of the cells have accumulated in S/G2

phase (87%) suggesting that intoxicated cells are unable to exit the S/G2 phase.
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Figure 6. The cell cycle in HeLa-M cells is altered by Strepll-LC/X intoxication

To determine if BONT/X intoxication reduces cell proliferation due to a block in cell
cycle progression, we measured the DNA content in cells expressing the LC/X. (A)
Gating strategy used. (B) Plots to show the DNA content of cells with and without RO-
3306 and doxycycline. Cells were incubated with doxycycline and RO-3306 for 16 h,
to synchronise and arrest the cells at G2/M. After 16 hours of induction, the cells were
released from the synchronisation for 3 hours. The cells were fixed using ethanol,
stained with Strep-tactin 488, then treated with RNase A and stained for PI. Cells were
gated for single cell population, and for doxycycline treated cells the GFP positive
population. The DNA content was measured using an Attune NXT flow cytometer and
analysed using FlowJo. (C) The percentages of each stage of the cell cycle, calculated
using the cell cycle analysis tool (Watson pragmatic) on FlowJo™ Software. One-way

ANOVA with Dunnett’s multiple comparison was performed for analysis, P=<0.0001.
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To investigate the impact of LC/X on another cell type, we transduced THP-1 cells with
Tet-Strepll-LC/X. THP-1 cells are monocytes derived from blood from an acute
monocytic leukaemia patient (Tsuchiya et al., 1980). They are useful for measuring
inflammatory responses in cells and are used to study programmed cell death via
pyroptosis (Miglio, Veglia and Fantozzi, 2015; Eudy and da Silva, 2021). To assess
the impact of intoxication on THP-1 viability the cells were incubated with propidium
iodide (P1) and imaged over 15 hours by live cell microscopy (Figure 7). Pl is a DNA
stain which is excluded from viable cells which have an intact plasma membrane thus
cells which become PI positive are dead. In the cells treated with doxycycline there
was a dramatic increase in Pl positive cells compared to the control indicating that
intoxication is killing them. Pl positive cells started appearing 3 hours into the
incubation which is significantly faster than what we have observed in HeLa-M cells
suggesting that these cells are either more sensitive to the toxin and/or are dying via
a different mechanism. Interestingly, many of the PI positive cells appear to have two

nuclei suggesting that they are undergoing cell division when they die.

Brightfield Pl Merge

-Dox

+Dox

Figure 7. LC/X intoxication results in loss of cell viability in THP-1 cells

THP-1 cells stably expressing Tet-Strep-LC/X were incubated with 1 pg/mL of dox and
1 pg/mL PI and imaged using a Nikon Widefield Live-cell microscope. Images were
captured every 10 minutes for 15 hours. The representative images displayed are from
9 hours (T54) post-induction. Scale bar = 20 pm.
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Electroporation of LC/X protein into cells drastically reduces cell viability

To establish whether the phenotypes observed in HeLa-M cells are applicable to other
tissue culture cell lines and determine if altering the way the light chain is delivered to
cells impacts intoxication, we developed a method for delivering His-tagged LC/X into
cells via electroporation (Figure 8). T98G cells were electroporated with the indicated
concentrations of active and inactive His-tagged LC/X and cell viability measured at
24, 48 and 72 h post transfection (Figure 8A). LC/X intoxication drastically reduces
cell viability in a dose dependent manner unlike the catalytically inactive version of the
protein. In support of these observations, intoxicated cells showed a dramatic
reduction in cell number and gross changes in cell morphology 72 h post transfection
(Figure 8B). In parallel to the cell viability studies, samples were prepared in duplicate
for immunoblotting to determine whether the changes in viability correlated with Ykt6
cleavage (Figure 8C). No Yki6 cleavage was observed from the samples
electroporated with the inactive light chain (5 uM). In the samples treated with active
LC/X a dose dependent increase in Ykt6 cleavage was observed by the appearance
of a lower molecular weight species on the blots. Due to the limited number of cells

present in the 5 uM sample no signal for Ykt6 was detected.
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Figure 8. Electroporated LC/X protein reduces cell viability in T98G cells

(A) T98G cells were electroporated with the indicated concentrations of LC/X and their
viability measured at 24, 48 and 72 h using the CellTitre Glo viability assay. Error bars
represent the SEM. (B) T98G cells were electroporated with either 5 uM active LC/X
or inactive LC/X and imaged using an Incucyte (representative image shown for 72 h
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time point). Scale bar = 300 um. (C) T98G cells were electroporated with the indicated
concentrations of active LC/X and inactive LC/X and samples collected at 72 h and
lysed. Proteins were separated using an SDS-PAGE gel and transferred to a

nitrocellulose membrane. Membrane was probed for Ykt6 to assess SNARE cleavage.

Discussion

In this study we aimed to understand the impact of BoNT/X intoxication on cell viability
and progression through the cell cycle. We have generated cell lines expressing either
a GFP or Strepll tagged LC/X using a tet-inducible promoter, and a clonal tet-inducible
cell line that expressed cleavage resistant versions of Ykt6 and VAMP3. In LC/X
intoxicated cells, cell viability remains high at 16 hours, however 48 hours post
treatment the cells are largely non-viable. We determined that LC/X expression
activates caspase 3/7 suggesting the cells are dying due to apoptosis. This was further
supported by an Annexin V/PI assay, which indicates that the majority of intoxicated
cells were either in late apoptosis or dead 40 h after induction. Overexpression of
cleavage resistant forms of VAMP3 and Ykt6 rescue these phenotypes indicating that
these phenotypes are caused by SNARE proteolysis. Intoxicated cells accumulate in

G2/M of the cell cycle, and in THP-1 cells many of the cells appear to have two nuclei

when they die, suggesting that defects in cell division may be triggering apoptosis.

Is BONT/X causing cell death due to the specific proteolysis of SNAREs?

It has been previously observed that cells intoxicated with BoNT/X show good viability
after 16 h of intoxication. However, there was a significant reduction in the number of
transfected cells suggesting that BoNT/X may be interfering with cell proliferation. To
investigate this further, we developed a tet inducible LC/X cell line and measured cell
viability at 24 and 48 hours after induction. LC/X expression leads to significant levels
of cell death 48 h after intoxication. To investigate the potential mechanism of cell
death we looked at the levels of Caspase 3/7, which are known to be activated during
apoptosis. We have demonstrated that intoxication with LC/X induces the expression
of Caspase 3/7 and leads to Annexin V positive cells which can partially be rescued
by overexpression of VAMP3 and Ykt6. However, it is unclear why loss of these
SNAREs is triggering this pathway. The intrinsic pathway of apoptosis can be activated

by different processes, either a negative signal where there is a lack of apoptotic
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suppression or positive signals that activate apoptosis. There are several mediators
of apoptosis activation in cells, such as the Bcl-2 family of proteins. These proteins
can be either pro-apoptotic or anti-apoptotic and have been linked to the ER stress
response in cells. Another regulator of apoptosis is the BH3 family of proteins, of which
BNIP1 is a member. BNIP1 is found in the nuclear envelope and the ER (Boyd et al.,
1994) and has been shown to interact with syntaxin 18 to form a SNARE complex
(Nakajima et al., 2004). The BNIP1-Syntaxin 18 SNARE complex facilitates retrograde
transport from the Golgi to the ER, and the blockage of complex disassembly induces
apoptosis (Nishiwaki et al., 2013). This could result in an accumulation of proteins in
the ER and therefore cause ER stress. A typical cause of ER stress is also due to
misfolded or unfolded proteins accumulating in the ER, also known as the unfolded
protein response (UPR). If this ER stress is unresolved, apoptosis pathways will be
activated. We know that a reduction in ER-Golgi trafficking, such as by treatment with
Brefeldin A (Lippincott-Schwartz et al., 1989), can also cause ER stress, as there is
an overload of proteins trapped at the ER (Preston et al., 2009). It has been previously
established that several SNAREs are required for secretion of newly synthesised
proteins from the ER-Golgi and post-Golgi trafficking to the plasma membrane, such
as Syntaxin 5, Syntaxin 18, SNAP-29, Sec22B, and Ykt6 (Gordon et al., 2010).
Cleavage of Syntaxin 5 by caspases has been shown to cause an apoptosis
phenotype due to the resulting block in ER-Golgi transport (Lowe et al., 2004). As the
light chain of BoNT/X severely perturbs trafficking of cargo out of the ER, this
accumulation of cargo could be activating an ER stress response, which in turn could
initiate the caspase cascade. In addition to ER stress, other organelles are susceptible
to stress sensing and signalling, for example prolonged Golgi stress has been shown
to induce caspase-3 mediated apoptosis (Suga et al., 2022). Another possible
explanation for the induction of apoptosis in intoxicated cells is there could be a block
in autophagy, which is required for normal cell homeostasis. The R-SNARE Ykt6 has
been shown to be involved in autophagosome-lysosome fusion (Takats et al., 2018),
along with a possible role in mitophagy, where a lack of functional Ykt6 caused
reduced cell viability possibly due to inability for mitochondria to be degraded
(Sanchez-Martin et al.,, 2023). As LC/X targets multiple R-SNAREs, there is a
possibility that typical autophagic processes are being disrupted. Due to reduced
delivery of proteins to the cell surface by LC/X intoxication (Asnawi, 2021; Chapter 2),

it is possible that surface receptors essential for mitogenic signalling are perturbed.
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How is disruption to R-SNARE function causing defects in cell division?

It has been proposed that SNARE proteins may have a role in processes associated
with the cell cycle. For example, after mitosis the nuclear envelope reforms, a process
which requires membrane fusion. A study suggested that this may be mediated by
SNARES rather than by other fusion pathways (Baur et al., 2007). During mitosis Golgi
stacks also require homotypic fusion to reform into a single Golgi apparatus (Lucocq,
Berger and Warren, 1989; Rothman and Warren, 1994). In cell division, the cell-
membrane is able to form in the absence of a complete Golgi apparatus, suggesting
that the transport of newly synthesised membrane proteins and lipids is not required
for cell-membrane formation and instead must involve recycling processes (Boucrot
and Kirchhausen, 2007), which could account for the rescue seen by VAMP3VT. It is
known that to facilitate mitosis, a block in vesicular transport occurs to prepare the cell
for the fragmentation and division of organelles prior to reassembly (Berlin and Oliver,
1980; Warren et al., 1983; Lucocq and Warren, 1987; Jongsma, Berlin and Neefjes,
2015). As LC/X causes a block of vesicular trafficking in cells, the toxin could be
inducing a similar effect. In cytokinesis, the cytokinetic bridge connecting the two
daughter cells must be broken to allow for successful mitosis to occur. The SNARE
VAMPS8 (endobrevin) has been implicated in this process, and inhibition of VAMPS8
function prevents the successful breakage of the cytokinetic bridge, and thus leading
to bi-nucleated cells (Low et al., 2003; Mukai et al., 2008). The SNARE proteins SNAP-
25 and VAMP2 have also been shown to be recruited to the cleavage furrow during
cytokinesis, as the cellular membrane must be expanded for successful cytokinesis
creation (Ming Li et al., 2006). The intoxication of sea urchin embryos by BoNT/C
caused an inhibition in cell division due to cleavage of syntaxin (Conner and Wessel,
1999). It is possible that intoxication with BoNT/X may be impacting successful
completion of cytokinesis or nuclear envelope formation, and that is why we observe
bi-nucleated cells that are unable to progress through mitosis. For successful cell
division, replicated chromosomes must segregate for each daughter cell. To segregate
the chromosomes, they attach to microtubules which then attach to kinetochores. It
has been shown that the Q-SNARE SNAP-29 promotes kinetochore assembly in
mitosis, further demonstrating the role of SNARE proteins in successful cell division
(Boucrot and Kirchhausen, 2007; Morelli et al., 2016). Ykt6 appears to have a role in

cell cycle progression and DNA synthesis, previously it has been shown that
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overexpressed Ykt6 resulted in increased DNA synthesis, however this appears to not
be due to its function as an R-SNARE (Thayanidhi et al.,, 2012). Observing the
phenotypic changes caused by LC/X intoxication using live microscopy could reveal
chromosomal segregation, nuclear envelope reassembly and DNA content over time,

potentially identifying the role of R-SNARESs in these pathways.
Could cell rounding be contributing to apoptosis?

BoNT/X intoxicated become more rounded suggesting that their ability to adhere to
the extracellular matrix may be perturbed. Existing literature has shown that
intoxication with BoNT/C resulted in neuroblastoma cell rounding (Rust et al., 2016).
It is known that VAMP3 is involved in cell adhesion (Luftman et al., 2009), with defects
in trafficking of B1 integrin to the cell surface in VAMP3 silenced cells. In CHO cells
the loss of VAMP3 by tetanus neurotoxin intoxication caused reduced integrin-
mediated cell spreading (Skalski and Coppolino, 2005). The role of Ykt6 in cell
adhesion has been investigated by (Naydenov et al., 2018), where a loss of Ykt6 was
linked to increased cell motility. Could the loss of integrins from the cell surface be
contributing to the apoptosis seen in intoxicated cells? Anoikis is an integrin-mediated
form of apoptosis (Frisch and Francis, 1994). If LC/X is disrupting typical integrin

trafficking and therefore cell adhesion, this could be inducing cell death.

Overexpression of cleavage resistant Ykt6 increases TF uptake in the absence
of other R-SNARESs

VAMP3VT and Ykt6VYT can rescue transferrin uptake in BoNT/X intoxicated cells
suggesting that these SNAREs are involved in the trafficking of the TF-R. Surprisingly,
Ykt6VT overexpression in the intoxicated cells appears to enhance transferrin uptake
compared to that of the non-intoxicated cells. It is possible that Ykt6VT overexpression
drives the delivery of the TF-R to the cell surface in the intoxicated cells. VAMP3VT is
also able to rescue transferrin uptake. However, this phenotype can only be observed
when Ykt6 has also been disrupted suggesting that Ykt6 can compensate for the loss
of VAMP3. In the future it will be interesting to study these phenomena by making
endogenous R-SNARES resistant to the action of the toxin using CRISPR/Cas9 based
approaches so overexpression artefacts can potentially be avoided.
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In conclusion, we have demonstrated that the prolonged expression of BoONT/X LC
triggers apoptosis possibly caused by defects in the cell cycle. In the future it will be
important to determine how loss of SNARES is triggering this process as it will shed

new insight into how membrane fusion is linked to cellular homeostasis.
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Chapter 4

4. Discussion

We know that BoONT/X is a serotype of BONT that is the least similar to any known
serotype and cleaves SNAREs not currently targeted by other BoNTs (VAMPs 1-5 and
Ykt6) (Zhang et al., 2017; Asnawi, 2021). Despite its broad specificity, it is unable to
cleave VAMP7, VAMPS8 and Sec22B which demonstrates that it does have a limited
action (Zhang et al., 2017; Asnawi, 2021). We have demonstrated that BoNT/X
cleaves VAMPs 1-4 and Ykt6 in vivo, and causes severe defects in intracellular
trafficking. Intoxicated cells cause significant reductions in transferrin uptake due to a
loss of surface transferrin receptor levels. Additionally, the delivery of newly
synthesised proteins to the plasma membrane is perturbed, as there is a loss of
soluble cargo and secretory cargo (CD8 and CD63) on the plasma membrane. We
generated R-SNARES that resist cleavage by BoNT/X to establish if these phenotypes
are specific to R-SNARE cleavage. VAMP3 was able to partially rescue these
phenotypes, along with some rescue in other post-Golgi SNAREs VAMP2 and VAMPS.
Surprisingly Ykt6 was able to rescue despite not previously having an established role
in these pathways. We established that these assays can be used to investigate
disease-causing mutations in VAMP3, as well as structural mutations. These resulted
in partial rescues or loss of function, which provides insight into important residues
required for SNARE function.

In addition to gross abnormalities in intracellular trafficking, we wanted to establish if
these defects would impact cell viability. We know that intoxicated cells appear to
reduce in number and round up, however they remain viable at 16 hrs. We developed
cell lines expressing the LC/X via a tet-inducible promoter to observe cell viability over
a longer period of time. We observed using these cell lines and by electroporation of
recombinant LC/X protein that at 24 hours post-intoxication there are significant
populations of dead cells due to apoptosis, and by 40 h most cells are dead. This can
however be rescued by overexpression of the cleavage resistant VAMP3 and Ykt6,
suggesting that it is due to SNAREs. As cell numbers in intoxicated samples were
reduced, we investigated the impact of intoxication on the cell cycle. Intoxicated HeLa

cells appear to accumulate in G2 and are unable to progress through mitosis. In THP-

129



1 cells intoxication results in bi-nucleated cells that then proceed to die prior to cell
division.
4.1 Mitochondrially targeted SNARES as new reporters of LC activity

As studies have shown, BoNT/X targets SNAREs not currently targeted by other
BoNTs. To assess LC activity, we successfully created an assay where we tagged
SNAREs with GFP and a MAO to tether the construct to mitochondria. When the
SNARE is cleaved the GFP is released from the mitochondria anchor and becomes
cytoplasmic. We have used this assay to easily assess cleavage of SNAREs by
microscopy or western blotting, demonstrating the substrate specificity of LC/X. We
have also used this assay to help develop cleavage resistant SNARES, demonstrating
its utility. There are several methods currently utilised to assess toxin activity (Rasetti-
Escargueil and Popoff, 2022). For example, immunosensors, where the substrate
(SNAP-25/VAMP?2) is immobilised on a sensor and the BONT flows across it. It is a
very sensitive method that does not require large quantities of material and has a
comparable sensitivity to the mouse bioassay (Patel et al., 2017), however they are
more suited to measuring activity rather than substrate specificity. There are also
FRET-based assays, which are effective at assessing cleavage however are known
to have photobleaching/bleedthrough effects and are not as good to use in fixed cells,
which may limit their application (Berney and Danuser, 2003). Mass spectrometry is
an excellent tool to detect serotypes and any subtypes, however it relies upon the
existence of an antibody against that serotype, which works well for well-characterised
and studied serotypes such as BONT/A (Barr et al., 2005). To measure LC activity,
Endopeptidase-MS assays have been developed, and can detect the cleaved peptide
and cleavage site based on the fragment sizes (Barr et al., 2005; Boyer et al., 2005).
The endopeptidase-ELISA is highly effective at monitoring cleavage of SNAP-25 and
VAMP2, however it relies on the availability of suitable antibodies (Michalik et al.,
1986). Current cell-based assays are time consuming and technically challenging, and
whilst they are sensitive and can accurately measure BoNT activity, they are not
designed as tools to quickly screen substrate cleavage for novel serotypes/subtypes
that may target non-conventional substrates. The main advantage of our assay over
other existing assays such as immunoassays and FRET-based assays is that it is fast,
cheap, and simple to perform. One major challenge when looking at the cleavage of

VAMPs, is that they get degraded after cleavage. By adding the GFP tag we can
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protect the cleavage product from degradation, making it easier to monitor (Rust et al.,
2017). There are some limitations of this approach; for example, we have not
developed approaches to quantify the assay, and have only utilised the assay to

monitor activity of the light chain rather than the full-length toxin.

It has previously been shown that SNARES can be mutated to resist cleavage by other
BoNTs (Pellizzari et al., 1996; Regazzi et al., 1996; Peng et al., 2013). To establish if
we can make R-SNARESs resistant to cleavage by LC/X, VT mutations were introduced
to the cleavage site of the R-SNAREs. We have shown that by mutating the cleavage
site of the R-SNARES they are able to resist cleavage, however these mutations are
specific to these residues as other mutations were tested that either offered partial
resistance or caused the R-SNARE to mis-localise (unpublished, Peden Lab).
Interestingly, we discovered that whilst the R-SNARES were resistant to cleavage by
LC/X, the VAMP4VT appeared to cleave when exposed to higher levels of intoxication.
This partial cleavage could be explained if there is an alternative cleavage site or
conformational change that makes the protein more sensitive to cleavage. Further
analysis such as by mass-spectrometry to determine the cleavage fragments/residues
could be interesting, as reengineered toxins have been made to display more specific
cleavage (Blum et al., 2021), therefore understanding the residues and interactions

involved could help for future studies.
4.2 BoNT/X can be used to explore the function of SNARES in intracellular trafficking

LC/X intoxication causes dramatic defects transferrin receptor trafficking and blocks
the transport of cargo from the Golgi to the plasma membrane. Cleavage resistant
SNARESs are able to rescue the phenotypes caused by LC intoxication and Ykt6 is
most effective at this. However, it is unclear whether Ykt6 normally acts on these
pathways. It should be noted that cells reconstituted with Ykt6 take up significantly
more transferrin compared to that of the non-intoxicated cells and the total levels of
the TF-R are not fully restored by Ykt6 expression suggesting that the transferrin
receptor trafficking is not normal in the rescued cells. Thus, in the future it will be

important to carefully measure TF-R endocytosis and/or recycling kinetics.

LC/X intoxication disrupts CD63 trafficking and significantly reduces its cell surface
levels. CD63 is a key molecule involved in exosome secretion (Escola et al., 1998) so

it will be interesting to determine whether LC/X intoxication blocks exosome secretion.
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If this is the case it may have interesting implications to cancer signalling (Ruiz-
Martinez et al., 2016).

Surprisingly, VAMPs 2-3 and 8 failed to rescue the secretion of our soluble secretory
reporter in LC/X intoxicated cells. However, we only observed a partial rescue for Ykt6
in this assay suggesting that there may have been technical issues with these

experiments.
4.3 Why does LC/X intoxication cause cytotoxicity and impact cell survival?

We have shown that LC/X intoxication causes caspase 3 and 7 activation, and
apoptosis in immortal cell lines. Intoxicated cells remain viable at 16 h post-induction,
however by 40 h almost all cells are dead. These phenotypes can be partially rescued
by re-expression of Ykt6 and VAMP3 suggesting that these SNARES play an important
role in this process. At present it is unclear why loss of these SNARES is causing
caspase 3/7 activation and cell death. It could be because their loss leads to defects

in:

1. The ability of cells to respond to mitogenic signals as receptor trafficking is
perturbed.

2. The adherence of cells caused by changes in integrin trafficking.

3. Biosynthetic transport which causes acute ER stress.

4. Nuclear envelope and/or endomembrane reassembly after cell division.

However, it is also possible that these SNAREs have additional non-fusogenic roles

which are separate from their role in membrane trafficking.

When we look at cytotoxicity of BONTS, not many cause cytotoxicity and are generally
well tolerated, hence their use therapeutically. However, despite this, BONT/C and
BoNT/E have shown cytotoxicity and neurodegeneration in hippocampal and motor
neurons (Peng et al., 2013). As BoNT/X acts on numerous SNARES, we hypothesised
that it may impact cell survival. This reduction in cell viability appears to be at least
partially rescued by Ykt6 and VAMP3 that have been mutated to resist cleavage by
the LC. This suggests that these R-SNAREs may be involved in cell survival. It is not
yet known the long-term impact of these rescues, or the impact of combinatory
resistant SNAREs, as different SNAREs may be involved in multiple stages of

membrane fusion that is essential for cell survival. We do not yet know the exact cause
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of apoptosis induction in BoNT/X intoxicated cells. The loss of R-SNAREs could be
causing ER stress due to the block in ER-Golgi trafficking and therefore accumulation
of proteins in the ER, as this is seen when cells are treated with Brefeldin A and when
SNAREs involved in ER-Golgi trafficking such as Syntaxin 5 are cleaved (Lippincott-
Schwartz et al., 1989; Lowe et al., 2004). There may also be an impairment in cell
division, accounting for the bi-nucleated cells we observed as R-SNAREs such as
VAMPS8 have been implicated in cytokinesis (Low et al., 2003; Mukai et al., 2008).
Another possible cause of apoptosis could be defects in typical cell autophagy, as
Ykt6 is involved in autophagosome-lysosome fusion (Takats et al., 2018), which may
be perturbed in intoxicated cells. The phenotypes observed may also not be directly a
result of their fusogenic properties as SNARESs, and so could be caused by another

mechanism.
4.4 Can we use LC/X as a tool to dissect SNARE function and structure?

Studying the function of R-SNARESs has been challenging because their disruption in
cells and/or whole organisms often does not yield the anticipated results. For example,
loss of VAMP3 causes no gross abnormalities in mice (Yang, Mora, et al., 2001),
where mice remain viable, similar observations have been seen with VAMP7 and
VAMP4 (Sato et al.,, 2011; lvanova et al., 2021). In addition, disruption of some
SNARES such as Ykt6 leads to embryonic lethality (/International Mouse Phenotyping

Consortium, no date) which also makes them challenging to study.

The genetic reconstitution assay we have developed is relatively simple and should
be less impacted by issues of compensation often seen with RNAi or CRISPR based
approaches (Pereira et al., 2023). Using this approach we have shown that cleavage

resistant SNARES can rescue a range of LC/X induced phenotypes.

In addition to studying the function of SNARES, using this approach we have shown
that Ykt6 needs to be lipidated to function, which is in agreement with the current
literature indicating that Ykt6 must cycle on and off membranes to function (Fukasawa
et al., 2004). By mutating residues within the structure of Ykt6 we can begin to uncover
residues that are functionally important. Recently a disease-causing Ykt6 mutant was
discovered, demonstrating that understanding mutations in SNAREs could be of
benefit for understanding how they contribute to function and disease (Ma et al.,
2024).
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We mutated VAMP3VT to include disease-causing mutations and structure/function
indicated mutations: V30A/M33A, S58P, R39Q, W71A/W72A and a C-terminally
tagged VAMP3 (Sutton et al., 1998; Katz and Brennwald, 2000; Graham et al., 2001;
Scales, Yoo and Scheller, 2001; Harel et al., 2008; Gordon et al., 2009; Miller et al.,
2011; Salpietro et al., 2019). Surprisingly, we observed that R39Q, V30A/M33A and
W71A/WT72A were able to partially rescue transferrin uptake suggesting that these
residues are not essential for VAMP3 to function, however, we did not carefully look
at TF-R trafficking kinetics. The S58P and the C-terminally tagged VAMP3 mutants
failed to rescue transferrin uptake, suggesting that the disease-causing mutation in
VAMP2 (S75P) when applied to VAMP3 blocks the ability of VAMP3 to drive
membrane fusion providing novel insight into the role of this mutation in the
neurodevelopmental disorder (Salpietro et al., 2019). The C-terminally tagged VAMP3
construct has a normal steady state localisation and has been extremely useful in
elucidating how VAMP3 is trafficked (Gordon et al., 2009; Miller et al., 2011). However,
it is clearly non-functional so care must be taken when using these types of constructs
to study R-SNARE biology (Miller et al., 2011; Verboogen et al., 2017). The C-
terminally tagged R-SNARE constructs are still capable of forming SNARE complexes

(Gordon et al., 2009; Verboogen et al., 2017). However, they must not be fusogenic.
4.5 Does making R-SNARESs resistant to BONT/X impact their function?

It has recently been shown that the phosphorylation of serine residue (S174) in the
SNARE domain of Ykt6 regulates its activity (Karuna M et al., 2020). To create a
BoNT/X cleavage resistant version of Ykt6, we mutated the cleavage site at
K173V/S174T. As this is localised at residues possibly essential for function, we
guestioned if this could be forcing the molecule into a permanently active conformation?
We know that Ykt6 cycles on and off membranes to function (Fukasawa et al., 2004).
The steady-state localisation of the VT construct suggests that the mutation does not
appear to have grossly impacted this feature as the protein remains largely cytosolic,
contrasting to an FtoE mutation (F42E) (Fukasawa et al., 2004) which drives the
protein to membranes (data not shown). Whilst this does not impact our studies into
the action of the LC/X, mutations in Ykt6 should be studied to further dissect the

function and modifications made to the protein for further functional studies.
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4.6 Future work

To further enhance this work, the VAMP-MAOQO assay can be developed in neuronal
cell lines and used to test the cleavage of SNARESs using full length purified proteins.
Using neuronal cell and primary cell models for the rescue and functional experiments

will allow us to assess the impact of LC/X intoxication on a more relevant cell model.

To further understand the effect of BONT/X intoxication on cell viability, studies that
look at the impact of rescue experiments over a longer time course would provide
useful information to determine if these pathways are essential for survival. To monitor
in real-time the impact of intoxication in cell cycle progression and cell survival, live
imaging could be used to establish membrane integrity and nuclear content, as well
as observing nuclear envelope formation. To confirm the cell cycle arrest seen, and
establish if it is reversible, the experiments should be repeated with known cell cycle

inhibitor drugs, and different cell synchronisation methods.

It will be useful to conduct assays using the full length BONT/X protein, or chimeric
versions using the binding domain of BONT/A or BoNT/B as BoNT/X is not known to
bind, to study the impact of the binding and translocation domains on the activity of
the light chain. The light chain in isolation could behave differently, where there may
be upstream effects of the rest of the protein that affect the activity or availability for

the light chain to function.

Our rescue experiments in this study involve using N-terminally tagged R-SNAREs.
Previous studies have utilised a VAMP3 that is C-terminally tagged, and demonstrate
the ability for the VAMP to traffic and localise as expected (Gordon et al., 2009; Miller
et al., 2011). Interestingly, in our study the C-terminally tagged VAMP3VT was unable
to rescue, however it expresses as expected which could indicate that the placement
of the tag can change its interactions in forming SNARE complexes and function within
cells. Whilst some of these mutations restore function in this assay, further work
should be carried out to establish SNARE complex formation and fusion with these

mutants.
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4.7 Summary

In conclusion, we have shown that LC/X intoxication causes pleiotropic defects in
intracellular trafficking and eventually triggers caspase mediated apoptosis. These
phenotypes can be rescued using cleavage resistant SNARESs indicating that these
phenotypes are specific to SNARE proteolysis. Combining cleavage resistant
SNAREs with LC/X intoxication has allowed the development of a simple and robust
genetic reconstitution assay which have made it possible to explore the role of R-
SNAREs in post-Golgi trafficking. Using this approach we have uncovered an
unexpected role for Ykt6 in transferrin receptor trafficking and identified key residues
in VAMP3 important for its function. At present it is unclear why the loss of these R-
SNAREsS leads to caspase mediated cell death. However, it is clear that the light chain
of BONT/X will be a novel and exciting tool to explore the role of SNAREs in this
process. In the longer term this information will be key to determining whether BoNT/X

has the potential to be a novel therapeutic.
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