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Abstract

Soluble NSF attachment protein receptors (SNARES) are the core machinery involved in membrane fusion.
There are 39 SNAREs in humans that drive the fusion of different membranes and intracellular
compartments, however, the machinery that regulates fusiotwieen postGolgi vesicles and the plasma
membrane remains unclear. Syntaxin 19 (STX19) is a poorly characteris€aioghgissNARE that localises

to tubular recycling endosomes and the plasma membrane. There is limited literature describing the
function of STX19 but previous studies have suggested a role in the secretion of soluble and membrane
anchored cargos. It remains unclear which pathways STX19 functions on and how STX19 function is

regulated.

The main aim of this study was to gain insight into thecfion and regulation of STX19. To do so, we
used mitochondrial reouting assays to investigate potential STX19 interactors. We found that STX19 is
likely regulated by Munc1& through interaction at a wettonserved peptide in the STX1aé¥minus.

We abko validated the STX19 interaction with kinetochtwealised protein, ZWINT, and spectraplakin
protein, Dystonin (DST). Additionally, we used overexpression studies to analyse the effect of STX19
expression on its SNARE binding partners and different admental markers. STX19 expression alters

the steadystate distribution of VAMP8 and lysosomal markers, CD63 and LAMP1. We also found STX19
expression results in a striking reduction in the levels of autophagosomal markers, LC3 and P62 suggesting

STX19 ray function in an autophagglependent pathway.

Finally, we have established a physiological model for studying STX19 function based on human
keratinocytes. We found that STX19 is expressed upon caloidueed differentiation and localises to
distinct polarised regions of the plasma membrane in support of Spkiehg a role in the fusion of
vesicles with the plasma membrane. Excitingly, we found that STX19 localises in close proximity to the

activated serine/threonine kinase, AKT suggesting that STX19 could functiondepdfiient pathways.
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Chapterl

Introduction



1.1 Overview of the secretory pathway

First described by Palade in 1975, the secretory pathway plays a vital role in all eukaryo(fRatatle,

1975) This fundamental process is crucial for the survival and normal homeostasis of cells, as well as
underpinning more specialised cellular functorFor example, all cells secrete extracellular matrix
proteins that provide a physical scaffold to build tissues and organs whilst the B cells in our immune
systems secrete antibodies to fight infection and pancreatic acini secrete enzymes to aid difjesiiyn

1985)

The pathway begins with protein synthesis on ribosomes and recognition of a signal peptide by receptors
on endoplasmic reticulum (ER) membrariPeshaies and Schekman, 1987)oteins cdranslationally

enter the ER where protein folding, pesanslation modifications, andjuality control take place.
Proteins are subsequently trafficked to-BRIgi intermediate compartment (ERGIC) membranes via COPII
coated vesiclegBarloweet al,, 1994) From here, proteins advance through the Golgi andargo post
transcriptional modifications such as glycoslation, sulfation, and phosphorylation. At theGiags
network (TGN), proteins are sorted for their destination and packaged into ve@itdeer and Reinhard,
2002) These vesicles are trafficked along microtubule networks to the plasma membrane where they are
tethered and docked. Finally, SNAREdiated fusion releases the proteins into the extracellular space or

inselts the protein into the plasma membrarf€hen and Scheller, 2001)
1.1.1 Early research on the secretory pathway

Our understanding of the secretory pathway started over 100 years ago with the discovery of the Golgi
complex by Camillo Golgi in 189Advances in electron microscopy (EM) and cell fractionation during the
40s and 50s led to further discoveries. Porter, Claude, and Fullham used EM to visualise cellular
ultrastructure and described the ladike reticulum of the ER in 194Porter, Claude and Fullam, 1945)
Building on their work, Siekevitz and Palade began to uncover the secretory pathway in 1958 when they
injected guinegpigs with radioactive leucine and isolated cell fractions from secretory pancreatic acinar
cells. Purification of radioactive digestive enzyme chymotrypsinogen at different time points following
injection revealed that the enzyme first appeared in ER iibastand eventually became concentrated in
specialised secretory granuléSiekevitz and Palade, 138Combining this approach with EM in 1964,
Caro and Palade also uncovered the intermediate stages of the secretory pasinweyng that the
radioactive enzyme is also transported through the G@@giro and Palade, 1964)sing these methods,
Jamieson and Palade published a series of papers in the late 60s/early 70s further defining the role of
vesicles, the kinetics,na the metabolic requirements of secretory protein transport from the ER to
secretory granules via the Gol@lamieson and Palade, 196 Palade went on to fully describe the

vesicular model of theecretory pathway in 1978°alade, 1975)



With the stages of the secretory pathway defined, the field set out to elucidate the molecular mechanisms

that were involved in protein secretion in the 70s and 80s.

Fundamental yeast genetic analysis by Novick@ettekman in 1979 led to the discovery of proteins (sec
proteins) required for different stages of secretion. Novick and Schekman first reported a temperature
sensitive secretion deficient strain of yeast that, when incubated at 37 °C, accumulates intaacell
vesicles containing the secretory enzyme, acid phosphatase. Incubation atrasigotive temperature

led to a reduction in the accumulated vesicles and the enzyme was sedfétaick and Schekman,
1979) From there, Novick and Schekman determined that, whilst the mutant yeast has an accumulation
of vesicles, the overall size did not change, meaning that secretory mutant strains were denser than
wildtype strains. This lmwed them to isolate secretory deficient cells from wildtype cells along a density
gradient. This work ultimately led to the identification of 23 genes required for secretion at different

stages of the secretory pathwgiovick, Field and Schekman, 1980)

Meanwhile, the Rothman lab set out to determine the molecular mechanisms of the secretdnygat
using a celfree in vitro reconstitution assay. They utilised mutant CHO cells that lacked Golgi enzyme,
GlcNAeransferase |, which resides in the medial Golgi compartment and is required for the addition of
GIcNACc to form complex oligosaccharides. Mutant CHO cells were infeittedesicular stomatitis virus
(VSV) in order to study the transport of VSV encoded G protein®@)8Mich has GIcNAc added when it
reaches the medial compartment of the Golgi. Golgi compartments from mutant infected CHO cells and
wildtype cells were idated by fractionation and mixeth vitro. This allowed VS® protein to be
transported from mutant donor compartments to wildtype acceptor compartments that did contain the
enzyme and thus were able to add GIcNAc to the G protein. Measuring the amouBicNAC
incorporated G protein gave a measure of the rate of transport from the donor compartment to the
acceptor compartmen(Braellet al,, 1984) Combining this assayith the used of radioactive GIcNAc and
EM, Balch and Rothman went on to determine the stages of transport and were able to reconstitute
vesicle budding, attachment, and fusionvitro, thus confirming vesicular transport of secretory proteins
(Balchet al.,, 1984; Balch, Glick and Rothman, 1984)th an understanding of the mechanisms of the
secretory pathway forming, continued research further uncovered the molecular detagsanétion

including the identification of SNARE$10mas Sdllnest al., 1993)
1.1.2 Constitutive vs regulated secretion

Whilst secretory proteins follow the same general pathway todéksurface, secretion can be separated
into two typesc constitutive and regulated. Constitutive secretion is the continuous release of proteins
without any extracellular cue, the rate of which is regulated by only protein production. Also known as

bulk flow, proteins that are constitutively secreted lack export signals and flow through the pathway
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without dependency on receptors for cargo sortifiBurgess and Kelly, 198 Brevention of misfolded
constitutive secretory proteins from being released relies on recognition dbidisg and retention in
the ER by EResident chaperonegBarlowe and Helenius, 20160his type of secretion is important for
general cell homeostasis as well as other specialised functions suieh eelease of cytokines by immune

cells and albumin by hepatocytes.

Regulated secretion is secretion of proteins coupled to an extracellular stimulus. This leads to an increase
in intracellular C& resulting in vesicle fusion. Proteins that underggukated secretion contain export
signals that sort them into specific secretory vesicles at the TGN. Certain secretory cells, such as endocrine
and exocrine cells, have specialised vesicles known as secretory granules. Secretory granules are typically
larger than vesicles and can be distinguished by EM as having an electron dense core. Proteins can be
concentrated into secretory granules with a 2f20d increase in concentration from the ER, as opposed

to a 2fold increase in constitutive secretory vesicl€glls accumulate secretory granules in the cytoplasm
under the plasma membrane. Concentrated protein in accumulated granules allows for rapid secretion
of a large amount of protein in response to extracellular stimuli. A variety of extracellular stiamuli

trigger regulated secretion. Electrical signals in neurons stimulate the release of neurotransmitters at the
aeylLlasSz IyR RS(GSOGA2y 2F of22R 3t dz024aS f S@St a
(Burgess and Kelly, 1987; Tooze, 1998)

1.1.3 PostGolgi trafficking

The transGolgi network is the main cargo sorting station in which proteins are packed into different
transport carriers and targeted to various destinations. Cargo easopted into vesicles or tubules that

are constitutively formed. Adaptor proteins play a fundamental role in this process by recognising sorting
motifs on cargdGuoet al., 2014) 5 adaptors belonging to the adaptor protein (AP) family have been
identified in eukaryotes. AR and AP2 bindand concentrate cargo into vesicles whilst recruiting the
clathrin lattice responsible for vesicle budding -ARucilitates a direct trafficking pathway from the TGN

to the plasma membrane whereas #&Hs involved in vesicle formation at the plasma meama during
endocytosigHirst and Robinson, 1998)\R3 facilitates trafficking from the TGN to lysosomes, however
whether AR3 binds clathrin remains controversi@@edenet al., 2002) AR4 does not bind clathrin and is
thought to be responsible for the trafficking of specific cargo proteins from the TGN to endosomes such
as amyloid precursor protein (APFRobinson, 2004; Guet al., 2014) AR5 is the most recently
discovered adaptor protein and thought to play a role in retrieval of the catidependent mannosé-
phosphate receptor (@MPR) from the lysosome to the T@EHNirstet al., 2018) Other clathrirassociated
adaptors includeGolgilocalized, gamma&ar-containing, Arf binding protein€5GAs) and epsimelated

proteins that mediate transport from the TGN to endosoni@sioet al., 2014)



Once cargo is sorted and packaged, vesitddfic to the target membrane along microtubules. The fast
growing plus end of the microtubule usually extends towards the cell periphery whilst the minus end is
anchored by centrosomes at the cell cortex. Motors facilitate the movement of vesicles along
microtubules with kinesin moving towards the plus end and dynein towards the minugendwed in

Barlan and Gelfand, 2017)

Vesicles are subsequently tethered to target membranes by tethering complexes. Tethering occurs
through interaction of the complex with coat proteins and phospholiids et al,, 2007) PostGolgi
tethering complex, the exocyst, is recruited to the membrane by-Eild Rab8 and tethers vesicles

arriving from the TGN to the plasma membrg@uoet al., 1999; Whyte and Munro, 2002)

Vesicle fusion immediately follows tethering. Different SNAREs reside in specific subcellular
compartments. Syntaxin (STX) 1 and STX 2 mediate fusidre gtldsma membrane whereas STX7
mediates fusion with the lysosonf@ahn and Scheller, 2008he specificity that SNARESs confer to vesicle
trafficking is still debated, however, polarised cells require different SNARE complexes for polarised
trafficking. STX3 is localised and mediates fusion at the apical membrameagsHeT X4 mediates fusion

at the basolateral membran@_owet al, 1996) Similarly in neurons, STX3 mediates fusion at axonal

membranes whilst STX4 does so at somadendritic membr@ws Hoaet al., 2016)
1.1.4 Recycling pathways

After delivery to the cell surface, membrane proteins such as signalling receptors, as well as extracellular
materials, and lipids can all be internalised within the cell via endocytosis. Internalisation of cargo is
important for many physiological processs such as signal transduction and nutrient uptake. There are a
variety of endocytic mechanisms which can be broadly classified as clddpendent endocytosis (CDE)

or clathrinrindependent endocytosis (CIE). Clathaispendent endocytosis relies of tHermation of
clathrin-coated pits facilitated by AP which leads to membrane invagination and the formation of
endocytic vesicles. Clathrindependent endocytosis includes an array of mechanisms that do not rely on
clathrin-coated pits, such as caveoldermation, phagocytosis, macropinocytosis, and fudsthrin

coated pit formation(reviewed inGrart and Donaldson, 2009)

After endocytosis, proteins havihree fates. They can be trafficked to lysosomes to be degraded
recycled back to the cell surfacer trafficked through a rebgrade pathway to the Ggi. Proteins
destined for degradation are endocytosed into early endosomes and labelled for déigradsy
ubiquitinylation. The ESCRT family of protein complexes functions to sort ubiquitinylated proteins into a
degradative subdomain of the early endosome. This domain ultimately forms intraluminal vesicles (ILVs)

as early endosomes mature into late exsdmes. From here, late endosomes fuse with lysosomes to form



an endolysosomal compartment that provides the right acidic environment for protein degradation

(reviewed inCullen and Steinberg, 2018)

Alternatively, proteins can be recycled back to the cell surface. Recycling maintains proper protein and
lipid composition at the cell stace and is essential for various processes including cell division,
maintaining polarity, and migration. Recycling can also influence signalling outputs by mediating the
intracellular residence time of signalling receptors or altering transport ratascrease or decrease cell

surface expressiofMaxfield and McGraw, 2004; Grant and Donaldson, 2009)
1.1.4.1 Fast recycling

Fast recycling traffics endocytosed proteins from the early endosome directly to the plasma membrane.
Rab proteins make up the largest subfamily of small GTPases and, in concert with their effectors, are
known to ceordinate various stages of transport thugh different trafficking pathway@igure %1, Zerial

and McBride, 2001)Rab4 was initially identified as having a role in transferrin receptor (Tfr) recycling and

is considered a regulator of rapid recyclifgan der Sluijgt al., 1992; Sonnichseet al., 2000) Further

studies supported this showing that dominant negative forms of Rab4 reduce Tfr and EGF recycling
(McCaffreyet al, 20010 wl on gt a Ffaz2 akKz2gy G2 YSRAFGS GKS N
(B2AR) within 1 minute of ligardduced endocytosigYudowskiet al, 2009) There is, however,
contradicting evidence for the role of Rab4. Studies on Rab4 and its effector rabagiiowed that
knockdown of Rab4 increased recycling of (Dienekaet al., 2003) This suggests there may be other

ways in which Rab4 regulates recycling and its specific roles remain unclear.

Rab35 has also been identified as a regulator of rapid recycling.-€hdse experiments in HelLa cells
demonstrated expressioaf a dominant negative mutant of Rab35 impairs rapid Tfr recycling with chase
times of 5 minutes or less, but not the slow trafficking with chase times of 15 minutes or(Kaueanti

et al, 2006) Rab35 was also shown to mediate the recycling of yolk receptdts #leganss Rab35
mutants exhilited perturbed yolk receptor recycling. This phenotype was exaggerated with additional
knockdown of Rab11 suggesting that Rab35 acts in a parallel pathway to (Saibddt al,, 2008) Since

Rab11 is known to regulate slow receptor recycling, this evidence is consistent with the idea that Rab35

regulates fast recycling.
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Figure 1-1: Map of intracellular Rab protein localisations. Figure taken from Zerial and
McBride, 2001. Nature Reviews Molecular Cell Biology. Members of the small GTPase Rab
protein family localise to different trafficking pathways to regulate transport through different

compartments. Some rabs are cell type specific (e.g.

Rab3a in neurons) and tissue-specific

(e.g. Rab17 in epithelial tissues). Green compartments represent endocytic and recycling
pathways. Blue compartments represent exocytotic pathways. CCV, clathrin-coated vesicle;
CCP, clathrin-coated pit; EC, epithelial cells; IC, ER-Golgi intermediate compartment; M,
melanosomes; MTOC, microtubule-organizing centre; SG, secretory granules; SV, synaptic
vesicles; T, T-cell granules; TGN, trans-Golgi nextwork.



1.1.4.2 Slow recycling

Proteins on the slow recycling route are endocytosed into the early endosome and subsequently
trafficked through an endosomal recycling compartment (ERC) before reaching the cell surface. The ERC
has been described as group of tubular and vesicular structures that often condense around the
microtubule organising centre (MTOC), however the exact moggyolemains unclear. Super resolution
microscopy has been used to show that the ERC may not be a singular membrane bound organelle but
rather a complex arrangement of independent endosomal membranes which may be linked by

membrane bridgeg¢Xieet al., 2016)

How proteins are sort@ into a slow recycling pathway and the ERC remains poorly understood.
Membranebound proteins may sort by a geometiopased mechanism. The tubulation of membranes at
the early endosome results in a recycling subdomain in which there is a high membraatidevratio
compared to the vesicular portion. Membraf®und proteins are generally sorted with the bulk flow of
membrane into the tubular domains whilst proteins with a ubiquitin sorting signal are sorted into the
vesicular degradative domains. Evidefmethis model came from visualising distinct membrane domains
of the ERC marked by Rab GTPases that regulate different parts of the p&8tmaychsert al,, 2000)
Rabl11, a known regulator and marker of the ER&y also play a central role in sorting. Campa et al.,
describe a model in which the generation of PI3Rclayhrin-binding phosphoinositide -Binase class 2
alpha (PI3K H Neads to the activation of Rab1ll on sorting endosomal membranes. Rabll in turn
recruits phosphatidylinositol $hosphatase myotubularin 1 (MTMX3hich hydrolyses PI3P. The
reduction in PI3P allows vesicle fission and the transport of cargo from the early sorting endosome to the

Rabl11positive ERQCampeet al.,, 2018)

In addition to entry into the recycling patfay, Rab11 regulates recycling from the ERC to the cell surface.
Early studies identified Rabl1ll to have a role in Tfr recydlifgich et al, 1996)and analysis of
constitutively active and dominant negative mutants demonstrated that activation of Rab11 is required
for recycling through the ERRenet al, 1998) Rabll exerts its effects through the Rabl11l family of
interacting proteins (FIPs) which play roles in targeting Raiokltive vesicles to thplasma membrane.

Studies in baby hamster kidney (BHK) cells demonstrated that truncation of the C2 domain of FIPs impairs
Tfr recycling and Rab11/FIPs complexes promote vesicle docking on mem{rarssyet al, 2002;

Lindsay and McCaffrey, 20040lass | FIRRab coupling protein (RCP), has been shown to interact with
Rabl11 to mediate the sorting of Tfr. RCP knockdown leads to degradation of Tfr suggesting that RCP acts
to sort Tfr into the recycling pathway and avoid a degradative (laeelenet al., 2004)



Recycling to the cell surface may depend on the mechanism by which protemsdeytosed. Following
either CDE or CIE cargo using high resolution microscopy, Xie et al., demonstrated that CIE cargo remains
separate from RabZlpositive regions at the ERC and is recycled to the cell surface through tubular

recycling endosomes (TREX)eet al.,, 2016)
1.1.5 Rab8

One Rab protein that regulates recycling through the clatimitependent tubular recycling endosomal
compartment is Rab8. There are two isoforms of Rab8, Rab8a and Rab8b, which share 83 % identity. The
different roles the two isoforms play i®twell defined and therefore, both isoforms shall be referred to

as Rab8. Rab8 has a number of roles in various processes including recycling pathways, epithelial
polarisation, cell migration, and ciliogenegRe&nen, 2011) Subcellularly, Rab8 localises to tubular
recycling endosomes (TRESs) where it mediates the recycling of clatiependent endocytosed cargos

such as integring (-integrins) and GPAnchored proteins (CD55 and CD@3dattulaet al., 2006; Koubek

and Santy, 2018Expression of a constitutively active form of Rab8 results-loaalisation of 1-integrin

and Rb8 on TREs. Expression of dominant negative forms of Rab8 lead to accumuliafiontegrin in
vacuoles suggesting Rab8 medidtdsintegrin recycling through the TREs. Rab8 has also been shown to
partially celocalise with the transferrin receptor (Rj on TRES. Inhibition of Rab8 results in the trapping

of TrfR in the endosomal recycling compartment (ER@&dtulaet al.,, 2006)

Rab8 recruitment to TREs is mediated by MICALRab8 céocalises with MICALL on TREs and
depletion of MICAIL1 results in dissociation of Rab8 from this compartm@fttarmaet al., 2009a)
Additionally, MICAIL1 functionally links Rab8 and EHD1 to TREs to mediate receptoling{fgahajeng

et al, 2012) It has also been shown that Rab35 acts as a master regulator to promote MICAL

recruitment and subsequently Rab8 recruitment to TRE&bayashet al., 2014)

As well as receptor recycling, Rab8 has been shown to have roles in membrane protrusion formation.
Using live celimaging, Hattula et al., demonstrated that Rab8 localises macropinosomes at the ruffling
surface of the plasma membran8ubsequently, these structures form tubular recycling endosomes
which mediate Rab®ositive membrane recycling back to the cell surface to promote lamellipodia
formation (Hattulaet al., 2006) This pathway is also defined by Arf6. Arf6 also localises to TREs and is
known to mediate recycling of clathindependent endocytosed cardgysteret al., 2009) Arfé and Rab8

have been shown to eclocalise to thesame TREs. Expressing a constitutively active form of Arf6 inhibits
the formation of Rab&ositive TREs and inhibits cell surface extension formation promoted by a Rab8
constitutively active mutant. Expression of a dominant negative Arf6 mutant allowsipent Rab8
positive TRE formatiofHattulaet al., 2006) This suggests that Arf6 acts upstream of Rab8 to regulate its

function in membrane recycling and membrane protrusion formation.



The role for Rab8 in membrane protrusion formation is important in cell migration. It has been shown
that expression of Rabgromotes cell invasiveness in 3D matrices as well as loss of contact inhibition
(BraveCorderoet al., 2007) Rab8 has been shown to mediate actin and focal adhesionganisation.
High-content analysis of actin and focal adhesions showed that Rab8 induces activation of Racl and
TiamZdependent actin polymerisation and focal adhesion disassef@rgveCorderoet al., 2016) This

suggests a role for Rab8 in driving cell motility.

Rab8 is also a key player in epithelial polarisation. Rab8 hasdwswn to mediate recycling of apical
proteins in epithelial cellsn viva Knockout of Rab8 leads to an accumulation of apical proteins in
vacuoles. Rab8 knockout mice demonstrate a microvillus inclusion phenotype consistent with the loss of
apical traffiking (Satoet al, 2007) Additionally, Rab8, in concert with Rag8ecific GEF Rabin8 and
Rab11, have been shown to regulate apical trafficking and lumen fayma&nalysis of lumen formation

after combinatorial knockdown of Rab8 with or without Rab11 knockdown suggested Rabl1l functions
upstream of Rab8 to regulate lumen formation. Rab8 internalisation and turnover by GRAF1 has also been
shown to be important irestablishing the polarity axis. GRAF1 has been shown to remove active Rab8
from the cell surface into TREs. Depletion of GRAF1 results in Rab8 accumulation in the tips of membrane
protrusions in HeLa cells and impairs luminal polarity in MDCK cells gr@kncultures. Taken together,

this data suggests that Rab8 endocytosis by GRAFL1 is important in establishing epithelial (Madkdity
Quadraset al,, 2017)

Rab8 also regulates polarised vesicle trafficking during ciliogenesis. Rab8 was originally identified to have
a role in trafficking rhdopsincontaining vesicles to primary cilia in photorecept@vkoritz et al., 2001)

It was later identified in screens to be located at primary cilia in serum starveqattburyet al., 2007;
Yoshimureet al, 2007; Westlaket al, 2011) GFRagged Rab8 was shown to enter the primary cilium

and promote extension of the ciliary membrafidachuryet al,, 2007) Depletion of Rab8 inhibited cilia

formation (Westlakeet al., 2011)

As well as receptor and membrane recycling, Rab8 has roles in exocytosimaitiximetalloprotinase
(MT2:-MMP) is secreted from invasive structures during cell migration. -MMP was shown to be
present in Rab®ositive vesicles in invasive structures of invasive NMBA231 adenocarcinoma cells.
Expression of constitutively active Rab8 mutants potes invasion and cell migration, whilst Rab8
knockdown inhibited these processes. This suggested that Rab8 regulated the polarised exocytosis of

MT1-MMP to regulate invasiveness in cancer c@lisaveCorderoet al,, 2007)

Rab8 has also been shown to be required for the docking and fusion of secretory vesicles with the plasma
membrane. Grigoreiv et al., demonstrated using a floometry based assay to measure constitutive

secretion that knockdown of Rab8 results in a sgoredelay. Using live cell imaging and streptavidin
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pulldowns, they showed that Rab8 is recruited to Rabsitive vesicles through interactions with ELKS
and MICAL3. Rab8 was suggested to dock vesicles and mediate fusion with the plasma membrane in

compkex with ELKS and MICAIGEigoriewet al,, 2011)

Finally, Rab8 has been reported to be involved in an unconventional secretory pathway that utilises
autophagic machineryTransforming growth factor beta 1 (TGmMU0O 61 & aK2gy G2 0SS |
positive autophagosomal intermediates. Knockdown of ATG5 abolished the formation of early
autophagosomal intermediates and the secretionT@®dF m® wl oy gl a | fagcoaK2gy
localisedTGF M | YR |y RabB ReAuged lelE of IGM Ay GKS Odz G dzNB & dz
together, this suggested that Rab8 regulates the secretionfT@F M G KNR dz3K |y dzy O?
autophagydependent secretory pathwayNichelet al, 2018) Similarly, Rab8 was shown to drive
autophagydependent secretion of proinflammatory cytokine, interlevhin - LO[® wl 0y gl a a
localise to LC3/Hu positive structures and depletion of Rab8 abolisheahiL & S QDNBoitat Aly

2011)

1.1.6MICAL:L1

MICALL1 is also a marker of TREs. As discussed, MICislrequired for the recruitment of Rab8 to TRES
where it can mediate recycling. MICAL belongs to the molecules interacting with CasL (MICAL) family

of proteins.Members of this family function in a diverse array of cellular processes such as cell division,
axonal growth, angiogenesis, cell migration, and endocytic recycling. There are 5 MICAL family members
in humans, 3 of which are classic MICAL proteins (MIQWICIAL2, and MICAL3) and 2 are MKl
proteins (MICAIL1 and MICAL2)(Giridharan and Caplan, 2014; Frémenal., 2017)

MICALL1 contains a CC domain that mediates association with membranes containing phosphitidic ac
(PA)(Giridhararet al, 2013) as well as Rab proteins including Réb&udaet al., 2008) MICALL1 itself
associates with TREs through PA binding. PA is an essential component of TREs and recruits both MICAL
L1 and syndapin Il (alscnown as PACSIN Il) where they contribute to TRE biogenesis. -MICAL
recruitment to TREs is regulated by small GTPases, Rab35 and Arf6. Rab35 interacts wHHLMICAL
overexpression results in a decrease in the levels of MlQAdssociated with TRE&ahajengt al,, 2012)

Arf6 is a key regulator of CIE cargo recycling through TREs and regulates thatimeaifisMICALL1 and

EHD1. Arf6 depletion leads to decreased levels of MIQAdn TRERahajenget al., 2012) Since Rab35
effectors inactivate Arf@Kannoet al., 2010) Rab35 and Arf6é are thought to function antagonistically to

regulate the recruitment of MICAILL to TREs and receptor recycling.

MICALlike proteins also contain NPF motifs that facilitate their interaction with EHD pratg&iasmaet
al., 2009a) MICALL1 celocalises with EHD1 on TREs to mediate receptor recycling. Depletion of-MICAL
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[ M NBadzZ 64 Ay GKS t2aa 2F 915m 2y ¢w9 a(Shaymiet & dzo & ¢
al.,, 20®a). EHD1 knockdown has no effect on Rab8 localisation suggesting -MIC#drves as a
functional link between EHD1 and Rab8, recruiting both to TREs and thereby facilitating receptor recycling

(Sharmeet al., 2009a)

MICALL1 has also been reported to have roles in delivery of cargo from TREs to the plasma membrane.
Sikora et al., used RUSH assays to monitor the secretion of plasma membrane caroand N
cadherin. Knockdown of MICAL resulted in a reduction ofNF' and Ecadherin delivery to the cell
surface. Expression of shRiSistant GFMICALELL rescued TNFlevels at the plasma membrane
(Sikoraet al., 2021) Additionally, MICAL1 and Src have been shown tatslly colocalise at TREs. Cells
depleted for MICAIL1 by siRNA show a reduction in Src levels at the plasma and a reduction in Src
phosphorylation. This suggests that MIG@ALhas roles in Src delivery to the cell surface and activation

(Reineckeet al.,, 2014)
1.2 SNAREs
1.2.1 The discovery of membrane fusion machinery

A crucial part of the secretory pathway is membrane fusion. Proteins destined for secretion are trafficked
from one compartment to the next bound by vesicular membranes. The only way to progress is by fusion

of the proteincontaining vesicle with its targeompartment.

In the late 1980s, work in the Rothman laboratory began to uncover the machinery required for

membrane fusion. NEthylmaleimide was shown to inhibit transport between Golgi cisternae in-a cell

free system which was rescued by addition afytosolic fractionBlocket al., 1988) The basis of this

assay wassed to purify an NEthylmaleimide Sensitive Factor (NSF) which was further shown to be

required for transport between Golgi stacks. Using an IgM antibody against NSF inhibited transport
between stacks.nicubation of Golgi stacks with ATP and cytosol, hthiout NSF, led to an

accumulation of uncoated vesicleaggestingNSF was required for membrane fusidtalhotraet al.,

1988) Following this, two factors were identified that allowed NSF to associate with membranes. A

binding assay showed that NSF association with membranes required addition of cytosol suggesting a
soluble cytosolic factor was important in NSF membrasgociation. This factor could be separated

from bulk protein by cytosolic fractionation and was inactivated by heat and trypsin but not NEM,
RSY2yaidNXGAy3 AG é6Fa | LINRPGSAY RAAGAYOG FNRY b{C
attachmentprotei? 60 { b!t 0 ®d ¢KS O0AYRAY3d 2F b{C G2 YSYONIYS
presence of excess cytosol. This suggested an additional membrane bound factor is required for NSF

membrane association. Piteeatment of membranes with sodium carbonate (useddémove
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peripheral proteins, but not integral membrane proteins) demonstrated the membrane bound factor

was an integral membrane compongiWeidmanet al., 1989)

The Rothman lalwent on toclone and sequence NSF and found it to be equivalent to Sec18 in yeast
which had previously been showm mediate transport from the ER to the Golgi. Rothman used
monoclonal antibodies against NSF in sértact cellsto block NSF function. Thighibited ER to Golgi
transportwhich was rescued bgddition of highly purified NSBeckerset al,, 1989) Thus, NSF was also
required for ER to Golgi transport leading to the hypothesis that this was a general msulfar

membrane fusion and not specific to intaolgi transport.

Further work to dissect this mechanisnt ® the isolation of three isoforms of SNAP from bovine brain
cytosol-d-{ b ! t{Zb lit X -SINAPREach isoform was shown to bind NSF to meredamd allow
vesicular transpor{Clary, Griff and Rothman, 199Q)sing radioactively labelledSNAP in pulldown

assays, Rothman went @ao show that SNAPs can otlind NSF in the presence of the integral

membrane component. Further velocity sedimentation studies demonstrated that NSF, SNAPs, and the
integral membrane component, form a multisubunit 20S complex and the dissociation of this complex
was coupled with ATRydrolysis(Wilsonet al., 1992) Additional crosslinking studies uncovered a480

kDa integral membrane receptor was theSNAP binding component in the complex and demonstrated
that SNAPs bind to the multisubunit SNAP recef@ARENembrane complex as an adaptor for NSF

association with membrane@/Nhiteheartet al., 1992)

At the same time, identification and cloning of SRERAproteins was taking place in the labs of Scheller,
Sudhof, and Jahn. Scheller used a polyclonal antibody raised against purified cholinergic synaptic
vesicles fronTorpedo californicto screen a cDNA library generated from the electromotor nucleus.

This led to the identification of vesicleassociated membrane protein, VAMP1. Scheller suggested it had
roles in neurotransmitter packaging, transport, and rele@i@mble, Cowan and Scheller, 1988)
Subseqgently, Stdhof went on to clone synaptobrevin (also known as VAMP2) from mammalian synaptic

vesicles and demonstrated its homology to VAM8iddhofet al,, 1989)

A pivotal discovery in understanding SNARE function was made in the Montecoccu lab. Montecoccu et
al., found that injection of Botulinum Toxin serotype B (BoNT/B) and Tetanus toxin light chains into
neurons inhibitseurotransmitter release. They went on to incubate purified synaptic vesicles with both
toxins and found a single band disappeared from the-BRSE protein pattern, which they identified as
synaptobrevin(Schiaveet al., 1992) Sudhof and Jahn quickly confirmed the discovery. By incubating
isolated synaptic vesicles with the Tetanus toxin, they were able to demonstrate that the toxin specifically
cleaves synaptobrevin resulting in near complete degradation of the protes assayed by

immunoblotting. No other synaptic proteins were affected by the toxin. Thus, they concluded
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synaptobrevin was central in neurotransmitter release and hypothesised its involvement the membrane

fusion step itself, potentially as part of a mérane fusion complei.inket al., 1992)

Identification of other proteins thought to be involved in vesittision occurred shortly after. Scheller

was interested in synaptotagmin, a protein previously identified as a regulator of neurotransmitter
release and sought to identify its interacting partners. An -ggtiaptotagmin antibody was used in
pulldown assayen a crude fraction from rat brain. This led to the identification of syntaxin A and B. They
identified a hydrophobic ®&rminus thought to serve as a membrane anchor and were able to extract
syntaxin from membranes using detergent demonstrating it waisiagral membrane protein. However,
co-immunoprecipitation with antsynaptotagmin on salvashed vesicle fraction (disturbs vesicle
membrane interactions) did not pull down syntaxin. This demonstrated that syntaxin was on a different
membrane compartmentUsing immunofluorescence, they showed syntaxin was concentrated on a
domain of the plasma membrane at the site of neurotransmitter release suggesting syntaxin plays a role

in the docking of vesicles at the psgnaptic termina(Bennett, Calakos and Scheller, 1992)

Additional members of the syntaxin family were idéietil by screening cDNA libraries with syntaxin cDNA
probes. Immunofluorescence studies were used to localise the isoforms and found, whilst the majority
were localised to the plasma membrane, syntaxin 5 localised to either the Golgi or -@ol@R
intermedate compartment. This suggested the same general machinery is used in multiple membrane
trafficking pathwaygBennettet al, 1993) A few years later, Botulinum toxin serotype C (BoNT/C) was
shown to cleave syntaxin proteins suggesting they were part of the hypothesised naeenfusion

complex(Schiaveet al.,, 1995)

The identification of SNAPS by the Wilson lab provided additional insight into the molecular mechanism
of membrane fusion. cDNA clones of a 25kDa neuronal specific mMRNA, terrAB2S5Nvere isolated

and characterised. Using protein fractionation and light and electron microscopy, it was shown that SNAP
25 was concentrated in prgynaptic terminals suggesting a role in synaptic functyleret al., 1989)
Sudhof and Jahn also found that Botulinum Toxirotyge A (BoNT/A) cleaves SN2% and inhibited
neurotransmitter releasé¢Blasiet al., 1993). This led to the proposal that SNA2B was also a component

of the putative membrane fusion complex.

At this point, proteins that were thought to be involved in membrane fusion had been identified and
characterised. However, the mechanism by wtiteky facilitated fusion was unknown. A ground breaking
discovery that was fundamental to our mechanistic understanding of membrane fusion came from
Rothman in 1993Sdllneret al,, 1993; Sollneet al,, 1993). NSF and SNAP were used to extract SNAP
receptors (SNARES) from brain homogenate. Three proteins were purified from this assay and identified

as SNAP25, VAMP, and syntaxin. Syntaxin and SNAP25 had been shown to associate with the plasma
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membrane and VAMRas known to associate with vesicles suggesting a simple mechanism for vesicle
targeting and docking. Rothman went on to show that in the absence of NSF-8N\P, the three
SNAREs can assemble into a stable com(®éiineret al, 1993b) Using cammunoprecipitation
experiments in the presence bfSNAP, NSF, and ATP, Rothman demonstrated that ATP hydrolysis by NSF
results in the dissociaih of the SNARE compl&dlineret al, 1993) This work led to the generation of

the SNARE hypothesis for vesicle targeting which suggested that specific SNARESs reside on -vesicles (v
SNARES) and would form a unique match with the corresponding SNAREs on the target membrane (t
SNARES). The directchspecific binding of-BNAREs and3INARESs forms a stable complex which would

dock the vesicle to the target membraf@othman and Warren, 1994)

Despite the discovery of the SNARE complex, its function in membrane fusion remained unclear. In 1998,
Rothman used reconstituted lipid assays to demonstratg the interaction of YSNAREs and3SNAREs

on separate lipid bilayers was enough to bridge the two membranes. He found that spontaneous
membrane fusion occurred a physiological temperatures leading to the hypothesis that SNARE complexes
help to drive membane fusion(Weber et al, 1998) Whilst this model was still in dispute, further
evidence that SNARE complexes drive membrane fusion was provided by Scheller in héB&. Sc
LISNXYSIFoAtAASR t/ a5t Ot R AAYE KH2VAKRO| SIKFG + cp |
rescues norepinephrine release after inhibition by Botulinum toxifCRenet al., 1999) This rescue
correlated with SNARE complex formation leading him to propose SWé&Rpex formation drives
membrane fusion. Rothman went on to confirm that SNAREs define compartmental specificity. Using
liposome assays, they tested the ability of threBNAREs known to mediate either ER to Golgi fusion,
homotypic fusion of vacuolesy dusion with the plasma membrane to form complexes with a library of
v-SNAREs in all possible combinations. In doing so, they found a pattern of specificity established by

SNARE proteins, as predicted by the SNARE hypotiesisMcNew, Parlagt al., 2000)

The SNARE hypothesis has been crucial to our understanding of vesicle trafficking. The model in which
SNARESs to provide specificity to vesicle targeting and docking, bridge two membranes, and ultimately

drive membrane fusion is now widely accegte
1.2.2 SNARE structure

SNAREs are a superfamily of small proteins of which there are approximately 39 in humans, 17 of which
are thought to be involved in postolgi trafficking. SNARESs have a simple domain structure (figRjye 1
consisting of Nerminal domains, an evolutionary conserved SNARE motif, and a membarahered €

terminal domain which is connected to the SNARE motif via a flexible (ddem and Scheller, 2006)
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Figure 1-2: SNARE domain structure. Figure adapted from Jahn and Scheller, 2006.
Nature Reviews Molecular Cell Biology. Qa-SNAREs (red) have N-terminal antiparallel
three-helix bundles known as Habc domains. Various N-terminal domains of Qb-SNAREs
(dark green), Qc-SNAREsS (light green), and R-SNARESs (blue) are represented by an oval
shape. All SNARE subfamilies contain at least one SNARE motif. Qbc-SNARESs contain
two SNARE motifs joined by a flexible linker which is commonly S-acylated (zig zag lines).
Dotted lines on transmembrane domains represent that some SNAREs lack C-terminal
transmembrane domain.
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1.2.2.1 SNARE motif

The SNARE motif is a short stretch of/@amino acids arranged in heptad repeats. The SNARE subfamily,
SNAPs, have two SNARE maoitifs joined by a flexible linker. The SNARE motif is the main site of interaction
between SNAREs and necessary for drivingfudihe SNARE motif has an intrifisicelical structure.

Upon interaction with other SNARES, the SNARE motifs from each SNARE form elongated coiled coils of
four intertwined parallel alpha helices known as an alpha helical core complex or the SNAREccomple
(figure 13). Each of the four alpha helices is provided by a different SNARE motif and as such, four SNARE
motifs are required to form the SNARE compldxhn and Scheller, 2008lhe SNARE complex consists

2F mc adlO{1SR tF&8SNAR 2F AYyGSNIOldAy3a aARS OKIAya
which contains 3 glutamines (Q) and 1 arginine (R), each contributed by a different SNARE motif. As a
result, SNARES have been classified into Qa, Qb, Qc;8NARES. One of each type of SNARE is required

for a fusioncompetent alpha helical core complexs SNAPs can have two SNARE motifs and contribute

both the alpha helical core complex, they can be classified asSQIBQRES-asshaueet al., 1998)

Vesicle Membrane

) Syntaxin

¢ Target Membrane

Figure 1-3 SNARE complex schematic. Figure adapted from Sutton et al., 1998.
Nature. Formation of a SNARE complex required 4 SNARE motifs contributed by
SNAREs associated with the vesicle and target membranes. The 4 coiled-coil SNARE
motifs zip up to form an alpha helical core complex. VAMPs (blue) contribute 1 SNARE
motfi to the complex and is associated with the vesicle membrane. Syntaxins (red) con-
tribute 1 SNARE motif to the complex and are associated with the target membrane. The
majority of vamps and syntaxins are embedded into the membrane via a transmembrane
domain (yellow). SNAPs (-23, -25, -29; green) contribute 2 SNARE motifs to the complex
and are associated with the target membrane through post-translational modification of
a linker between the two SNARE moffis.
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1.2.2.2 Nterminal domains

SNARESs cdrave various Merminal domains which are independently folded. Syntaxins hateriNinal

Habc domains which are antiparallel three helix bundles. These domains provide a regulatory mechanism
to SNARE function by folding over the SNARE motif to formsadloonfiguration. This prevents the
interaction with other SNARESs and the formation of a SNARE complex. Sec/Munc (SM) proteins have been
shown to bind the Habc domains to hold the SNARE in a closed confirmation. For example,-Vbas18
been shown to bid STX1 at its Habc domain to regulate synaptic vesicle fusion. Deletion of the Habc
domain of STX1 results in a loss of Munél&8nd a decrease in a pool of readily releasable vesicles
suggesting that the Habc domains can also function to stabilise apeiciae SM protein§Zhou, Zhiping

P Pan, et al, 2013) Some syntaxins also have atidiminal peptide that precedes the Habc domains

and has also been shown to bind SM proteins. MurtX&n also bind STX1 at itséminal peptide

which has been shown to be essential for fusion. STX1ntsitacking the Nerminal peptide are unable

to rescue synaptic vesicle fusion in ST¥ficient neurons(Zhou, Zhiping P. Pangt al, 2013)
Additionally, Vps45 has been shown to bind the STX16/TgE&nNnal peptide and this binding is
necessary to permit SNARE complex asse(@sant and James, 2001)

Some RSNAREsS (including Ykt6, VAMP7, and Sec22b) have-tengiNal domains arranged in ah-i -

h sandwich configuration known as longin domafbsste, Galli and Tareste, 201%5hese domains are

also able to fold ovethe SNARE motif thus negatively regulating membrane fusion. In the case of Ykt6,
the login domain not only folds over the SNARE motif but also masks a farnesyl residue which prevents
Ykt6 farnesylation and membrane anchorifipkasaweaet al, 2004) Longin domains can also interact

with other proteins to regulate SNARE sorting. For example, VAMP7 interacts with the adaptor complex

AR3 for sorting into late endosoméddlartinezArcaet al., 2003)

SNAREs belonging to the SNAP subfamily, have more divergentnidal domains and few of the
structures are known. Uniquely, yeast homologue of SNAY&3\7 contains a phosphoinositidénding
PX domain which allows its association with vacuole membrévé®t al., 2001)and promotes SNAR

complex formationXu and Wickner, 2012)
1.2.2.3 Germinal domains

The majority of the syntaxins and VAMPs have singierr@inal transmembrane domains (TMD) for
membrane anchoring. There have been shown to be certain requirements of the SNARE transmembrane
domains that are important in the ability of the SNARE to drive membrane fusion. VAMP2 with mutations
affecting TMD length resulta neurosecretory deficits in PC12 c¢hslezet al., 2010)suggesting a length

requirement for membrane fusion. Additionally, the flexibility of the TMD has been shown to be essential
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for complete fusion. Mutating core residues of synaptobreXinmfMD diminished Cadependent

exocytosis in adrenal chromaffin cglBharaet al., 2016)

There are a number of SNAREs without a transmembrane domain, including SNAPS 23, 25, 29, and 47,
syntaxins 11 and 19, and Ykt6. SNAP23 and 25acgl&ed on cysteine residues in the linker between
their two SNARE motif&Greave®t al., 2010) SNAP29 and 47 do not contaka&/lated cysteine residues

in the linker and are thought to associate with membranes through their SNARE bindingrpétakura,
Kishiltakura and Mizushima, 2012; Kustdral,, 2015) Unusually for Q&NAREs, STX11 and STX19 have
been shown to be-&cylated on cysteine residues in thagEminus(Hellewellet al,, 2014; Ampalet al.,

2018) Ykt6 contains a-@rminal CAAX box which is botFa&lated and farnesylate(Fukasawaet al.,,

2004) Posttranslational lipid modifiation of SNARES is also important in SNARE trafficking and function.
Ykt6 Sacylation induces a confirmational change that exposes the SNARE motif allows complex
formation, thus positively regulating Ykt6 functifukasawat al,, 2004; Weret al,, 2010; Gordoret al.,

2017) SNAP25 cycles between recycling endosomes/TGN and the plasma membrane. Mutating specific
cysteine residues in the SNAP2&cylation motif enhanced its localisation to recycling endosomes and

the TGN suggestinga&®ylation is key in regulatifgNAP25 traffickinflGreaves and Chamberlain, 2011)
1.2.3Q-SNARE acceptor complexes

Q-SNAREs at the target membrane have been proposediodqreassembled acceptor complex (Qabc
complex) which can subsequently binds the vesidsociated FENARE. The presence of an acceptor
complex allows for the rapid formation of SNARE complexes and fusion and is supported by the fact
vesicles can fuseith the plasma membrane after arriving with no measurable déhiynomiyaet al.,

1997) Using mglemolecule fluorescence resonance energy transfer (smERHEiBs been shown that

STX1 and SNAP25 can form a binary complex supported by lipid bilayers with conformational variability.
The conformational variability can be lockeda a single configuration by the addition of synaptobrevin

or SM protein Munc18. This suggests that-ENAREs are able to form an acceptor complex with
accessory proteins on the target membrane which readily binBNRRE$Weningeret al, 2008)
Moreover, formation of a STX1, SNAP25, MuAtI®nplexin vitro has been shown to be an efficient
acceptor complex for synaptobrevin, which is resistant to disassembly by NSF. Synaptobrevin binding to
the complex results in the rapid formation of a fully zippered SNARE complex and changes the
conformationof complex such that Munc18is bound to the Merminus of STXUakhanwadt al., 2017)

This is further supported by use of ultrahigésolution microscopy demonstrating the presence of the

STX1/SNAP25/MunciBcomplex in the intact plasma neuronal membrgRertsinidiset al., 2013)

The presence of an acceptor complex has been widely debated. The reactive nature of SNAREs means

0KS& NBI RA-$¢R@ 2 &poriedaBpieRa STX1, SNAP25 complex with a 2:1 stoichiometry.
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This makes identify SNARE complex intermediates challenging. Previous studies have suggested that
Muncl81 displaced SNAP25 in STX1/SNAP25 heterodimers and that NSF readily dissociated a
STA/SNAP25 complex. It was proposed that acceptor complex formation begins with a MU/ST81
heterodimer(Ma et al,, 2013) Alternatively, another model proposed that Munel8inked STX1 and
synaptobrevin forming an acceptor complex for SNA@2&et al, 2015) Support for the proposal that
RSNAREs hih SM proteins prior to assembly with its SNARE binding partners comes from the
identification of a conserved-BNARE binding site on Vps33 which accelerated SNARE complex formation

and fusion(Parisottoet al., 2014; Bakeet al,, 2015)
1.2.4 SNARmediated fusion

SNAREs interact through their SNARE motif to drive membrane fusion. The widely accepted model of
YSYONIYS TFTdzarAzy Aa 1y26y +Fa (KS WIALLSNAY3I KeLRi
from Sutton et al., who resolved the crystal structuffetltte SNARE compléSuttonet al,, 1998) In this
Y2RSES n {b!w9 Y20GATa AtgriniGaNdndofithermbtRto thd Terbdinadd#nl) F NP Y
In doing so, the SNAREs form an extremely stable parallel four helical bundle ims-aamnéiguration

known as the transSNARE complex. The zipping reaction brings the membranes into close proximity and
exerts a mechanical force on the membrane thought to overcome the energy barrier for fusion. For
successful fusion to occur, at least 088IARE motif from each classification (Qa, Qb, Qc, R) must be
present. At least one SNARE motif must be provided by both target and vesicle membrane. SNAREs can
form less stable complexes such as Qaaaa, Qabab, Qaabc, or evgraralél QabcR complexes.
However, it is thoughthat such complexes do not drive membrane fusion but act as inhibitory complexes

to regulate fusion. Fusion is thought to be a stepwise process that undergoes a series of intermediates.
Hemifusion is a state in which trai®NARE comples have formed and the outer leaflets of the
membrane are continuous but no aqueous pore has formed. Following hemifusion, the inner membrane
leaflets fuse and an aqueous pore is formed known as fusion pore opening. The fusion pore then enlarges
and allows content mixing. Following fusion, the SNARE complex formscardiguration in which all

four SNARES are associated with the same membrane. SNARE complexes are subsequently dissembled by
NSF and SNAP proteins. This allows SNAREs to be recycled&@8NWRE complex formation and fusion
(reviewed inJahn and Scheller, 2006)

1.2.5PostGolgi QaSNAREs

The syntaxins (STX) are a subset of SNAREs and are define8NARIEs. There are 17 members of the

STX subfamily which localise to differamttacellular compartments (figure-4).
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Figure 1-4: Comparmental specificity of syntaxins. Sytaxins mediate fusion at differ-
ent intracellular compartments. Syntaxin 1 and 2 have been shown to mediate fusion of
secretory vesicles with the plasma membrane. Syntaxin 3 localises to and mediates
fusion at the apical membrane. Syntaxin 4 mediates fusion of recycling endomes with
the plasma memrbane and mediates fusion at the basolateral membrane in epithelial
cells. Syntaxin 5 mediates trafficking from the ER to the Golgi. Syntaxin 7 and 8 mediate
endosomal/lysosomal fusion. Syntaxin 11 mediates fusion at the plasma membrane.
Syntaxin 13 and 16 mediate recycling/early endosomal fusion. Syntaxin 19 localises to
tubular recycling endosomes.
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Of note, STXs 1A, 1B, 2, 3, 4, and 11 have been shown to mediate fusion at the plasma membrane. STXs
1A and 1B are largely enriched in brain tissues and mediate synaptic vesicle fusion at the plasma
membrane for rurotransmitter release. There are also been reports of syntaxin 1A playing a role in
insulin granule exocytos{&ianget al., 2017) STX2 also mediates fusion with the plasma membrane and

has been shown to mediate exosome secretion in colorectal cgiW¢anget al, 2021) Other studies

have shown STX2¢o/ | Ol & Yy AYKAOAUGBNRO{ ORWaS $BRSAK (122 NI
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granule exocytosis and zymogen granule exocytosis in pancreatic acinafZbelkt al, 2017; Dolai,

Liang, Orabi, Holmyaret al, 2018) STX3 localises to the apical plasma membrane in epithelial cells and

is requiredfor epithelial cell polarit{Sharmeet al., 2006) It has also been shown to localise to Weibel
Palade bodies and mediate von Wilibrand factor secretion in endothelial(8eltsiémanset al., 2018)

In contrast, STX4 has been shown to localise to the basolateral membrane in epithelial cells where it plays
a role in basolateral protein delivefforreset al, 2011) It has also been widely studied for its role in

GLUT4 trafficking and insulin secreti¢gtou and Pessin, 2007)
1.2.5.1 STX11

STX11 has also been shown to mediate fusion with the plasma membrane. STX11 ldekminaC
transmembrane domain and isd&ylated on cysteine residues at itgeEminus (Zhanget al,, 2018)
Despite the lack of the transmembrane domain, STX11 has been shown to localise to the plasma
membrane at the immunlogical synapse in cytotoxielfimphocytes where it mediates the secretion of
cytolytic granulegHalimaniet al,, 2014) Mutations in STX11 give rise to the primary immunodeficiency
disorder Rmilial Hemophagocytidymphohgtiocytosis ype 4 (FHL4). Patients with this disorder have
deficient cytotoxic lymphocyte degranulatior{Brycesonet al, 2007; Marshet al., 201L0). Analysing
patient mutations has revealed that mutations in thea&/lation domain of STX11 impair cytotoxic T
lymphocyte degranulation suggesting thati&ylation is essential for STX11 functigtellewellet al.,

2014) Knockdown of STX11 results in a block of cytolytic granule fusion with the plasma membrane.
Additiondly, dual colour evanescent wave imaging revealed that STX11 traffics through a subpopulation
of recycling endosomes to the immunological synapse where it clusters and functions as a platform for
arriving cytolytic granules and subsequently drives thesidn(Halimaniet al., 2014) It has been shown

that other SNAREs such as VAMPS8, and SM protein, Mthat® required for STX11 delivery to the
plasma membrane. VAMPS localises to Rabddsitive recycling endosomes in cytotoxiymphocytes.

After stimulation, VAMP8 traffics and fuses recycling endosomes the plasma membrane where it deposits
STX11l. Knockdown in VAMP8 blocks recycling endosome and cytolytic granule fusion at the
immunological synaps@viarshallet al., 2015a) In cytotoxic lymphocytes lacking Munci8 STX11 is

lost from the plasma membrane suggesting a role for Murzirf8chaperoning STXIDieckmanret al.,

2015) The interaction between Munci8 and STX11 iglso important for STX%¥hediated fusion.
Munc182 has been shown to bind STX11 at ateishinal KDR peptide. Mutations in this peptide have
been identified in patients with FHI(Muller et al,, 2014) Additionally, Munc1& has been shown to be
required for complete fusion driven by STX11 in cytotoxigmiphocytes. Using a reconstitutee|tcell

fusion assay, it has been shown that STX11 can mediate lipid mixing, but not content mixing, resembling
hemifusion. Addition of Munc1@ stimulated complete fusion. Complete fusion was not achieved by the

addition of Munc1& mutants that cannobind STX1{Spessotet al., 2017a)
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STX1idmediated fusion is also required for platelet secretion. Platelets from FHL4 patients deficient in
STX11 show defects agonistinduced platelet secretiorfYeet al, 2012) Similar to cytolytic granule
secretion, Muncl® interaction with STX11 is thought to be important in platelet secretion. Neonatal
platelets have reduced levels of STX@htl Munc182 and have impaired platelet secretion compared to
adult platelets with normal STX11 and Munel8evels(CaparrosPérezet al., 2017) Platelets with
mutations in Muncl&® and STX11 show significantly reduced levels of platelet secretion compared to
platelets with mutations in STX11 alone, suggesting a role for MuRdh8the regulation of STX41
mediate fusion(Al Hawaset al,, 2012) To drive platelet secretion, STXik1lthought to complex with
VAMP8 and SNAP23 at the plasma membrane and dynamic cycling of Sicqletiéh has been shown

to regulate platelet secretiofAl Hawa®t al., 2012; Zhangt al., 2018)

1.2.5.2 STX19

STX19 is an unusual QAIARE thought to mediate pesolgi trafficking. It was originally identified
silicothrough database searches of mouse @WNith homology to syntaxins. It has highest homology

with STX11 (38 % amino acid identity) and contains a conserved glutamine residue predicted to be at the
OSYiNIt wnQ tF&SNJ Ay {KS(Wanhetd.2008)3tthds @lsimple@anmais { b !
structure predicted to consistfaan Nterminal peptide followed by Habc regulatory domains and the
evolutionarily conserved SNARE motif (figuw®) 1Analysis using maspectrometry identified SNAPs 23,

25, and 29, and VAMPs 3 and 8 as SNARE binding partners for STX19 suggestisgaBEXbform

SNARE complexes with these SNABBsdonet al., 2010)

Through cdocalisation studies, endogenous STX19 was shown to localise to Rab8MI@éditive TRES
in HeLa cells. STX19 was also found ttocalise with GRPanchored cargo (CD55) thaaffics through
the Rab8dependent recycling pathway. Overexpression of @gged STX19 in HelLa cells showed that
GFPSTX19 localises to TREs and the plasma membrane.

Unusually for a Q8NARE, STX19 was found not to possess a transmembrane dom@&iteriténus

contains a highly conserved cysteirieh patch which is-&cylated to allow its association to membranes
(figure £3). This region contains a basic patch consisting of lysine (K) and arginine (R) residues followed
by 3 cysteine pairs separatéy tryptophan (W) and proline (P) residués/KKRNPCRVLCCWCCPLCSSK
Deletion of this region abolishes STX19 targeting to TREs and the plasma membrane. Similarly, replacing
the cysteinerich domain of STX19 with the transmembrane domain of STX13 targetetistruct to the

plasma membrane but localisation at the TREs is lost. The cysielineegion alone (coupled to a GFP

tag) is also targeted to TREs and the plasma membrane. These data indicated that the cicdtethe
terminus of STX19 is capable tsftargeting to TREs and the plasma membrane. Inhibitioramlyftion

using 2bromopalmitate resulted in the cytoplasmic localisation of STX19 full length and cystgine
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1 294aa
SNARE motif

CRVLCCWCCPCC

Figure 1-5: Domain structure of STX19. STX19 consists of 294 amino acids. It is predicted
to have an N-terminal peptide followed by regulatory Habc domains. The Habc domains are
connected to the evolutionarily conserved SNARE motif by a flexible linker. STX19 lacks a
transmembrane domain but has a cysteine-rich path at the C-terminus. The sequence of the
cysteine-rich patch is highlighted. The cysteine pairs that are S-acylated are highlighted by
blue box.

region alone constructs. This shows thaadlation is required for STX19 merabe targeting and
association. Using ammunoprecipitation acytelease assagoupled with mass spectrometry revealed

that STX19 can bedylated at residues C284, C285, C287, C288, C290, and C291, relating to the 3
cysteine pairs described earlier. Déepthe reversible nature of -&cylation, it was shown using

knocksideways assays, that STX19 is stably associated with mem{kenrzzhet al., 2018)

Mutating the cysteinaich region was also shown to affect the stability of STX19. Intensity levels of
mutant constructs were reduced compared to wildtype constructs. Addition of proteasomal inhibitor
MG132 to block degradation increasedensity levels of mutant constructs suggesting that when STX19

is not properly targeted to membranes it is readily turned over by ubiquitylation. Additionally, treatment

of the cysteinerich region only constructs with-BP demonstrated that levels aredeced in dose
dependent manner indicating that the cysteinieh region is a degron when nota8ylated. Removal of

the cysteine rich domain also results in reduced expression levels suggesting there is an additional degron

upstream of the cysteineich region (Ampahet al., 2018)

Localisation of STX19 to Rab&sitive TREs could suggest a role for STX19 in receptor recycling. However,
aspecific function for STX19 remains unclear. Wang et al., have previously uspdli@8¥ns to identify

an interaction between STX19 and B&Ht seems unlikely however that this would be a direct interaction

as STX19 does not contain a binding domairrdéceptor tyrosine kinases. Overexpression of STX19 was
shown to perturb EGR endocytosis using internalisation assays suggesting a role for STX19Rn EGF
trafficking(Wanget al., 2006)
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Subsequent studies have suggested a role for STX19 in constitutive secretion. Gordon et alflovsed a
cytometry-based assay to measure constitutive secretion coupled with an siRNA SNARE library.
Knockdown of STX19 resulted in a decrease in constitutive secretion. Additionally, analysis using total
internal reflection fluorescence (TIRF) microscopgvwedd that there was a significant decrease in the
number of fusion events at the cell surface in STadsleted cell{Gordonet al,, 2010) This suggests

that STX19 has a role in mediating fusion of secretory vesicles with the plasma membrane. Furthermore,
STX1%as been identified in a genonwide RNAIi screen to have a role in secretion of membrane
anchored cargo such as &\(Simpson, Joggerst, Laketa, Verissimo, Cetin, Erfle, Bexiga, Singan, J.

Hérichéet al, 2012)

Proximitydependent biotinylation screens and yedsto hybrid assay@unpublished data, Ampah et al.,)
have identified potential interactors which may provide insight into the pathways STX19 plays a role in.
These assays confirmed STX19 interaction WiAFS 23, 25, and 29, and VAMPs 3 and 8. Insight into
how STX19 function is regulated was also gained as Sec/Munc proteins, Muaot8Muncl® were

identified as potential interactors.

More unusual proteins such as ZWitferactor (ZWINT) and DystoniD$T) were predicted to interact
with STX19. ZWINT is a kinetochassociated protein that is required for Zeat¢hite 10 (ZW10)
recruitment and microtubule attachmen(H. Wanget al,, 2004; Woo Seet al,, 2015) This functio of
ZWINT has been shown to be essential in mitotic checkpoint sign@lpget al., 2005) Interaction with
STX19 may suggestrale for STX19 in trafficking to kinetochore during mitosis. It remains unclear
however why a kinetochorassociated protein would interact with a peSbblgi SNARE. DST is a large
spectraplakin protein that crosslinks actin fibres and microtubules to nedi@organisation of the
cytoskeleton(Zhang, Yue and Wu, 2013Bpectraplakin proteins have been shown to link actin filaments
at focal adhesions to microtubules which allows exosig of cargo in close proximity to focal adhesions
(Wu, Kodama and Fuchs, 200BXeraction with DST may suggest a role for STX19 in polarised trafficking,

however, the function of this interaction remains unclear.

In vivg STX19 has a limitedssiue distribution. Wang et al., use RNAituhybridisation to demonstrate
enrichment of STX19 in the epithelial lining of the stomach and the skin of(\vizeget al,, 2006) This

agrees with data from the GenotypEssue Expression (GTEX) project that shows STX19 mRNA is relatively
highly expressed in epithelial tissues and the gkionsdaleet al., 2013) A very specific tissue digtution

may suggest a role for STX19 in specialised secretory pathways rather than general bulk secretion.
Additionally, data from the International Mouse Phenotyping Consortium (IPMC) showed that STX19
knockout mice have decreased circulating insulin legeiggesting STX19 may play a role in specialised

secretion(Dickinsoret al, 2016) However, the exact pathways STX19 functions in remains unknown.
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1.3 Muncl8 proteins

Munc18 proteins belong to the Sec/Munc (SM) family of proteins and arekwelWn to regulate SNARE
function. These proteins are around ~0n 1 5+ Ay &AT S I yIRA K B SiliNgfizD (INIZNG
and Rothman, 2009)Muncl18 proteins were originally identified as a mammaliamblmgue of
Caenorhabditis eleganmc-18 proteins in GSpulldowns with STX1 and rat brain homogenate. There are

3 isoforms of Munc18 in mammalian cells, Mundl81unc182, and Muncl8& and all have been shown

to be able to bind posGolgi SNAREs. Munel8is predominantly expressed in brain tissues whilst

Munc182 and Muncl18& are expressed ubiquitousfy. McNewet al., 2000)
1.3.1 Munc18 mechanisms of regulation

It was originally thought that Munc18 proteins were negative regulators of Sh#delEated fusion. This
hypothesis came from statural andin vitro data suggesting that STX1 was not able to bind Muic18
whilst in a SNARE compl@Xevsneet al,, 1994; Misura, Scheller and Weis, 200@unc181 was found

to bind the Habc domain of STXDulubovaet al, 1999; Yanget al, 2000) Studies using NMR
spedroscopy demonstrated that, in isolation, STX1 forms a closed confirmation. STX1 mutants that are
locked in an open confirmation were unable to bind Mundi®uluboveet al,, 1999) Furthermore, STX1
bound to Munc18l1 was unable to form SNARE complexes with its SNARE binding péitaeget al.,

2000) These studies led to the hypothesis that MundlBinds the Habc domain of STX1 to hold it in a
closed confirmation. STX1 is therefore unable to form SNARE complexes and thus WumegRively

regulates fusia.

Subsequent studies however revealed a second STX binding mode for Munc18 proteins. Wwa< 8
shown to ceelute with STX1 when it is associated in a SNARE complex using gel filtration and this was
dependent on the MNerminal peptide of STXIDulubovaet al, 2007) This binding mode was
subsequently identified as important for SNARE complex formation. UsinghlaR&d biochemical
reconstitution assays, binding of Munc18to the Nterminal peptide of STX1 was shown to be the
initiation factor for SNARE complex faaition (Rathoreet al, 2010) Ma et al., used optical tweezers to
pull apart SNARE complexes and observe how the@ssemble complexes in a stepwise manner. This
revealed that Munc18 binding tothe N-terminal of STX1 stabilises a haifipered SNARE compl@ia

et al, 2015) SimilarlyMunc181 has been shown toatalysehe stepwise zippering of STXIAMP2and
SNAP2ausingsinglemolecule force spectroscopMuncl81 forms an intermediate template complex
with STX1 and VAMR%/ holding the N-terminals of STX1 and VAMP2 together whilst keeping the C
terminals part so that SNAP25 can associate to induce full zippédiaget al., 2018)
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Formation of SNARE complexesediated by Muncl8 is critical for membrane fusion. Rescue
experiments in syntaxudeficient neurons demonstrated that Muncdi8binding to the STX1-tdrminal

is critical for synaptic exocytosis as expression -¢érisinal peptide mutants of STX1 was bfeto

rescue vesicle fusiofzhou, Zhiping P. Pargj,al., 2013}p {AYAfI NI &z {KSy S& Ifo
1 protein in which the Merminal peptide of STX1 was fused to theéexminal binding pocket of Munc8

1 preventing its association with the®™NS NY Ay I £ LISLIIARSa 2Z3 33 RQ dSdz] Em
was shown to be defective in promoting SNARE complex formation and failed to mediate spontaneous
and evoked synaptic exocytosis in induced neuronal (8fieret al,, 2018) This demonstrated Munc18

1 binding to STX1 was essential for Sinédliated fusion.

Studies have shown that thesevd STX1 binding modes of Munel&ave different functions. sing
guantitative colocalization and fluorescence lifetime imaging microscopy (FLIM) to analyse @uht
locked in the open confirmatiodemonstrated thatinteraction ofMunc181 with STX1 itwo different
confirmations is spatially distincMunc181 was shown to bind STX1 at its Habc domain to hold it in a
closed confirmation as it traffics through the Golgi and towards the plasma membrane. This is thought to
prevent ectopic SNARE complexnfiation. Munc181 was shown to bind the open confirmation of STX1

at the plasma membran@viedineet al., 2007; Rikmanet al., 2007) This suggests that the two different
binding modes of Munc1& are important in regulating STX1 function by preventing inappropriate SNARE
complex formation until STX1 reaches the membrane where it then facilitates complex formation. In
support of this,Schollmeier et al., used liposome fusion assays to measure the assemb8NARES on
liposomes and subsequent SNARE complex formation betweandR SNARE liposomes. They found
that Munc181 binds STX1 in a closed confirmation until Munt1Binds VANP2. This results in a
confirmational switch in which Munci8 stimulates the formation of the SNARE comgf&shollmeieet

al., 2011) Additionally, the two distinct binding modes were shown to be important in synaptic
exocytosis. Expression of STX1 mutants in 8€Kdient neurons revealed that-drminal binding vas
critical for exocytosis. However, deletion of the Habc domain resulted in a loss of Minat8 a
decrease in the readily releasable pool of vesicles suggesting that Habc binding stabilises- Muihcil8
Zhiping P. Pangt al,, 2013) These studies demonstrate that the two different binding modedgrm

distinct functions yet both binding modes are important for the proper regulation of fusion.

Alternatively, it has also been suggested that theeNninal and Habc binding modes might be two steps
with the same function. Using SIb&sistant SNARE complexasvitro, it was shown that STX1 was able
to form a complex with SNAP25 and VAMP2 but noewlIsTX1 is pmixed with Muncl8l. This
suggested that STX1 bound to Munell8vas unable to bind the SNARE complex which is in agreement
with previousin vitrostudies discussed earlier. However, deletion of the ST¥étminal peptide allowed

SNARE comgsk formation when STX1 mutants were gmixed with Munc18L. This suggested that the
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N-terminal peptide binding mode was responsible for preventing SNARE complex formation. The authors
hypothesised a model in which Munciirst binds the STX1-fdrminalpeptide to lock in the interaction
and Munc181 subsequently binds the Habc domain to hold it in a closed confirmation and negatively

regulate fusionBurkhardtet al., 2008)

Whilst most of the published literature on the mechanisms of SNARE regulation by Munc18 relates to the
Muncl81 and STXL1 interaction, other studies have shown that theridinal binding mode is utilised

by other Munc18 isoforms. MunciB8has been shown to bind STX11 and regulate its function. Structural
analysis of Munc12 demonstrated that the Munc22 binding site of STX11 is at itaé¥dminal peptide
(Hackmanret al., 2013) Additionally, patients with FHL4 have mutations in théeNninal peptide of
STX11 and this has been shown to abrogate Muchiihding(Miller et al., 2014) Munc182 binding of
STX11 was also shown to be essential for Smé€iate fusion. In liposome assays, STX11 was unable to

mediate completion fusion until the addition of MuncPqSpessotet al., 2017a)

Similarly, Munc18 has been shown to bind thetdrminal peptide ofSTX4STX4nediates the formation
of invadopodia during tumour cell invasion. THhimction was shown to beaegulated by Muncl&.
Expressinghe STXAN-terminal peptide alone out competes MunciB binding to thenative STX4nd
decreased invadiopodia formation and cell invagiBnasheret al., 2017) Two different binding modes
have also been reported for STX4/Muned.8GSIpulldowns were used to investigate the STX4/Muncl8
3 interaction. @erminally tagged SI4GST was able to pulldown Munc38&hrough interaction via the
N-terminal peptide. Nlerminally tagged GS$TX4 was no longer able to bind Mundgl&t the Nterminal
peptide but was still able to pulldown MuncIB This suggested there was an additiomialding site for
Munc183 and therefore, it is possible that MuncBghas two different STX4 binding modes.

1.3.2 Munc181

Muncl81l was the first Muncl8 isoform identified. It is primarily expressed in neurons and
neuroendocrine cells. Munc18Bis well baracterised to have roles in regulating S‘h¥ddiated synaptic
vesicle fusion as discussed. This function of MuriciEBessential as MunciBknockout in mice abolishes
neurotransmitter releaséVerhageet al., 2000) As well as regulating SNARE complex formation, Munc18
1 was identified to play a role in vesicle dockirghromaffin cells from Munc18 null mice have a 10
fold reduction in the number of largdense core vesicles docked at the plasma membi(&foetset al,,
2001) Overexpression of MunciBin neurons results in an increase in the number of vesicles docks at
the synaptic termina{Toonenet al., 2006) The role of Munc1d in vesicle docking may depend on its
SNARE interacting partners. Proteolytic cleavage of STX1 Bsinjnum Toxin serotype C was also
shown to impair vesicle dockin@Vit et al, 2006) whilst SNAP25 expression in Munel &leficient
neurons rescues the docking phenotype but not fugida Witet al., 2009) This suggests that Munc18
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1 regulates vesicle docking thrgh interaction with STX1 and SNAP25. However, chromaffin cells from
SNAP25 null mice do not have docking phenotyi@earenseret al, 2003) It has been suggested that
Muncl181 interaction with other proteins may also regulate vesicle docking. Mwichs shown to
interact with Rab3. Expression of a gain of funchtumc181 mutation was shown to increase interaction

with Rab3 and the density and exocytosis of secretory granules at the cell surface in chromaffin cells
(Grahamet al, 2008) Similarly, Muncl8 was shown to interact with Doc2 using Gilldowns.
Addition of excess STX1 prevented pulldown of Murt18ing GSDoc2 despite STX1 and Doc?2 bigdin

to Munc181 at different sites. This suggested Doc2 binding to Musict8mpetes with STX1 to regulate
vesicle dockingVerhageet al., 1997.

An additional role for Munc18 as a molecular chaperethas also been reported. MunciiBmutations

result in early onset epileptic encephalopathies (EOEE). Neurons from patients with EOEEs have been
shown to have form lewy bodyke structures conta y A ysy@uclein. Muncl& mutants that cause

EOEEs were shown to-£o3 3 NB 3 | &y@uclgin ahdMumcl& knockouts increased the number of
ha@ydzOf SAYy | IINBIFGSad | 33NB I & \8dr0 iF 2 NSRSy & o
were reduced by expression of wildtype Muncl8(Chaiet al., 2016) This suggested a key role for
Muncl8m | a | Y2f SOdzf I NJ OKI LISN&nG&eind KI § FaaArada GKS

Owing to its role in synaptic transmission, Munel8nutations give rise to wide spectrum of
encephalopathies. All patients have a form of intelledtdisability whilst 85 % have a form of epilepsy
(Stamberger, Weckhuysen and Jonghe, 20M0tations in Mun&8-1 were first identified in patients

with early infantile epileptic encephalopathy. The characteristics of this disease are intractable seizures
and psychomotor retardation. Patients have a very poor prognosis with a 50 % mortalifySedteuet

al., 2008) Since then, Munct® mutations have been identified as causative in a wide range of EOEES
including West syndromgtsukaet al., 2010) LennoxGastaut syndroméAllenet al., 2013) and Dravet
syndrome(Carvillet al,, 2014) Moreover, Muncl8l haploinsufficiency modelled in mice was shown to
cause psychiatric and motor dysfunction, cortical hyperexcitability, and seizures. This was a result of
reduced cortical ihibitory neurotransmissiofChenet al., 2020) Munc81 mutations have also been
identified in patients without EOEE including mental retardaijplamdanet al., 2009) atypical Rhett
syndrome(Cogliatiet al., 2019) and intellectual disability without epilepglamdaret al,, 2011)

1.3.3 Munc182

Muncl182 is expressed ubiquitously but enriched in epithelial cells and cells of the immune system
(Tellam, McIntosh and James, 1995; Ziegled., 1996) Munc182 has been shown to mediate numerous
exocytotic pathways including apical trafficking in epithelial ¢dtsgelet al., 2017) and degranulation

in cells of the immune syste(Brochettaet al.,, 2008)

29



Mutations in Mund8-2 give rise to microvillus inclusions disease (MVID). Microvillus inclusions disease
(MVID) is a lifghreatening, congenital enteropathy characterised by severe diarrhoea, malabsorption,
and a failure to thriv§Schneebergeet al, 2018) The only current treatment options are intravenous
feeding and intestinal transplantatiofComegnaet al., 2018) Biopsy and electron microscopy are used
analyse the ultrastructure of patient enterocytes to diagnose MVID. Ultrastructural characteristics of
MVID include accumulation of subapical vesicles, loss of microvilli at the apical surfadee pnelsence

of microvilli inclusions (MVIs) in the cytoplagitichailet al., 1998; Schneeberget al., 2018) MVID has
been modelled usingMunc182 deficient intestinal organoid¢Mosa et al, 2018) Subcellularly,
enterocytesin Muncl82 deficient organoidsshowed subapical accumulation of vesicles, complex
tubulovesicle structures, and shorter, wider, less dense microitiit phenotype ould be rescued by
expressiorof wildtype Munc182 but not byMVID patient variant Muncl& P477L(Mosaet al., 2018)

This suggested a role for Munc28n the trafficking of apically targeted vesicles.

Similarly, Muncl& was shown to interact with STX3 and is required for fusion of vesicles with the apical
membrare using a CaCo2 Munc2&nockout cell line. Coaffinity purification experiments demonstrated

that STX3 is pulled down from cell lysates in wild type cells but not Mubdd®ckout cells. Loss of
Muncl182 in CaCo2 cells disrupts enterocyte polarity, resub loss of apical microvilli and, subapical
vesicle accumulation. Additionally, apical membrdoealised proteins, NHE3 and GLUT5, were
cytoplasmic in Muncl depleted cells suggesting Mune28&egulates apical traffickingVogelet al.,

2017) Myo5B has also been shown to work in concert with Rab8 and Rab11 to regulate apical trafficking.
In Myo5B knockout cells, NHE3 and GLUT5 are mislocalised from the apical membrane to the cytoplasm.
Myo5B knockout was also showignificantly reduce the interaction between STX3 and Mur@Bogel

et al,, 2015) Taken together, this suggested Muned8unctions in a Myo5B/STX3/Rab8/Rab11 pathway

to regulate apical trafficking in epithelial cells.

Mutations in Muncl& also lead to Familial Hemophagocytic Lymphohistiocytosis 5 (Etic Jtadiet

al., 2009; Vogelet al, 2017) FHL5 is an autosomal recessive disease characterised by a severe
hyperinflammatory phenotype and chronic enteropathi@gogelet al., 2017) FHL5 usually manifests
within the first year of life and is fatal unless treated withematopoieticstem cell transplan(Ceticaet

al., 2010) Natural killer (NK) and cytotoxidyimphocytes have been shown to have significantly reduced
killing activity towards target cell&ur Stat et al, 2009) Enterocytes from FHL5 patients also show
subcellular characteristic reminiscent of MVI¥ogel et al, 2017; Mosaet al, 2018) The
hyperinflammatory phenotype and reduction MK and cytotoxic -ymphocyte killing activity can be

attributed towards a role for Munc22 in the exocytosis of secretory granules in immune cells.
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Lymphoblasts and natural killer (NK) cells isolated from FHL5 patients have impaired cytotoxic granule
exocytosis(Coteet al, 2009) FHL5 Muncl2 mutations results in loss of degranulation in cytoxtic T
lymphocytes. STX11 plasma membrane localisation isfims FHL5 cytotoxic-lymphocytes lacking
Munc182 suggesting that Munc18 mediates STX11 trafficking to the plasma membrane where it allows
the fusion of cytotoxic granule@ieckmannet al, 2015) Furthermore, knockdown of MunciB in
primary cytotoxic flymphocytes coupled with cell killing assays demonstrated that loss of Me2c18
signifi@antly reduced cytotoxic activity. MunciBwas found to bind STX11 bathvitroandin vivo and

be essential for complete STxffediated fusion(Spessottet al, 20L7a) Taken together, these data

demonstrate a role for Munc18 in regulating STXIhediated exocytosis of cytotoxic granules.

Similarly, Muncl& was found to localise to secretory granules in mast cells and redistribute to
lamellipodia upon mast cedtimulation(Martin-Verdeauwset al., 2003) Conditional knockout of Munc18

2 in mast cells of mice demonstrated a role for Munli® mast cell granule exocytosis. Exocytosis was
abolished in Muncl® depleted cells(Gutierrez et al, 2018) In similar studies, combinatorial
knockdowns of both Munct8 and STX3 resulted in an additive inhibitory effect on granule exocytosis.
However, knockdown of Munc18 alone inhibited secretory granule translocation to the cell surface
whilst STX3 knockdown inhibited granule fusion suggesting distinct roles for both proteins in secretory
granule exocytosigBrochetta et al, 2014) Overall, several studies demonstratduncl82, in

combination with STX3, plays a role in the exocytosis of secretory granules in mast cells.

An additional role for Muncl12 in platelet secretion has been associated with FHL5. Mud&8els in
FHL5 patient platelets are significantly reddcand platelets show defective thrombgtimulated
secretion of serotonin, ADP/ATP, and platelet factojAt Hawaset al, 2012) As such, Muncl18 is
thought to regulate platelet exocytosi€onditional knockout of Munct8 in megakaryocytes was
performed in mice. These mice showed haemostatic defaad prolonged arterial and venous bleeding
times. Platelets from Munc18 conditional knockout mice were shown to have impaired exocytosis of
alpha, dense, and lysosomal granulisyitro studies demonstrated that Munc18 deficient platelets
have defetive aggregation and impaired thrombus formati@@ardenast al., 2019) Taken together,
these data suggested MuncZds essential for regulated exocytosis in platelets and platelet participation

in thrombosis.
1.3.4 Munc183

Munc183 is ubiquitously expressed and has been shown to bindisixelly to STX@rellam, Mcintosh
and James, 1995; Thurmoatlal,, 1998) Through thinteraction, Munc183 has been shown to regulate

a number of exocytotic pathways involving SThi¥ediated fusion at the plasma membrane.
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In some cell types, MunciB regulates trafficking at the apical membrariuncl183 localises to the
apical membrane irrat parotid acinar cellsvhere it interacts with STX4soproterenol treatment
stimulates amylase release from acinar celled inducestranslocation of Muncl®8 to the plasma
membrane. Using antibodies against Muneéd 8o block its function resulted in dosedependent
decrease in isoproterendgtimulated amylase release from cells suggesting that Mui18gulates
amylase secretion through interaction with STX4 at the plasma memlifhawag Nashida and Shimomura,

2004)

Munc183 is also required for apical trafficking and cell polarity in intestinaghefial cells. Knockdown

of Munc183 in CaCo2 cells significantly reduced the apical localisation of GM1 ganglioside, an apical
marker, and Rab11, known to mediate apical trafficking of vesicles. Cells depleted for Muatst8did

not form a polarised mnolayer and formed mostly cell islands. In accordance with its role in epithelial
cell polarity, heterozygous or biallelic variants of Mun&LBave been shown to give rise to very early
onset inflammatory bowel disease (VEOIBD). VEOIBD is characteyisatediinal inflammation in
children less than 6 years of age. Patients often also present with bilateral sensorineural hearing loss
(Ouahecdet al.,, 2021)

In contrast, Muncl1& has also been reported to regulate trafficking at the basolateral membi@ing4
localises to the basolateral membrane of polarised MDCK cells. Immunoprecipitation studies
demonstrated that Muncl18 interacts with STX4 via itstBrminal peptide. Loss of the STX4d¥minal
peptide results in the loss of STX4 at the basolateral membrane suggesting that MuptEly& a role in

the basolateral targeting of STXRealeset al, 2011) Other studies suggest MuncB3is required for
STX4 stability at the basolateral membraneoékdown of Munc18 reduces the expression but not the
localisation of STX4though it does reduce the basolateral localisation iofintegrin. However,
introducing Nterminal mutations in STX4 that affect Mune38binding and basolateral sorting
mislocalises STX4 to the cytoplasm. This suggests that MianstBBilises STX4 at the plasma membrane

rather being responsible for its méamane targetingTorreset al,, 2011)

Munc183 has also been shown to mediate basolateral exocytosis in pathophysiological conditions. Under
normal conditions, zymogen granules are secreted from the apical surface of pancreatic acinar cells
(Gaisano and Gorelick, 200Stimulation of pancreatiacinar cells with supraphysiological levels of the
intestinal hormone cholecystokinin mimics pancreat{fdolai, Liang, Orabi, Xiet al,, 2018) In these

cells, zymogen granules pathophysiologichlse with the basolateral membrane and apical exocytosis

is blocked/Gaisano and Gorelick, 2008)unc183 depletion was shown to impair the formation of the
basolateral SNARE complex, SEXHP23/AMPS8 in mouse pancreatic acinar cells which in turn reduces

basolateral exocytosis of zymogen granules in pancreatitidelled cell{Dolai, Liang, Orabi, Xigt, al.,
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2018) Displacement of Munc18 from the basolateral membrane prevented basolateral exocgtosi

zymogen granules which were-directed to the apical membran@aisano, Sheu and Whitcon004)

Moreover, Munc183 function has been widely studied ihe regulation of insulirstimulated GLUT4

trafficking in adipocytes and skeletal muscle céftsvever, its exact role remains controversial.

Overexpression studies suggested Mungl&ctsa negative regulator of GLUT4 vesicle fusion. Expression
of a Muncl183 peptide unable to bind STX4 in 3B adipocytes prevents the exocytosis of Gl-UT4
vesicles with the plasma membrane which accumulated under the cell suffhcemondet al., 1998,
2000) Expression of full length MuncIBwas also showto reduce glucose transport in adipocytes. Use
of Munc183 antibodies to block its function stimulated GLUT4 translocation to the plasma membrane
suggesting that Munc18 negatively regulates GLUT4 vesicle translocafdacaulayet al, 2002)
Consistent with this, overexpression of Muned8n skeletal muscle was also shown to inhibit GLUT4
translocation to the membran¢Khanet al, 2001) Overall, these studs suggest Munc18 function

inhibits GLUT4 vesicle translocation and fusion at the plasma membrane.

In contrast,depletion studies suggest a positive role for Mun@Lih GLUT4 trafficking. Heterozygous
Munc183 knockout mice showed a reduction in insedtimulated GLUT4 translocation in skeletal muscle
suggesting Muncl2 positively regulates GLUT4 translocati@@®h et al., 2005; Jainet al, 2012)
Moreover, Muncl8 was shown to be phosphorylated in response to insulin receptor activation.
Expression of Munc18 wildtype and phosphomimetic mutants, but not phosphodefective mutants, in
Munc183 depleted adipocytes rescues GUWESsicle exocytosigewellet al, 2011) Fhosphorylation of
Munc183 was suggested to be important in repositioning of Mun8l@ STX4 such that it allows STX4

to form an open confirmation and form SNARE complexes to mediate GLUT4 vesiclefGs@n y R NS |

Merrinset al,, 2007; Smitherst al., 2008)

Finally, Munc1& regulation of GLUT4 vesicle trafficking has been implicated in insulin resistance. Insulin
resistance is the inability of cells to response to limswhich can be caused by impaired GLUT4
translocation or activityNelson, Robinson and Buse, 2Q083ulin resistance can be induced in cells using
glucosamine. Cells exposéa glucosamine have increasedli@ked glycosylation levels and impaired
translocation of GLUTA4. It was shown that Mun&li8 Glinked glycosylated in response to glucosamine
treatment. Glinked glycosylation of Munc18 impairs its translocation to thelasma membrane and the

results in defective GLUT4 translocatiddelson, Robinson and Buse, 2002; Céiesl., 2003)

1.4 Research guestion

STX19%s apoorly characterised Q&8NARE. Previous studies have characterised its localisation and

membrane targeting in HeLaM cells and suggested a possible role secretion of soluble and membrane
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anchored carggGordonet al, 2010; Ampatlet al, 2018) However, it remains unclear which pathways

and processes STX19 functions in and how STX19 function is regulated. The main aim of this study was
to gain insight into the regulation and function of STX19. To address this aim, we udsabedll

mitochondral re-routing assays to validate and characterise STX19 prpteiein interactions and

used overexpression studies to analyse effects of STX19 expression on SNARE binding partners and
compartmental markers. As STX19 has a limited tissue distributiorsaathtively highly expressed in
epithelial tissues and the sk{liVanget al., 2006; Lonsdalet al., 2013; Toufighét al., 2015) we have

also established a physiolieglly relevant cell model in which STX19 function can be studied. Through
these studies, we have gained insight into the molecular interactions which may regulate STX19
function, identified STX19 overexpression phenotypes which provide clues into wiiniraya STX19

may function in, and characterised STX19 localisation in a physiological model.
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Chapter 2

Materials and Methods
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2.1 Bacterial culture and transformation

2.1.1 Bacterial culture

Plated bacterial cultures were grown at 37 °C in a HeraTherm incubator (Thermo Scientific,
Massachusetts, US) and maintained on agar plates (1.5 % agar, 1 % tryptone, 1 % sodium chloride, 0.5 %
yeast extract, ddbD). See table-2 for all buffer recipes used for bacterial culture and transformation.
Where required, kanamycin (50 pg/mL) or ampicillin (100 pg/mL) were added for selection purposes (see
table 23). 20 mg/mL >jal was used to coat seilates for blue/white screening on TOPO cloned

transformants.

Liquid cultures were grown at 37 °C at 220 rpm in a KS4000 iControl shaking incubaie(keA

Staufen, Germany) and maintained in LB medium (1 % tryptone, 0.5 % yeast extract, 0.5 % sodium
chloride, ddHO). Where required, kanamycin (50 pg/mL) or ampicillin (100 pg/mL) were added for
selection purposes. Small bacterial cultures@mL) were pelleted by centrifugationrf@5 minutes at

3000 rpm in a Rotina 46R centrifuge (Hettich Zemgigin, Tuttlingen, Germany). Large bacterial cultures

(>50 mL) were pelleted by centrifugation for 10 minutes at 5000 xg in a Beckman Axamedtrifuge
(Beckman Coulter, California, US).

. OGSNRAIFE A0GNIAya dzaSR Ay ilicktiorof largeSaAADNA puyffiCetiatpgR S 5 |
FYR hyS {K2{ixn aReddtam Zhemiocally Cdtripeedt E. coli (Invitrogen, California, US)

(TOPO cloning for construct generation).
2.1.2 Bacterial transformation

Competent bacteria were thawed on ice. R gf ~100 ng DNA was added to 50 uL of competent bacteria
and incubated on ice for 20 minutes. The bacteria were heat shocked at 42 °C for 42 seconds and
incubated on ice for a further 2 minutes. 1 mL of LB media was added and the bacteria were inaubated i
a KS4000 iControl shaking incubator at 220 rpm, 37 °C for 1 hour. Bacteria were pelleted by centrifugation
using a Sigmaldrich 1-15p microcentrifuge (Missouri, US) at 10,000 rpm for 5 minutes. The supernatant
was discarded and bacteria-seispended ir100 uL LB media. The-sespended bacteria was spread onto

an agar plate containing the appropriate selection antibiotic using a cell spreader and incubated overnight

at 37 °C in a HeraTherm incubator.
2.1.3 Bacterial inoculation

Bacterial colonies froragar plates were picked and used to inoculate 3 mL of LB media containing 1 pg/uL
of the appropriate selection antibiotic. Bacteria was cultured overnight at 37 °C in a shaking incubator.

200 pL of the resulting bacterial culture was used to inoculater@b®f LB media containing 1 pg/pL of
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the appropriate selection antibiotic. Cultures were incubated overnight in a shaking incubator at 220 rpm,
37 °C.

2.1.4 Plasmid isolation

Plasmid DNA was isolated from bacterial cultures using GeneJETmidki or maxiprep kits (Thermo
{OASYGAFAOT al aal OKdzaSiddax ! {0 F2ft26Ay3 GKS Yl
plasmid DNA was assessed using Thermo ScieNéfiodrop Lite spectrophotometer. Purified plasmid

DNA was stored a0 °C.

2.2 Mammalian cell culture and transfection

2.2.1 Mammalian cell culture

HeLaa YR 1 9YHdo OSffa 6SNB IAINRsYy Ay 5dzZ 6500203 -
Missouri, US) supplemented with 10 % Fetal Bovine Serum (Gibco, California, US), and 1 %
penicillin/streptomycin (Sigma Aldrich, Missouri, US) at 37 °C in a 5 P@i@ified incubator. All buffers

used for mammalian cell culture and transfection areelisin table 22. Cells were passaged at-80 %
confluency. To passage the cells, cells were washed with sterile PBS (Gibco, California, US). Cells were
then incubated for 5 minutes at 37 °C with 1 mL trypsin (Sigma Aldrich, Missouri, US) for detachanent an
re-suspended in 10 mL of fresh media. Cell lines were maintained-phatiag a 1:10 ratio of cells and

fresh media.

Adult Human Epidermal Keratinocytes (HEKa) were grown in EpiLife medium (Gibco, California, US)
supplemented with 1 % Human Keratinoeygrowth Supplement (HKGS) (Gibco, California, US) and 1 %
penicillin/streptomycin (Sigma Aldrich, Missouri, US) at 37 °C in a 5 B@dified incubator. Cells were
passaged at <80 % confluency. Cells were washed with 9 mL trypsin (Sigma Aldrichyj, NUSjcand
incubated with 3 mL trypsin at room temperature. After detachment, Cells were washed with 9 mL of
trypsin neutraliser solution (Gibco, California, US). Cells were then transferred to a 50 mL falcon tube and
centrifuged at 180 x g for 7 minutéEhe supernatant was removed and the pellestespended in 12 mL
EpiLife medium. Cells were then plated in a T75 flask at a density of 23crIB0 cni. The culture

medium was replaced every 2 days until the culture is 50 % confluent and every@éfy cdanfluency.

2.2.2 Cryopreservationrad cell line revival

HeLaM and HEK293 cells for freezing were washed once with sterile PBS (Gibco, California, US) and
incubated with 1 mL trypsin for 5 minutes at 37 °C. Cells wemuspended in 10 mL of DMENd
pelleted by centrifugation at 1500 rpm for 5 minutes. The supernatant was removed and cells were re

suspended in InL icecold DMEM containing 10 % DMSO (Sigma Aldrich, Missouri, US). Cells were
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transferred to cryovials and frozen using an isopropdrath at-80 °C before long term storage in liquid

nitrogen.

Frozen cells were quickly thawed in a water bath at 37 °C asdspended in 10 mL of DMEM. Cells were
pelleted by centrifugation at 1500 rpm for 5 minutes. The supernatant was discarded apeltbere-
suspended in 10 mL of DMEM. Cells were plated onto a 10 cm dish containing 10 mL of DMEM and kept

in culture.

HEKa cells for freezing were washed once with 3 mL trypsin (Gibco, California, US) and incubated with 9
mL trypsin for 78 minutes mimites at room temperature. Cells were-seispended in 9 mL of trypsin
neutraliser and pelleted by centrifugation at 180 x g for 7 minutes. The supernatant was removed and
cells were resuspended in 1 mL EpiLife medium containing 10 % DMSO (Sigma AldsstyrMius).

Cells were transferred to cryovials and frozen using an isopropanol b&8@ &€ before long term storage

in liquid nitrogen.

Frozen HEKa cells were quickly thawed in a water bath at 37 °C until a sliver of ice remains. Cells were re
suspenad to a density of 1.24 x 105 mL of the cell rsuspension was added to T25 culture flask and

incubated at 37 °C in a 5 % &@midified incubator.
2.2.3 Adult Human Epidermal Keratinocyte calcitinduced differentiation

HEKa cells were seeded at a dgnef 2.5 x 18cells / cniand incubated for 48 hours at 37 °Cina 5 %
CQ humidified incubator. The culture media was removed and replaced with 10 mL EpiLife medium
containing 10 % HKGS, 1.2 mM gag&id 10 ng/uL EGF. Cells were incubated at 37 2C5i%% CO

humidified incubator for 96 hour until cells form epithelial shéike clusters.
2.2.4 Cell transfection
2.2.4.1 Transient transfection

Cells for transfection were seeded into 12 well plates (Thermo Scientific, Massachusetts, US).50.6 x 10
HelL.aM cells were seeded per well with 1 mL DMEM. Cells were incubated overnight at 37 °C. Prior to

transfection, the DMEM was replaced with 1 mL antibiéte DMEM.

Plasmid DNA was transfected into cells using either polyethylenimine (PEI), Lipofectadfide 2
(Invitrogen, California, US), or FUGENE HD (Promega, Madison, USA). PEI was used at a ratio of 1 pg DN/
to 5 pL PEI. Lipofectamine 2000 was used at a ratio of 1 pg DNA to 2.5 pL Lipofectamine 2000. FUGENE
HD was used at a ratio of 1 ug DNA to 3 uL NESHD. For PEI and Lipofecatmine 2000 transfections,
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plasmid DNA and transfection reagents were diluted in separate microcentrifuge tubes containing 25 pL
Opti-MEM® (Gibco, California, US) per well. Both tubes were incubated at room temperature for 5
minutes. The transfection reagent mix was added to the plasmid DNA mix, mixed gently by pipetting, and
incubated at room temperature for 20 minutes. For FUGENE HD transfections, plasmid DNA was diluted
in a microcentrifuge tube containing 25 L OEM®. FUGENHD was added directly to the tube
containing the diluted DNA and incubated for 10 minutes at room temperature. The resulting transfection
mixes (in all cases) were added dropwise to cells before swirling to mix. Cells were incubated overnight
at 37 °C.

All expression constructs used in this thesis are listed in taile 2
2.2.4.2 siRNA transfection

2.0x1G HeLaM cells per well were seeded onto a 6 well plate (Thermo Scientific, Massachusetts, US) with
2 mL antibiotiree DMEM and allowed to adhere f& ¢ 4 hours. Cells were transfected using
Lipofectamine RNAIMAX (Invitrogen, California, US). 5 yL of 20 uM siRNA was diluted in 150 pL Opti
MEM®. In a separate microcentrifuge tube, 6 pL of Lipofectamine RNAIMAX was diluted in 34 pL Opti
MEM®. Both micrentrifuge tubes were incubated at room temperature for 5 minutes. The diluted
Lipofectamine RNAIMAX was added to the siRNA, mixed gently by pipetting, and incubated at room
temperature for 20 minutes. The siRNA transfection mix was added dropwise tbefle swirling to

mix. Cells were incubated at 37 °C.

For single hit knockdowns, cells were analysed after 48 hours after transfection. For double hit
knockdowns, cells were trypsinised 48 hours after initial transfection. Cells were then seeded %at 2x10
cells per well onto 6 well plates with 2 mL antibiefiee DMEM and allowed to adhere for¢24 hours.

Cells were transfected with siRNA following the same protocol as the initial transfection and incubated at
37 °C for a further 48 hours. For analysisticroscopy, cells were trypsinised 24 hours after the second
transfection and seeded at 1x16ells per well onto 15 mm No. 1 round coverslips (VWR, Pennsylvania,
US) in 12 well plates and incubated for a further 24 hours. Cells were analysed 96 heuisit¥l

transfection.
2.2.5 Generation of stable cell lines/lviral transduction
2.2.5.1 Transfection of HEK293 cells for viral production

HEK293 cells were grown using standard cell culture methods described above and transfecte@@t 70

% conlfuency. Prior to transfection, cells were washed with sterile PBS and 6 mL andileetibMEM
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was added. Cells were incubated at 37 °C fQdzhours. Lentiviral transduction was used to generate a
stable HeLaM cell line expressing the Dharmacon SMARTvdentiviral tetinducible shRNA
(Dharmacon, Colorado, US). Cells were transfected with Dharmacon SMARTvector containing the tet
inducible shRNA sequence, psPax2 lentiviral packaging vector, and pMD2@&exghssing envelope
plasmid. Retroviral trariiction was used to generate a stable HeLaM cell line expressingAN#eS.

Cells were transfected pLXMIOD vector containing HXAMP8, pUMVC packaging vector, and pMD2.G
VSVG envelope. For both transductions, polyethylenimine (PEI) (SAddneh, Missari, US) was used

to transfect cells at a ratio of 1 uL PEI to 5 g total DNA. A total of 10.5 ug DNA was transfected.

All plasmid DNA was diluted in 400 puL @PEM® in a microcentrifuge tube. 52.5 uL PEI was diluted in
400 pL OptMEM® in a separate orbcentrifuge tube. Both were incubated at room temperature for 5
minutes. The diluted PEI was added to the DNA, mixed gently by pipetting, and incubated at room
temperature for 20 minutes. The transfection mix was added dropwise to the cells beforagworinix.

The cells were incubated overnight at 37 °C.

Cells were washed once with sterile PBS and 15 mL antiied®MEM was added. Cells were incubated
for a further 24 hours at 37 °C. HeLaM cells were seeded af 2gll§ per well onto a 6 wellate with 2

mL antibiotiefree DMEM to achieve 50 % confluency for viral transduction the following day.
2.2.5.2 Harvesting viral media and viral transduction of HeLaM cells

The viral media was harvested from the HEK293 cells using a &@imde. 17 uL of 5 mg/mL polybrene
(SigmaAldrich, Missouri, US) was added directly to the syringe and gently mixed. The media was filtered
through a 0.45 pM filter (Merck Millipore, Massachusetts, US). 2 mL of the viral media was added to each
well of He.aM cells. Excess viral media was store@@t°C for future use. HeLaM cells were incubated
with the viral media at room temperature for 20 minutes and then centrifuged at 2500 rpm for 90

minutes. Cells were incubated overnight at 37 °C.

The cells werexpanded into T75 flasks in antibiofiee DMEM and incubated overnight at 37 °C. For
selection of cells of virally transduced cells, the media was replaced with DMEM containing the
appropriate antibiotic selection (puromycin for lentiviral transductio®4,18 for retroviral transductions;

see table 23). Cells were treated with the antibiotic everg @ days for the generation and maintenance

of the stable cell line.
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2.3 Mitochondrial rerouting assays

2.3.1 Knocksideways assay

HeLaM cells were seeded 0.85x10 cells per well in a 12 well plate and incubated overnight at 37 °C.
Cells were transfected according to the protocol in section 2.2.4.1 with Pmito;RK8FTX19, and any
potential interacting protein tagged with GFP. The constructs weresfeamted in a ratio of 0.5 ug Pmito

to 0.9 ug FKBRycSTX19 to 0.1 g interacting protein. Cells were incubated overnight at 37 °C. To induce
mitochondrial rerouting, cells were treated with 1 pg/mL rapamycin (see tab® th 1 mL fresh media

and incub&ed at 37 °C for 30 minutes. Cells were fixed using 4 % PFA and analysed using

immunofluorescence microscopy as per the protocol in section 2.4.
2.3.2 Mitochondrial rerouting assay

0.85x10HelLaM cells or 1.2x1Cos7 cells per well were seeded in a 12 well plate and incubated overnight
at 37 °C. Cells were transfected according to the protocol in section 2.2.4.1 with a STX19 construct in
which the Germinal Sacylation domain had been replaced with the transmeert® domain of
monoamine oxidase (STXxft4to, see section 2.6.6). Cells were-tcansfected with a GFP/mCherry
tagged potential interactor. The constructs were transfected in a ratio of 0.9 pg Siixi % 0.1 pg
potential interactor. Cells were incubatedernight at 37 °C. Cells were fixed using 4 % PFA and analysed

using immunofluorescence microscopy as per the protocol in section 2.4.

2.4 Immunofluorescence microscopy

2.4.1 Immunofluorescence fixation and staining

Cells were grown on 15 mm No. 1 roucaverslips (VWR, Pennsylvania, US) in 12 well plates. For Total
Internal Reflection Fluorescence microscopy (TIRF), cells were grown in 35 mm glass bottom dishes (Ibidi,

Grafelfing, Germany).

Cells were rapidly fixed by adding 0.5 mL 4 % paraformaldgifek) to directly to the cell culture media

in each well to avoid osmotic shock. The media was aspirated and cells were fixed using 1 mL 4 % PFA at
room temperature for 15 minutes. The cells were quenched with 1 mL 0.1 M glycine at room temperature
for 5 minutes. Cells were permeabilised with 0.1 % saponin with 5 % FBS at room temperature for 10
minutes and blocked using 1 % bovine serum albumin (BSA) at room temperature for 30 minutes. All

buffer recipes are listed in table®
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All antibody incubationteps were performed in 1 % BSA. Cells were incubated with primary antibodies
at room temperature for 30 minutes. Cells were washed 3 times in 1 % BSA. Cells were incubated with
secondary antibodies at room temperature for 30 minutes. Cells were washed wih 1 % BSA and

once with 1XPBS. See tabk® 2or a full list of antibodies used in this study. Coverslips were mounted
onto microscope slides using ProLong Gold Mounting Media (Invitrogen, California, US) and sealed with
clear nail polish. For TIRFamgiscopy, 1 mL of 1 x PBS was added to the 35 mm dish. Microscope slides

and dishes were stored at 4 °C.

Epifluorescence microscopy was performed using an Olympus BX61 epifluorescence microscope
(Olympus, Tokyo, Japan) equipped with 40x and 60x oil obg=sct488 nm, 594 nm, and 647 nm lasers
and a Hamamatsu orca ER CCD detector (Hamamatsu Photonics, Hertfordshire, UK). Images were

processed using ImageJ.

TIRF microscopy was performed using-BISINSTORM microscope (Nikon, Tokyo, Japan) equipped with

a CFl Plan Apo TIRF 60x oil objective (Nikon, Tokyo, Japan) and an Andor iXion-Q€® Ekmera
(Andor Technologies, Belfast, Northern Ireland). For TIRF imagining, 488 nm, 594 nm, or 647 nm lasers
are directed at the sample at an angle greater than¢h@cal angle of the laser line. This results in total
internal reflection of the laser line and creates an imaging field at 100 nm depth from the cell surface.

Images were processed using ImageJ.
2.4.2 AntiHA antibody uptake assays

HelLaM cells stablyansduced with HA/AMP8 were incubated with mouse ahtA antibodies diluted
1:100 in DMEM culture media for 30 minutes at 37 °C in a 5 2h@adified incubator. Cells were then

fixed and stained using the immunofluorescence protocol in section 2.4.

2.5Flow cytometry secretion assay

HelLaM cells stably transduced with pQCIH#eGFPFM4FCShGH were used in this assay. This construct
contains a signal sequence (S1), eGFP, four FM aggregation domains, furin cleavage site (FCS) and human
growth hormone (hGH This construct is trapped in the ER until release by treatment with D/D solubiliser.

D/D solubiliser disrupted the FM domains interactions and as such, the construct can traffic to the plasma

membrane and be secreted by the célBordonet al.,, 2021)

Cells were grown in-@ell dishes and transfected with either StrepSTX19 or StrepNSP6 in duplicate.
Untransfeted cells were set up for use as a negative control. 24 hours after transfection, cells were

washed once with sterile PBS and detached using 1 mL trypsin for 5 minutes at 37 °C. Cells were re
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suspended in 1 mL DMEM with or without 1 pg/mL D/D solubilSelis were incubated at 37 °C for 2.5
hours before fixing with 4 % PFA. Cells were stained following the protocol in section 2.4. As the cells are
in suspension, cells were pelleted using centrifugation at 1200 rpm for 3 minutes at 4 °C between each

stage.

Flow cytometry data wagollected using the Attune NxT Flow Cytometer (Invitrogen, Waltham,
Massachusetts, US) equipped with 488 nm and 594 nm lasers. Forward and side scatter gating was used
to gate cell populations. The 594 nm laser was used to tgatesfected cell populations and the 488 nm

laser was used to measure GFP fluorescence intensity in transfected and untransfected cell populations.

Data was analysed using FloJo (Treestar, Oregon, US).

2.6 Molecular biology

2.6.1 Casting agarose gels, g&tctrophoresis, and gel purification

50 ml 1 % agarose gels were used for gel electrophoresis. 0.5 g agarose was added to 50 mL 1XTBE (90
mM Trisborate, 2 mM EDTA, pH 8.0) and heated using a microwave swirling at 30 second intervals until

all the agaros was dissolved. The gel was cooled with running water and 2 pL SYBR safe DNA gel stain
(Invitrogen, California, US) was added and swirled to mix. The gel was poured into a gel tank containing

the appropriate sized combs and allowed to set.

5¢ 15 yL samies were loaded into the gel alongside Quliclad purple 209 DNA ladder (New England
Biolabs, Massachusetts, US). 1XTBE was used a running buffer. A current of 80 mA was passed through
the gel for DNA separation using a Fisher Biotech Scientific eléciregis system power pack (Fisher

Biotech Scientific, Pittsburgh, US). Once separated, DNA bands were excised using a razor blade.

DNA was extracted from excised bands using the Monarch® DNA gel extraction kit (New England Biolabs,
Massachusetts, US)addd®R A Y3 (G2 GKS YI ydzZFl OGdzNBEBNEQ Ay adNHzOGA 2

2.6.2 Primer design and polymerase chain reaction (PCR)

Primers were designed using Serial Cloner software 2.6.420%ase pairs were selected from the start
OpQ LINAYSNDL 2N SyR alon€d ehsiihgra3si % BF conielitanda be70 °C2 06 S
melting temperature. Appropriate restriction sites corresponding to the vector to be used were included

in the primer sequence. Primers were generated by Sigidaich. See table-8 for a full listof primers

used in this thesis.
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QuickLoad® Tag 2X Master Mix (New England Biolabs, Massachusetts, US) for all PCR reactions. 1 pL of
Man xa pQ YR o0Q LINAYSNE ¢SNBE O2 Ydh RGRSMRplifigatidn asm  « [
carried out using a BRad T100 ThermoCycler (BioRad, California, US). Samples were initially heated to
94 °C for 1 minute. Denaturing took place at 92 °C for 30 seconds, annealing took placesat %5 for

1 minute, and extension took place at 72 °C for 1.5 minutes. Thaioeawas cycled through 30 times

before a polishing step at 72 °C for 10 minutes.

PCR products were resolved on a 1 % agarose gel (see section 2.6.1) alongsidi®&ukple 2og
DNA ladder and DNA extracted as above.

2.6.3 TOPEGA cloning of PCR qducts

PCR products were cloned into TOPO vectors using -TARMNIng kit (Invitrogen, California, US). 1 uL

of salt solution, 1 pL TOPO vector, and 4 uL PCR product were combined and incubated at room
temperature for 10 minutes. 4 pL of the mixture wlasRRSR G2 pn x[ hyS { K2inun
Resistant Chemically Competent E. coli and incubated on ice for 10 minutes. The bacteria were heat
shocked at 42 °C for 42 seconds and incubated on ice for a further 2 minutes. The bacteria were spread

onto ampicilin agar plates coated with 120 pyL 20 mg/mGa and incubated overnight at 37 °C.

White colonies were picked and cultured in 3 mL LB media containing 1 pg/uL ampicillin overnight at 37
°C. Plasmids were isolated using GeneJET-prepi kit according toy' I y dzF I OG0 dzZNBENR Q Ay a i
plasmid DNA was digested using EcoRI enzyme restriction digest (see section 2.6.4 for protocol) and
NEBuffer EcoRIl (New England Biolabs, Massachusetts, US). Digested DNA was separated using gel
electrophoresis (see sectioh6.1) and purified using Monarch® DNA gel extraction kit (New England
.A2flo0ax alaal OKdzaSdGdaz | {0 I OO02NRAY3I (2 GdKS Yy

the University of Sheffield Core Genomic facility.
2.6.4 Restriction Digests

All restriction digests were carried out using enzymes and buffers from New England Biolabs,

Massachusetts, US. See tabié for a full list of restriction enzymes and buffers used in this thesis.

15 L restriction digests were performed using 0.5 pL of eagthiction enzyme, 1.5 L of the appropriate
restriction buffer, 5 uL DNA (approx. 400 ng), and 7.5 pulz@dH

30 pl restriction digests were performed using 1.5 pL of each restriction enzyme, 3 pL of the appropriate
restriction buffer, 24 uL DNA (appro®00 ng). Amount of DNA was adjusted depending on DNA

concentration. Any remaining volume was made up with £0lH
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Restriction digest mixtures were incubated at 37 °C for 1 hour. Samples were then resolved on a 1 %

agarose gel and DNA extracted as per thatgeol in section 2.6.1.
2.6.5 Ligation and transformation

All ligation reactions used T4 ligase and T4 ligase buffer (New England Biolabs, Massachusetts, US). For a
20 pL reaction, 2 uL T4 ligase buffer, 50 ng vector DNA, 50 ng insert DNA, 1 pule Whkgased and the

remaining volume made up with dd@. The mixture was incubated at room temperature for 30 minutes.

51l ph o0 OGSNAIE OSffa 6SNB (NIyatTz2NN¥SR gAGK f ATl
and incubated on ice for 20 mines. The bacteria were heat shocked at 42 °C for 42 seconds and
incubated for a further 2 minutes on ice. 1 mL of LB media was added to the bacteria and incubated in a
shaking incubator at 220 rpm for 1 hour at 37 °C. The bacteria was pelleted by cetitifugtal 0 000

rpm for 5 minutes using a Sigma; 15p microcentrifuge. The supernatant was discarded and the pellet
re-suspended in the remaining 100 pL LB media. The bacteria were spread onto an agar plate containing
the appropriate antibiotic for selein and incubated overnight at 37 °C. Insert and vector only controls

were used to ensure proper ligation had taken place. Colonies were picked and used to inoculate 3 mL of
LB media containing the 1 ug/uL of the appropriate antibiotic for selection. Rlasmere isolated from

the resultant culture using the GeneJET midiNE LI { A G F O0O2NRAy 3 (2 YIydzZFIl O
DNA was sequenced to confirm correct vector insertion at the University of Sheffield Core Genomic

facility.
2.6.6 Constructs gesrated for use in this thesis

The STXIgito, STX19nito KDRAAA, and STXIito SNARE domain deletion constructs were
generated using a STX19 template DNA and a SHIXMAO construct. The STXHMAO construct

was a kind gift from Dr Sean Munro (Unisiey of Cambridge). The construct consists of STX16 in a
pcDNA3.1+ vector backbone containing a HA tag, monoamine oxidase transmembrane domain, and
MITOAPEX; used for visualisation by electron microscopy. GWPNT and GHPST constructs were
generated sing DNA for a fragment of the protein that were predicted to interact with STX19 based on
commercial yeastwo hybrid screens (Ampah and Peden, unpublished) and the pEGFEctor. Primers
designed for these constructs can be found in tabl& Zhe tempate DNA was amplified using PCR and
TOPO cloned as per the protocols described in sections 2.6.2 and 2.6.3. The insert DNA was excised and
purified from the vector using EcoRI and NEBuffer EcoRI (New England Biolabs, Massachusetts, US) as per
the protocolin section 2.6.4. and sequenced (University of Sheffield Genome Sequencing Facility) to
ensure the correct sequences had been amplified. The inserts and vectors were digested as per the

protocol in section 2.6.4. Table1® shows a full list of the insextthe corresponding vectors, and the
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enzymes and buffers used for the restriction digest reactions. The digested DNA was separated by gel
electrophoresis and purified from the gel as per the protocols in section 2.6.1. The purified vector and
insertweref A3 GSR yR dzaSR (2 GNIyYyaF2N¥Y 51 ph o6 OGSNR
2.1.2.

2.7 Protein chemistry

2.7.1 Cell lysis and sample preparation

Cells were placed on ice and washed twice withciolel 1XPBS. Plates were placed at an anglhe ice

to drain off any excess PBS. Cells were then incubated on ice with 200 pL HEPES lysis buffer (50 mM HEPES
150 mM NacCl, 1.5 mM MgCIL mM EDTA, 10 % glycerol, 0.5 % Tritd®X 1XPCI) per well of a 6 well

plate for 20 minutes. See table13 for buffer recipes. Cells were removed from the bottom of the plate

using a cell scraper and placed into 1.5 mL microcentrifuge tubes. Samples were incubated on ice for 45
minutes vortexing briefly at 15 minute intervals. Samples were centrifuged at 1Ep@®€r 20 minutes

at4 °C.

The supernatant was transferred to new -celd 1.5 mL centrifuge tubes. Protein concentration was
assessed using the BioRad DC protein concentration assay as described in section 2.7.2. 4X Laemmli buffer
was added to the samgs$ such that the final concentration of Laemmli buffer was 1X. Samples were

boiled at 95 °C for 5 minutes and stored-20 °C.

2.7.2 BioRad DC protein concentration assay

Protein concentration was determined using reagents from BioRad DC protein concentration assay kit

(BioRad, California, US) expect where mentioned.

Protein standards ranging from 0 mg/ml2 mg/mL were prepared using Albumin (Thermo Scientific,
Massachustts, US) diluted in HEPES lysis buffer. 5 uL of each protein standard and samples were loaded
into a 96 well plate in triplicate. 1 mL of reagent A was combined with 20 pL reagent S. 25 pL of the
resultant reagent was added to the wells containing the prnostandards and samples. 200 pL of reagent

B was added to the wells and the plate was incubated in the dark at room temperature for 15 minutes.
Absorbance was read at 740 nm using a FLUO star omega plate reader (BMG Labtech, Ortenburg,
Germany). A standd curve was generated using the protein standards concentrations and absorbances.

Sample concentration was determined using the standard curve.
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2.7.3 Casting acrylamide gels

15 % acrylamide gels were prepared according to the recipes in tab®k 3edable 211 for buffer
recipes used in gel casting. Spacer and short plates were washed with liquid detergent and rinsed in
ethanol. Plates were assembled and clamped in BioRad casting frames. Approximatel Bb of
separating gel was poured in betweéhe plates until the gel reached 1.5 cm below the top of the plates.

Approximately 1 mL of isopropanol was added and the gel left to set at room temperature for 30 minutes.

Isopropanol was removed and the gel washed 3 times withy@dthsuring all wates removed after the
final wash. Approximately 1 mL of stacking gel was poured in between the plates until the gel reached
the top of the plate and a 0.75 mm BioRab comb inserted into the gel. The gel was left to set at room

temperature for 30 minutes. Theomb was removed prior to use.

2.7.4 Sodium dodecyl sulfatgolyacrylamide gel electrophoresis (SBPPAGE)

All equipment used for SEFFAGE was part of the MiRROTEAN® Tetra Vertical electrophoresis system

(BioRad, California, US) expect where mentioned.

Cast gels were loaded into MIRROTEAN® electrophoresis cassette and the cassette filled with IXTGS
running buffer (25 mM Tris, 192 mM Glycine, 0.1 % SDS, ddH20, pH 8.3). Seeltalbte all buffer
recipes. Wells that were not to contain samples were loaded with 15 pL of 1X Laemmli buffer using round
tip or flat tip gel loading tips. Precision Plus ProwfesternC (BioRad, California, US) standard was diluted

1 in 4 with ddHO and 8 yL was loaded into the gel where appropriateg 18 pL of sample was loaded

in the gel depending on protein concentration, see section 2.7.2 for the BioRad DC protein catment
assay protocol. The loaded cassette was placed into the gel tank and the tank was filled with 1XTGS
running buffer to the line indicated on the tank. A current of 100 V was passed through the system using
the Fisher Biotech Scientific electrophogesystem powerpack (Fisher Biotech Scientific, Pittsburgh, US)
for 15 minutes or until the samples passed into the separating gel. The current was increased to 200 V for
45 minutes or until the laemlli buffer exited the gel. The gels were removed fronmatileand washed

with ddHO before staining or use in protein transfer.

2.7.5 Coomassie staining SIPAGE gels

The gels were submerged in Quick Blue Stain (Avidity Science, Wisconsin, US) and placed on a Stuart
Scientific platform shaker (Bibby ScientiStaffordshire, UK) overnight. Stained gels were rinsed in@dH
and imaged using the GelDoc EZ Imager (BioRad, California, US).
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2.7.6 Protein transfer

Proteins were transferred onto 0.45 uM nitrocellulose membranes (Whatman, Maidstone, UK) using a
wet blotting method. Low molecular weight transfer buffer was used for low molecular weight proteins
(25 mM Tris Hydrochloride, 192 mM Glycine, 20 % Methanol, ddH20). High molecular weight transfer
buffer containing 0.1 % SDS was used for proteins >100 kDaghtwsee table A3 for buffer recipes.

A transferred cassette was prepared with transfer sponges, Whatman chromatography paper (Whatman,
Maidstone, UK), the SEFAGE gel, and the nitrocellulose membrane in a tray filled with transfer buffer.
All componets of the transfer cassette were soaked in transfer buffer. Proteins were transferred

overnight at 4 °C with a 100 mA of current using a BioRad PowerPac HC (BioRad, California, US).
2.7.7 Staining nitrocellulose membranes with Ponceau S

To visualise prain bands, membranes were briefly stained with Ponceau S solution (0.1 % Ponceau S, 5
% acetic acid, see table 2.12) (Sightdrich, Missouri, US). Membranes were rinsed with oo

remove excess staining solution and left to dry on Whatman chromatogrppher.
2.7.8 Immunoblotting

Membranes were blocked using a milk blocking buffer (5 %fabdry skimmed milk in 2XPBS with 1 %
tween-20, see table A3) for 30 minutes at room temperature on a Stuart Scientific Platform Shaker. All
antibodies used foimmunoblotting were diluted in blocking buffer, see tablet Zor a full list of
antibodies used in this thesis. Membranes were incubated with primary antibodies for 1 hour at room
temperature. For antibodies that require a higher concentration, membravere placed on an antibody
incubate plate on top of parafilm. 1 mL of antibody diluted in blocking buffer was pipetted on to the
membrane. For antibodies that used a lower concentration, membranes were incubated wiBhn3L

antibody diluted in blockinguffer and placed on a Stuart Scientific platform shaker.

All membrane washes took place in blocking buffer. Membranes were washed 3 times briefly followed by
3 times for 5 minutes on a platform shaker. After washing, membranes were incubated wBm8.
secondary antibodies conjugated to HRP and Precision Protein Streptactin HRP (5000x) (BioRad,
California, US) diluted in blocking buffer for 1 hour at room temperature on a platform shaker.

Membranes were washed as above apart from the final 5 minutghwehich was in 1XPBST.
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2.7.9 Protein detection

Membranes were incubated with Clarity Western ECL Substrate (BioRad, California, US) as per
YIydzZFI OGdzZNENBEQ LINRG202t G NR2Y GSYLISNI G§dzZNB T2 NJ
and membrane enclosed in plastic. Membranes were imaged usif€@QR @iGit blot scanner ({COR

Biosciences, Nebraska, US) at high sensitivity.

Table 21: Bacterial culture buffers

Buffer Composition Recipe

5 g Tryptone (SigmaAldrich, T7293KG)
2.5 g Yeast extract (Sigriddrich, Y1625)
5 g NaCl (Fisher Chemical, S/3120/60)
7.5 g Agar (Sigrraldrich, 05046LKG)

1 % Tryptone 250 mL ddH20
0.5 % Yeast extract Powders were dissolved in ddH20 before
0.5 % NaCl autoclaving, anbiotics were added once media hay
1.5 % Agar cooled to the touch but not set
Agar plates | ddH20 Store plates at 4 °C

5 g Tryptone (Sigmaldrich, T7293KG)
2.5 g Yeast extract (Sigmddrich, Y1625)
5 g NaCl (Fish&hemical, S/3120/60)

1 % Tryptone 250 mL ddH20
0.5 % Yeast extract Powders were dissolved in ddH20 before
0.5 % NaCl autoclaving
LB media ddH20 Store at room temperature
200 mg XGal (Invitrogen, 15520034)
20 mg/ml XGal 10 mL DMSO (Sigr#ddrich, 472301)
XGal Dimethylsulfoxide (DMSQO| Divide intoaliquots and store at20 °C

Table 22: Mammalian cell culture and transfection buffers

Buffer Composition Recipe

500 mL DMEM (Sigraddrich,
D5796)

50 mL FBS (Gibco, 10500064)

5 mL penicillin/streptomycin (Sigma
Aldrich, P4333.00ML)

DMEM containing 2 | FBS and penicillin/streptomycin was

mM L-Glutamine, filtered through a 0.22 UM stericup
sodium pyruvate, and | (Merck Millipore, scgvu05re) i
phenol red tissue culture hood and added to thq
10 % FBS DMEM
Complete dulbecco's modified | 1 % 10Qug/mL For antibioticfree media used in
eagle's medium (DMEM) penicillin/streptomycin| transfections, only FBS was filtered
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and added to DMEM
Store at 4 °C

EpiLife Medium

EpiLife medium
containing 60 uM
calcium chloride

1 % Human
Keratinocyte Growth
Supplement (HKGS)
1 % 100 pg/mL
penicillin/streptomycin

500 mL EpiLife media (Gibco,
MEPI500CA)

5 mL HKGS (Gibco, S0015)

5 mL penicillin/streptomycin (Sigma
Aldrich, P4333 00ML)

HKGS and penicillin/streptomycin
was filtered through a 0.22 uM
stericup (Merck Millipore, scgvu05reg
in a tissue culture hood and added t
the media.

Store at 4 °C.

TryspirEDTA

TrypsinEDTA
containing 2.5¢
porcine trypsin and 0.7
g EDTA

Assupplied (Sigm&ldrich, T4049)
Store at 4 °C

Trypsin neutraliser solution

Trypsin neutraliser
solution containing
0.5% newborn bovine
serum as a trypsin
inhibitor

As supplied (Gibco, R002100)
Store at 4 °C

Sterile 1XPBS

Phosphate buffered
saline
pH 7.4

As supplied (Gibco, 10000%56)
Store at 4 °C

Opti-MEM

Opti-MEM reduced
serum media buffered
with HEPES and
sodium bicarbonate

As supplied (Gibco, 11520386)
Store at 4 °C

Lipofectamine 2000

As suppliedInvitrogen, 11668027)
Store at 4 °C

FuGENE HD transfection reage

As supplied (Promega, E2311)
Store at 4 °C

Lipofectamine RNAIMAX

As supplied (Invitrogen, 13778075)
Store at 4 °C

PEI

1 mg/mL
polyethylenimine (PEI)
ddH20

50 mg PHIPolysciences Inc, 23949
45 mL ddH20

Add PEI to ddH20 and adjust pH to
2.0 using 12 M HCI

Dissolve PEI for 2 hours using a
magnetic stirrer

Adjust pH to 7.0 using 10 M NaOH
Adjust final volume of the solution td
50 mL and

Filter through a 0.22 uM filie(Insight
Biotechnologiessc358816)

Store at-20 °C
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50 mg Hexadimethrine bromide
(SigmaAldrich, H9268L0G)

0.05 % 10 mL ddH20
Hexadimethrine Filter through a 0.22 uM filter (Insigk
bromide Biotechnologiessc358816) Store at
Polybrene ddH20 -20 °C
Table 23: Antibiotics
Antibiotic stock Working concentration| Composition| Recipe
1 g Ampicillin sodium salt
(FishemBioreagents,
BP1766b)
10 mL ddH20
Filter through a 0.22 uM
100 mg/mL | filter (Insight
Ampicillin Biotechnologiessc
sodium salt | 358816)
Ampicillin 100 mg/mL 100 pg/mL ddH20 Store at-20 °C
0.5 g Kanamycin disulfate
salt (Merck, EC 22347-1)
10 mLddH20
Filter through a 0.22 uM
50 mg/mL | filter (Insight
Kanamycin | Biotechnologiessc
disulfate salt| 358816)
Kanamycin 50 mg/mL 50 pg/mL ddH20 Store at-20 °C
Puromycin
Dihydrochloride (Gibco,
A1113803)
Puromycin 10 mg/mL 1 pg/uL As supplied | Store at-20 °C
0.1 gRapamycinKisher
BioReagents, BP2943
10 mL ddH20
Filter through a 0.22 uM
filter (Insight
10 mg/mL Biotechnologiessc
Rapamycin | 358816)
Rapamycin 10 mg/mL 1 pg/mL ddH20 Store at-20 °C
G418 solution (Roche,
Neomycin (G418) 50 mg/m 100 pg/mL As supplied | 4727878001)
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Table 24: Expression constructs

Construct Vector Insert Tag Insert
species
FKBFGFP pIRESNeo FKBFGFP Aequorea
victoria
FKBRNyGSTX19?2 | pIRESNeo FKBP Myc Human
STX19 without tail
FKBRNyGSTX19%%* | pIRESNeo FKBP Myc Human
STX19 full length
GFPDST pPEGFFC3 DST Y2H fragment EGFP Human
GFPMuncl181 pPEGFC3 Muncl181 EGFP Human
GFPMunc182 pPEGFC3 Muncl182 EGFP Human
GFPMunc183 pCMV3N-GFPSpark| Munc183 GFPSpark Human
GFPRacl pPpEGFC3 Racl EGFP Human
GFPSTX11 pPEGFFC3 STX11ull length EGFP Human
GFPSTX19 pPEGFFC3 STX19 full length EGFP Human
GFPSTX1952% PEGFFC3 STX19 tail EGFP Human
GFPZWINT pPEGFFC3 ZWINT Y2H fragment| EGFP Human
HASTX19 pIRESNeo STX19 HA Human
HASTX19?"2 pIRESNeo STX19 without tail HA Human
HASTX19?" pPIRESNeo STX19 without tail HA Human
STX1%¥276 STX13 transmembran
domain
HAVAMPS8 pLXIN retroviral VAMPS8 2XHA Human
Pmito pMito (Gift from pMito-mCherryFRB | mCherry | Yeast
Steve Royle, plasmig
#59352 Addgene
Adapted from pEYFHR
Mitotrap plasmid
#46942
StrepNSP6 pIRESNeo2 NSP6 Strep tag | SarsCoV?2
StrepSTX19 pIRESNeo2 STX19 full length Strep tag | Human
StrepSTXFgAA pIRESNeo2 STX19 KDR mutant | Strep tag | Human
StrepSTX198272 pPIRESNeo2 STX19 without SNARE Strep tag | Human
domain
STX16mito pPcDNA3.1+ STX16 without HA Human
transmembrane Mito-
domain APEX
Monoamine oxidase
transmembrane
domain
STX19mito pPcDNA3.1+ STX19 without tail HA Human
Monoamine oxidase | Mito-
transmembrane APEX
domain
STX19mittPAM PCcDNA3.1+ STX19 KDR mutant | HA Human
without tail Mito-
APEX
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Monoamine oxidase
transmembrane
domain
STX19mitir19294 pcDNA3.1+ STX1%ithout SNARE | HA Human
domain and talil Mito-
Monoamine oxidase | APEX
transmembrane
domain
ZWINTFLAG pCMV3 ZWINT full length FLAG Human
FLAGZWINT pCMV3 ZWINT full length FLAG Human

Table 25: Immunofluorescence microscopy buffers

Buffer Composition Recipe
20 mL 10 % Formaldehyde, methaifrale,
ultra pure (Polysciences Inc. 04618
5 mL 10XPBS (Fisher Bioreagents, BB399
4 % PFA 25 mL ddH20
1xPBS Store at roontemperature, use within 3 days
4 % PFA ddH20 or make fresh
As supplied (Fisher Scientific, M/4056/17)
Methanol Methanol Store at room temperature
0.75 g Glycine (Fisher Scientific, G/0800/60)
0.1 M Glycine 100 mL 1XPBS
Glycine 1XPBS Store at room temperature
1 g Saponin (Sigrradrich, S4521)
0.1 % Saponin 50 mL FBS (Gibco, 16140071)
5% FBS 950 mL 1XPBS
Saponin 1XPBS Store at 4 °C
1 % TritorX 100:
500 pl TritornX 100(SigmaAldrich, X100
500ML)
49.5 mL 1xPBS
0.1 % TritorX 100:
1 mL 1 % TritoiX 100 (Sigmaldrich, X100
500ML)
10 mL 1XPBS
0.1 % TritorX 100
Triton-X 100 1XPBS Store at 4 °C
100 mL 10XPBS (Fisher Bioreagents, BBB9¢
10xPBS 900 mL ddH20
1XPBS ddH20 Store at room temperature
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Table 26: Primary and secondary antibodies

Antigen Source Application Type
Primary antibodies
I -Catenin Kind gift from Kai Erdmann IF: 1/200 Mouse mAb
CD59 Sigma Aldrich Cat No. SAB470020] IF: 1/200 Mouse mAb
BD Bioscience Cat Neb5988
CD63 Clone H5C6 IF: 1/200 Mouse mAb
Santa Cruz Biotechnology Cat Ne.
Dystonin 13776 IF: 1/100 Goat pAb
E-Cadherin Kind gift from Kai Erdmann IF: 1/200 Mouse mAb
Cell Signalling Technology Cat No.
FLAG tag 14793S Clone D6W5B IF: 1/400 Rabbit mAb
Cell Signalling Technology Cat No.
FLAG tag 8146S Clone 9A3 IF: 1/400 Mouse mAb
BioLegend Cat No. 901502 Clone | IF: 1/400
HA tag HA.11 WAB: 1/1000 Mouse mAb
LAMP1 Abcam Cat No. ab24170 IF: 1/200 Rabbit pAb
MBL International Cat No. M152
LC3 Clone 4E12 IF 1:200 Mouse mAb
MICALL1 Abnova Cat No. HO00853BO1P IF: 1/200 Mouse pAb
Myc tag A. Peden Clone 9E10 IF: 1/400 Mouse mAb
Kind gift from Jason King BD
Transduction Laboratories Cat No.
P62 610833 antiP62 Ick ligand IF: 1/200 Mouse mAb
Kind gift from Jason King Cell
Signalling Technologies Cat No. 40
pAkt Clone S473 IF: 1/200 Mouse mAb
Cell signallingechnology
Rab8 Cat No. 6975 IF: 1/400 Rabbit mAb
Racl Kind gift from Daniel Humphries IF: 1/200 Mouse mAb
Made in house, raised against the
full-length protein
Purified from cell culture media
SNAP29 11 (Gordonet al., 2010) IF:1/3 Mouse pAb
Made in house, raised against the
full-length protein
Purified from cell culture media
SNAP29 5 (Gordonet al., 2010) IF:1/3 Mouse pAb
Made in house, raised against the
full-length protein(Ampabhet al.,
STX19 2018) IF: 1/600 Rabbit pAb
VAMP3 A. Peden IF: 1/200 Rabbit pAb
VAMP4 A. Peden IF: 1/500 Mouse mAb
VAMP7 A. Peden Clone 6C3 1gG2B IF: 1/100 Mouse mAb
VAMPS8A A. Peden IF: 1/200 Rabbit pAb
VAMP8B A. Peden IF: 1/200 Rabbit pAb
ZWINT Abcam Cat No. ab174266 IF: 1/400 Rabbit mAb
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Secondary antibodies

Invitrogen Molecular Probes Cat N¢

Alexa Fluor 488 | A32723 IF: 1/1000 Goatanti-mouse
Invitrogen Molecular Probes Cat N¢

Alexa Fluor 488 | A32731 IF: 1/1000 Goat antirabbit
Invitrogen Molecular Probes Cat N¢

Alexa Fluor 594 | A32742 IF: 1/1000 Goat antimouse
Invitrogen Molecular Probes Cat N¢

Alexa Fluor 594 | A32740 IF:1/1000 Goat antirabbit
Invitrogen Molecular Probes Cat N¢

Alexa Fluor 647 | A32728 IF: 1/1000 Goat antimouse
Invitrogen Molecular Probes Cat N¢

Alexa Fluor 647 | A32733 IF: 1/1000 Goat antirabbit

StrepTactin XT

Conjugate D¥188 | IBA Cat Na2-1562-050 IF: 1/1000

StrepTactin XT

Conjugate D¥94 | IBA Cat No.-2565050 IF: 1/1000

HRPconjugated | Jackson ImmunoResearch

(FC specific Laboratories

fragment) Cat no: 11835008 WAB: 1/5000 Anti-mouse

HRPconjugated | Jackson ImmunoResearch

(FC specific Laboratories

fragment) Cat no: 111035008 WAB: 1/5000 Anti-rabbit

StrepTactin HRP | BioRad

conjugate Cat no: 1610380 WAB: 1/8000

Table 27: Gel electrophoresis buffers

Buffer Composition Recipe
0.5 g agarose (Fisher Bioreagents, BP13BH
1 % agarose 5 mL 10XTBE (Sigtd&drich, T44151L)
Agarose gel 1XTBE 45 mL ddH20
90 mM Trisborate
2 mM EDTA 100 mL 10XTBE (Sig#kirich, T44151L)
ddH20 900 mL ddH20
1XTBE pH 8.0 Store at roontemperature

stain

SYBR safe DNA gel

As supplied (Invitrogen, S33102)
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Table 28: Primers

Primer name

Sequence (5'to 3)

STX19mito in pcDNA3.1+ vector backbone containing kg, MAO TM domain, MIT@APEX

3' Kpnl BamHI STx1
mito

CggatccggtaccTACAGCTAGTCCAAATTTCTC

5' Nhel STX1Mito

GCgctagcATGAAAGACCGACTTCAAGAAC

STX19mito KDRAAA
MITO-APEX

in pcDNA3.1+ vector backbone containing-td§, MAO TM domain,

3' Kpnl BamHI STXx1
mito

CggatccggtaccTACAGCTAGTCCAAATTTCTC

5" Xhol STX1@ito

KDRAAA

ctcgagATGTACCCCTACGACGTCCCCGACTACGCAGCAGCAGCA!
TAAAGCAGAGAACAAAGG

domain, MITGAPEX

STX19mito SNARE domain deletion in pcDNA3.1+ vector backbone containinggg AMAO TM

3' NotlSTX19nito SD
del.

GCggccgcTTATACAGCTAGTCCAAATTTCTC

5' Nhel STX1hito

GCgctagcATGAAAGACCGACTTCAAGAAC

GFRZWINT in pEGFE3

3' EcoRIl ZWINT Y2

fragment GCgaattcTTAAACCTCCGCCAGATGCTGC
5" Xhol ZWINT Y2

fragment GCctcgagCTGCAGAACATCCTGGCTCAG
GFPDST in pEGFE3

3" EcoRlI DST YZ

fragment GCGgaattcTTATGCCCTCCATGGTACC
5 Xhol DST Y2

fragment GCctcgagACAGGTGATGAAGTT

Table 29: Restriction enzymes and buffers

Enzyme Source

EcoRI New England Biolabs, RO10T
Kpnl New England Biolabs, R0142S
BamHI New England Biolabs, R0136S
Nhel New England Biolabs, R0131S
Xhol New England Biolabs, R0146S
NEBuffer EcoRlI New England Biolabs, B0101
NEBuffer 2.1 New England Biolabs, B7202S
NEBuffer 3.1 New EnglandBiolabs, B7203S
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Table 210: Restriction digests for construct generation

Enzymes used ir
Construct | Vector restriction digest | Restriction digest buffer
STX19 pcDNA3.1+ backbone containing-H| Kpnl
mito tag, MAO TM domain, MITAPEX Nhel NEBuffer 2.1
STX19
mito KDR | pcDNA3.1+ backbone containing-H| Kpnl
AAA tag, MAO TM domain, MITAPEX Xhol NEBuffer 1.1
STX19
mito
SNARE
domain pcDNA3.1+ backbone containing-H| Notl
deletion | tag, MAO TM domain, MITAPEX Nhel NEBuffer 2.1
GFP Xhol
ZWINT pEGFRC3 EcoRI NEBuffer 3.1
Xhol
GFPDST | pEGFRC3 EcoRI NEBuffer 3.1

Table 211 SDSPAGE gel buffers

Buffer Composition Recipe
90.8 g Trizma (Sign#ddrich, T1503/93352
1KG)
2 mL 20 % SDS (Fisher Bioreagents, BP13]
200)
400 mL ddH20
1.5 M Tris base Adjust pH to 8.8 using concentrated HCI
0.4 % SDS Make up final volume to 500 mL with ddH2C
Separating buffer| pH 8.8 Store at 4 °C
30.3 g Trizmé&SigmaAldrich, T1503/93352
1KG)
2 mL 20 % SDS (Fisher Bioreagents, BP13]
200)
400 mL ddH20
0.5 M Tris base Adjust pH to 8.8 using concentrated HCI
0.4 % SDS Make up final volume to 500 mL with ddH2C
Stacking buffer | pH 6.8 Store at 4 °C
As supplied (BioRad, 16158)
30 % Acrylamide| 30% Acrylamide/Bis 37.5:1 | Store at 4 °C
20 % Sodium dodecyl sulfatf As supplied (Fisher Bioreagents, BP120QQ)
20 % SDS solution Store at room temperature
0.1 g APS (Sigmfddrich, A36785G)
1 mL ddH20
10 % Ammonium persulfate| Divide into aliquots for long term storage -at
10 % APS in ddH20 20 °C or <3 week storage at 4 °C




TEMED ~99 %

Tetramethylethylenediaming As supplied (Sigrmraldrich, T7024)

Store at 4 °C

Table 212 SDSPAGE gel casting recipes

15 % separating gel20 mL for 4 gels

ddH20 4.8 mL
Separating buffer 5mL
30 % Acrylamide 10 mL
20 % SDS 50 pL
10 % APS 100 pL
TEMED 10 pL
Stacking gel 5 mL for 4 gels

ddH20 3.5mL
Separating buffer 700 pL
30 % Acrylamide 800 pL
20 % SDS 50 pL
10 % APS 100 pL
TEMED 5puL

Table 213 Cell lysis, SBIBAGE, transfer, and immunoblotting buffers

Buffer Composition Recipe
5.95 g HEPES (Sigaarich, H3375)
4.38 g NaCl (Fisher Chemical, S/3120/60)
0.07 g MgCI2 (Thermo Fisher Scientific, R097
0.165 g EDTA (Sigmddrich, E9884)
50 mL Glycerol (Fisher Chemica@565-500ML)
2.5 mL TritorX 100 (Sigm&ldrich, X100
50 mM HEPES 500ML)
150 mM NaCl 500 mL ddH20
1.5 mM MgCI2 M- OhYLX S Sirée Pateageh >
1 mM EDTA Inhibitor Cocktail (Roche, 11873580001)
10% glycerol PCI to be added fresh before us#o not add to
0.5% Triton XL0O stock solution. Dilute PCI from 25 X stock to ]
1X Protease cocktail | conceriration in final volume of lysis buffer
inhibitor (PCI) required for experiment
HEPES lysis buffer | pH 7.5 Store at 4 °C
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50 mM HEPES

150 mM NacCl

1.5 mM MgCI2

1 mM EDTA

10% glycerol

1X Protease cocktail

5.95 g HEPES (Sigadrich, H3375)

4.38 g NadFisher Chemical, S/3120/60)
0.07 g MgCI2 (Thermo Fisher Scientific, R097
0.165 g EDTA (Sigmddrich, E9884)

50 mL Glycerol (Fisher Chemical, G5506ML)
500 mL ddH20

PCI to be added fresh before us#o not add to
stock solution. Dilute PCI from 25&6ck to 1X
concentration in final volume of wash buffer

inhibitor (PCI) required for the experiment
HEPES wash buffer | pH 7.5 Store at 4 °C

25 mM Tris

192 mM Glycine

0.1 % SDS 100 mL 10XTGS (BioRad,-08Y2)

ddH20 900 mL ddH20
1XTGS running buffg pH 8.3 Store at room temperature

250 mM TrisHCI

40% glycerol

HE? 1 YSNDI I

8% SDS As supplied (BioRad, 18747)

1% bromophenol blue | Diluted to 1X with sample
4XLaemmli buffer pH 6.8 Store at room temperature

25 mM Tris 15 g Tris Hydrochloride (Fisher Chemical, 11§

Hydrochloride 531)

1XTransfer buffer

192 mM Glycine
20 % Methanol
ddH20

+ 0.1 % SDS for high
MW transfer

72 g Glycine (Fisher Chemical, G/0800/60)
1 L Methanol (Fisher Chemical, M/4056/17)
4 L ddH20

+ 5 mL 20 % SDS for high MW transfer buffel
(Fisher Breagents, BP131200)
Store at room temperature

Ponceau S

0.1% Poncea%$
powder
5% acetic acid

0.5 g Ponceau S powder (Sigidrich, P3504)
25 mL Acetic acid (Ror8pbS Super Purity
Solvents, HO14P)

475 mL ddH20

Filter through 0.2 puM filtefInsight
Biotechnologies, s858816)

Store at room temperature

Blocking buffer

5 % nonrfat dry
skimmed milk powder
1 % TweerR0

1XPBS

30 g skimmed milk powder (Sigmddrich,
0166500G)

600 pL Tweer20 (AppliChem Pancreac,
A4974,0500)

60 mL1OXPBS (Fisher Bioreagents, BP899
540 mL ddH20

Store at 4 °C, use within 3 days or make fresl
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Chapter 3
Investigating the interacting

partners of STX19
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3.1 Introduction

Underpinning all physiological processes is the ability of proteins to interact with one another. To fully
appreciate the function of a protein, it is crucial to understand the proteins it interacts with. Therefore,
screening of potential intectors of STX19 was key to gain insight into the pathways and processes
STX19 plays a role in. Previous work in our lab used biochemical approaches to screen for protein
interactors. This included the use of a commercial y&ast hybrid assay and proxitgidependent
biotinylation assays (BiolD) coupled to mapgctrometry A yeasttwo hybrid screerwasperformed

using a human colon library and STX19 hait. 70 unique interactors of STX%&re identified This

was shortlisted to 26 proteins based omtiional relevance to STX1Brom BiolD approaches, 54
proteins were shortlisted as potential STX19 interactbigure 31 shows a Venn diagram of potential
interactors of interest for this study and the assays they were identifie@lrtlisted interators

were also compared to a publicly available protpiotein interaction database BioGRID which
identifies interactions through affinity captum@ass spectrometryOther SNARES already predicted

to complex with STX19 were identified in the screens dhny SNAPs 23, 25, 29, and VAMPs 3 and 8.
We chose 4f the interactordMunc181, Munc182, ZWINT, and DS&hortlisted by either yeadivo

hybrid, BiolDor boththat were alsovere present on the database awdrriedtheseforward as most

likely to be gnuine STX19 interactors for further validation and investigation.

Two of the proteins we chose to investigate were Mund18nd-2. Munc18 proteins (Munclg,
Munc182, and Muncl8) belong to the Sec/Munc family of proteins and are welbwn regulators

to SNARE functiofSudhof and 8&hman, 2009) Muncl1l81 and -2 were identified aspotential
interactors of STX19 in BiolD assays amd listed on BioGRID. MunciBwas not identified as a
potential STX19 interactor in any of the screens performed and is not listed on BioGRID. Musc18
highly enriched in brain tissues and known to interact with STX1 to regulate neurotransmitter and
neuropeptide secretionDeaket al, 2009; Jiacet al, 2018; Puntmaret al, 2021) As a result,
mutations in Muncl181 give rise to severe encephalopathies and neurodevelopmental disorders
(Abramov, Guiberson and Burré, 2028)ore recent studies have also indicated a potential role for

Munc181 in the first phases of insulin secreti@@het al., 2012; Zhangt al., 2020)

Muncl182 is known to interact with STX11 in cytatoX lymphocytes and natural killer cells. Mutation

in Muncl182 or STX11 in these cell types resulted in impaired exocytosis of cytotoxic granules giving
rise to Familial Hemophagocytic Lymphohistocytosis 4/5 (FHL4/ElUSB)perinflammatory disorder
(Spessotet al, 2015, 2017a)STX11 has been shown to interact with Mun&h8a an Nerminal KDR
peptide which is coserved in STX19 and mutation in this peptide abolished MucitBeraction

(Mulleret al,, 2014) Munc182 is also enriched in epithelial cells, similarly to STX19, where it has been
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shown to interact with STX3 to regulate apical trafficking of cargo proteins such as sodium/hydrogen
exchanger 3 (NHE3) and cydtlrosis transmembrane conductance regulator (CHRRntoet al.,,

2000; Vogett al,, 2015) Mutations in Muncl® give rise to enteropathies in FHL4 patients through
disrupted apical exocytosis and result in microvillus inclusions in intestinal organoids which can be
used to model Microvillus Inclusions Disease (M\(\[@gelet al., 2017; Moseet al., 2018) Whist

STX3 also contains the conservetehninal KDR peptide, it is not yet clear if this is the binding site
for Munc182. Given that STX19 is highly homologous to STX11, containgéheiNal KDR peptide,

and is also enriched in epithelial cells, we gioe that Muncl182 is a genuine STX19 interactor
Therefore, we chose to investigate this interaction further. We also chose to investigate the
interaction between STX19 and Munel8however given that Munc18 is enriched in brain tissues
and has rolesi neurotransmitter releasat is unlikely that this interaction is physiologically relevant

Since Munc1& was not predicted to interact with STX19, we used this protein as a negative control.

One of the shortlisted interactors from previous biochemealysis was ZW1i@teractor (ZWINT).
ZWINT was identified aspotential interactor of STX19 through yeasto hybrid screening@nd is

listed as an interactor BioGRIrevious cammunoprecipitation studies in the lab also demonstrated
ZWINT is immunogcipitated with STX19 but not STXXVINT is predicted to interact with STXs 3,
11, and 18, and SNAPs 25 and[28eet al., 2002; Huttlinet al,, 2015, 2017)Itis known for its role as

a spindle assembly checkpoint protein where it recruits Z¥gkate 10 (ZW10) to the kinetochore for
proper kinetochoremicrotubule attachnent (H. Wanget al,, 2004; Kopst al., 2005) Given no known

role for STX19 in mitosig,remains unclear why STX19 would interact with ZWHblwever, progin
complexes at kinetochores have previously been reported to have moonlighting functions in
membrane trafficking. The NRZ (Nagl, RIN&nd ZW10) have been shown to act as a tethering
complex in ERb-Golgi trafficking. This complex interacts with STXd8nediate vesicle docking
(Tagayeet al., 2014) Additionally, membrane trafficking componerihave been shown to have roles

in proper formation of the outer kinetochore. SNAP29 has been shown to be essential in stabilising
ZWINT association with the kinetochore and knockdown of SNAP29 results in the loss of ZWINT at
kinetochores, ultimately impding microtubule attachment to kinetochorgd/orelli et al., 2016a)
ZWINT isalsoimplicated in a number oépithelial cancers including breast, lung, colord¢tand
hepatocellular cancers with gene upregulation correlating with poor progrigsiget al., 2018 Peng

et al, 2019; Yet al,, 2020; Zhou, Shen and Zhang, 2020; Akaleamé, 2021) Gven that ZWINT was
identified in yeasttwo hybrid screens and was immunoprecipitated with STX4® chose to
investigate this interaction furtheto gain insighinto why STX19 might interact with a kinetochore

protein.
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Dystonin (DST, also known as bullous pemphigoid antigen 1, BPAG1) was idastdigubtential
interactor of STX19 in both yeasto hybrid screens and BiolD assays. DST is a member of the
spectrglakin protein family which are well known for their roles in cross linking actin fibres and
microtubules to regulate various cellular processes such as polarisation, migration, cell division, and
cell adhesior{Zhang, Yue and Wu, 201DST has a number of isoforms including a neurspectific
isoform, a musclespecific isoform, and an epitheliapecific isoforn{Aliet al,, 2017) The epithelial

specific isoform localises to hemidesmosomes in keratinocytes which attach cells to the basal lamina
and has roles in restricting keinocyte migration and maintaining keratinocyte polarisati{gtamill

et al, 2009; Michaekt al., 2014) Mutations in this isoform give rise to the skin blistering disease,
Epidernolysis BullosdPulkkinen and Uitto, 1998; Adt al., 2017) Spectraplakin proteins have also
been shown to link actin filaments to microtubuiesclose proximity of focal adhesions to-calinate
polarised exocytic trafficking. There is growing evidence that small GTPases regulate vesicle delivery
to enriched sites of exocytosis at focal adhesions however, it remains unclear how vesicle fusion
machinery is recruited to these sité&rigorievet al., 2007; Fourrieret al,, 2019) We hypothesised

that DST acts a cytoskeletal linker to target vesicle delivery to enriched sites of exocytosis and a
scaffold to recruit the necessary fusion machinery including STX19. To investigate this hypothesis, we

chose to further validate and chacterise the potential interaction between STX19 and DST.

To further characterise the interactions of shortlisted proteins, we usesdifferent mitochondrial
re-routing celtbased assays knocksideways assay and a mitochondrial targeting asbageassays
allowed the efficient and costffective study of proteirprotein interactions in a more physiologically
relevant setting. The mitochondria are a suitable candidate faptging studies as it has wedkefined
protein target signals, a large memim@ area ideal for housing exogenous proteins, and insertion of
exogenous proteins does not affect mitochondrial funct{®obinson, Sahlender and Foster, 2010)
Both of our methods re@oute overexpressed STXik®the mitochondria however, the mechanism of
re-routing differs. We can determine if STX19 interacts with another protein bgxpeessing the
potential interactor or probing for the endogenous protein with an antibody. If interaction with STX19
occurs,the potential interactor should also localise to the mitochondria (providing its endogenous

localisation is not mitochondrial) following STX19aating.

The knocksideways assay was originally developed to cause rapid inactivation of proteins as a means
to study protein function(Robinson, Sahlender and Foster, 201Rpbinson et al., used the
knocksideways assay ittactivae AR-1 thushighlighing its role in retrograde traffickingr ransfection

of three castructs is required for studying protein interaction using the knocksideways asgay. A

Pmito construct consisting of the import signal of the yeast mitochondrial outer membrane protein,
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Tom70p, which inserts the targets the construct to the mitochoadollowed by an mCherry tag for
visualisation, and an FRB domain). aBprotein of interest conjugated to an FKBP taga @otential
interacting protein construct (or antibody raised against the potential interactor). Under normal
circumstances, the FRBd FKBP domains do not interact. However, upon rapamycin treatment, both
tags interact with the rapamycin molecules whickroeites the protein of interest to the mitochondria
(depicted in figure ). Should the ctransfected potential interactor alsoefroute to the
mitochondria postrapamycin treatment, we can determine this is via interaction with the protein of

interest.

We also made use of a mitochondrtakgeting assay in which the protein of interest can beaoeted

or targetedto the mitochondia without rapamycin treatment. In this assay, threembranetarget
sequence of the protein of interest is removed so that it no longer localises to the membranes it would
usually reside on (unless cytoplasmic) and is conjugated to-teen@nal transmembane domain of
monoamine oxidase (MAOY a mitochondriallocalised enzyme. This domain contains the
mitochondrial target sequence for MAO and effectively targets the protein of interest to the
mitochondria. Reouting using this method has been succesgftdbted for numerous members of

the Ras protein superfamilgillinghamet al., 2019)
3.1.1 Chapter aims

Our aim for this research was to gain insight into the function of STX19 by investigating its-protein

protein interactions. We sought to achieve this aim by:

1. Validating themitochondrial rerouting assays as useful ebiised tools for studying protein
protein interactions.
2. CharacterisinggTX19 interactions with shortlisted candidatesm biochemical interaction

screens using mitochondrial4qeuting assays.
3.1.2 Summary ofesults

Through our efforts using mitochondrial-reuting assays to study protejrotein interactions, we
found that Munc182 is rerouted to the mitochondria throughan interaction with STX19. This
interaction takes place at an-tédrminal KDR motif in STX19. Overexpression of STX19 results in the
re-localisation of Muncl& from the cytoplasm to the plasma membrane and tubular recycling
endosomes(TREs)Mutation in the KDR motif abolished MunciB re-localisation to membranes
demonstrating that the KDR maotif of STX19 is responsible for MuRa&8ruitment.Muncl181 was

also rerouted to the mitochondria through interaction with STX19, however it was not recrtited

STA9 membranes upon STX19 overexpression. This suggests that whilst both Muacd® have
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the ability to bind STX19, it is likely the interaction with Mun218 most physiologically relevant. We
have also shown that ZWINT interacts with STX19 howdvisrjnteraction only takes place when
STX19 is present on membraneather than when STX19 is targeted to the mitochondria
Overexpression of STX19 and ZWINT demonstratecadisation at distinct domains of the plasma
membrane. These data suggest thad&9 and ZWINT are interacting partners and their interaction
takes place at the plasma membrane. Finally, we were abietoonstrate interaction between DST
and STX19 using the knocksideways assay. We also found that D&Jutedeo the mitochondria
through interaction with STX1®ito.

3.2 Results
3.2.1 STX19 mitochondrial reouting in the knocksideways assay

To first demonstrate how the knocksideways system works, we transfected HeLaM cells with FKBP
GFP and Pmito. 24 hours pdsinsfection, cet were treated withl pg/mL rapamycito induce re
routing. Untreated cells were used as a negative controluntreated cells FKBFGFP displayed a
nuclear and cytoplasmic localisation, whilst Pmito labelled the mitochondria. There was-no co
localisation of the two constructs (figure -3A). Following rapamycin treatmenEKBFGFP was
effectively rerouted to the mitochondria as cells displayed a classic mitochondrial staining pattern
that colocalised with Pmito (figure-3B). This demonstrates that oundcksideways protocol was

successful in reouting FKBRagged GFP to the mitochondria upon rapamycin treatment.

In order to reroute STX19 to the mitochondria using the knocksideways assay, we made use of two
STX19 constructs generated previously inldi® Both constructs contain an FKBP tag ferotging

and a myc tag for visualisation. One construct incluadruncated version of STX19 lacking the C
terminal Sacylation domain (FKBRyc-STX19?79. This construdis cytoplasmic as it was lackingeth
domain that targets STX19 to membran@se secondncludes the full length STX19 (FKBRG

STX19%*%) which localises to tubular recycling endosomes (TREs) and the plasma membrane.

To test if the STX19 constructs arerogited to the mitochondria usip the knocksideways assay,
HeLaM cells wereo-transfectedwith Pmito and either FKBPNyc-STX19%72 or FKBRANyc-STX192%,
24 hours postransfection, cells were treated with 1 pg/mL rapamycin to induceorgting to the

mitochondria Untreated cells wex used as a negative control.

We first assessed souting of the truncatedFKBRMyc-STX18?72 construct. In untreated cells
expressing FKBRyc-STX19?"2and Pmito, FKBRycSTX18*"2displayed cytoplasmistainingwhich
appears to be enriched towardbe plasma membrane but not predicted to be associated with the

membrane itself. Pmito display mitochondrial staining pattern that did not docalise with FKBP
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mycSTX19?? (figure 34A). Following rapamycin treatment, FKBRc-STX19?’? displays a
mitochondrial staining pattern. Pmito also labelled the mitochondPmito and~KBPMyc-STX18?72
demonstrate good cdocalisation at the mitochondriffigure 34B). Therefore, upon treatment with
rapamycin, FKBRycSTX19?"?is successfully reouted to the mitochondria. The FKBR/c-STX19

22 mitochondrial staining appeared to be granular in comparison to the smooth labelling of Pmito. It
would be tempting to speculate that the granular cytoplasmic staining prior to rapanmgatment

may be the labelling of STXp8sitive vesicles and upon rapamycin treatment, the vesicles are re

routed to the mitochondria. This, however, would require additional investigation.

To understand if STX19 that is associated with membranes cesrbeted to the mitochondria, we
used our full lengthFKBRMyc-STX19%4 construct in the knocksideways ass#y.untreated cells
transfected with FKBRycSTX19?°*and Pmib, FKBANycSTX19?%4|ocalises to TREs and the plasma
membrane. There is alsopunctate staining pattern in the cytoplasm. We could speculate the puncta
are STX19ositive vesicles or trafficking compartments, but no experiments were conducted to
confirm this. Nevertheless, the TRE and plasma membrane staining is representatreesxpressed
STX19 staining. Pmito displayed a classic mitochondrial staining pattern which didlocdlize with
FKBRNyc-STX19?%(figure 35A). Following treatment with rapamycin, FKBIRc-STX192% staining

was lost from TREs and the plasma nbeame. Instead, FKBRycSTX19%** displayed a punctate
pattern distributed throughout the cytoplasm largely towards the periphery of the cell. This was not
consistent with the classic mitochondrial staining pattern demonstrated by fa&#Pafter rapamymi
treatment. Pmito did demonstrate mitochondrial localisation however, Pmito was also present in the

STX19 puncta towards the periphery of the cell (figusB3

Since there was no clear mitochondrial staining from FKB&STX19?°4 we can determine tht
FKBANMycSTX18%°4 is not rerouted to the mitochondria in the knocksideways system. However,
FKBAMycSTX19%%includes the STX19t€rminal Sacylation domain which targets the proteins to
TREs and the plasma membrane. Therefore r@asonedthat instead of rerouting STX19 to the
mitochondria,STX19 is pulled out of microdomains at the plasma membrane and forms clusters with
mitochondria under the cell surface. STX19 is still in contact with the mitochondria but the

mitochondria have been pulled wards the plasma membrane.

Overall, we have demonstrated that STX19 can beouted to the mitochondria using the
knocksideways assay but only when the protein lacksigr@inal Sacylation domain. Use of the full
length STX19 protein in this assagukts in an unusual phenotyd STX19 and Pm#Hpositive clusters

most likely at the cell surfac@hese data have been publish@@mpahet al., 2018)
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3.2.2 STX19 mitochondrial we®uting using the monoamine oxidase (MAO) -t€minal

transmembrane domain

In order to simplify our celbased interaction assayseveet out to determine if STX19 cantbegeted

to the mitochondria by the MA@ansmembrane domaiCompared to the knocksideways assay, this
assay requires transfection of less constructs and does not require rapamycin treatiVent.
generated a construct (STXmh4to) using a pcDNA3.1+ vector backbone containing STX19 lacking the
Gterminal Sacylation domain (STX%%9?, a HA tag for visualisation, and the MAQeg@ninal
transmembrane domain. Thet€rminal Sacylation domain of STX19 was omitted from this construct
to prevent targeting to TREs and the plasma membrane and allfieieet mitochondrial rerouting.

A STX1#nito construct was used as a negative control as STX16 is not predicted to interact with any
of the shortlisted proteins we were investigating. This construct includes STX16 lackitgritsr@l
transmembrane dorain, a HA tag, and the MAO transmembrane domain. The construct was kindly
provided by Prof. Sean Munro at the University of Cambridge. Schematics of the-r8iiX&ad
STX16nito constructs are depicted in figureGA.

To assess the localisation of STXif, the construct was expressed in HeLaM cells. Cells were co
stained with antiHA mouse antibodies and af8iTX19 rabbit antibodiesStaining for the HA tag
demonstrates localisation of the construct to the mitochondria and staining for STX19 demosstrate

STX19 is present in the construct and has not been lost or degraded.

Upon analysis of transfected cells, the adth labelling demonstrated a mitochondrial staining pattern
which smoothly labelled the mitochondria with very little cytoplasmic stainimggesting that the
STX19mito construct is effectively targeted to mitochondria. ABTX19 labelling also demonstrated
a mitochondrial staining pattern that éocalises with the artHA stain. In addition, there was puncta
in the antiSTX19 stain thatdlinot label the mitochondria and was not present in the dhéi labelling.
We presume that these puncta are either the endogenous STX19 protein espaaific staining of

the antFSTX19 antibody (figure&B).

Based on thse datawe can determine that the STXih8to construct effectivelyargetsSTX1%o the

mitochondria
3.2.3 Validating STX19 interaction with Munc18 proteins

To determine if mitochondrial reouting assays are useful for studying protgimtein interactions,
we set out to investigate if Muncl18 proteins arenmuted to the mitochondria through interaction
with STX19. Muncl8 proteins are wietiown regulators of SNARE function and biochemical analysis

predicted that Munc18lL and Muncl&, but not Muncl83, interact with STX19. Based on this, we
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were confident these interactions were genuine and therefore, chose Munc18 proteins as candidates
to test if interacting proteins are also+reuted to the mitochondria in our assays. We predicted that
Munc181 and Munc1& would reroute to the mitochondria via interaction with STX19, but Munc18

3 would not interact with STX19 and notmaute to the mitochondria.
3.2.3.1 Knocksideways assay with Munc18 proteins

First, we used the knocksideways assay toorge STX190 the mitochondria and determine if
Muncl181, -2, and-3 arealso rerouted. We chose to use th&uncated construct of STX19, (FKBP
mycSTX19?"2in these assays based on our previous observations that this construct is efficiently re
routed to the mibchondria. Overexpression of Muncl8 proteins was used due to the limited
availability of reliable Muncl8 antibodies. During experimental optimisatie, found that
expressing the interacting protein at low levels was important to reduce the cytoplasmiopthe

protein. This enabled clear observation of mitochondriataating of the interacting protein.
3.2.3.1.1 GFR®Muncl181 reroutes to the mitochondria with FKBiyc-STX14272

To determine if STX19 is able teroaite Munc181 to themitochondria, HeLaM cells were transfected
with Pmito, FKBAMyc-STX19?"2, and GFMVunc181. 24 hours postransfection cells were treated
with 1 ug/mL rapamycin for 15 minutes before fixing and staining with-anyit antibodiesUntreated
cells were use as a negative controln untreated cells, GFFunc181 and FKBAMycSTX19?72
localise to the cytoplasmand Pmito localises to the mitochondria (figure73). Line scan analysis
demonstrates no cdocalisation between the constructs (figure/€). In ells treated with rapamycin,
GFPMunc181 shows a pool of cytoplasmic staining as well as staining at the mitochoRr#&P
mycSTX19?"?2and Pmitoare both localised to the mitochondrifligure 37B). Line scan analysis
demonstrates cdocalisation betveen all three constructs through correlating peaks of fluorescent
intensity (figure 37D). These datasuggestthat GFPMuncl181 is rerouted to the mitochondria

following rapamycin treatment through interaction with STX19.
3.2.3.1.2GFPMunc182 re-routes to the mitochondria with FKB#yc-STX19272

To determine if STX19 is able teroaite Munc182 to the mitochondria, HeLaM cells were transfected
with Pmito, FKBAMycSTX19?2, and GFMunc182. 24 hours postransfection cells wee treated
with 1 pg/mL rapamycin for 15 minutes before fixing and staining with-amytt antibodiesUntreated
cells were used as a negative contriml. untreated cells, GFRunc182 and FKBRnycSTX19?72
localise to the cytoplasmand Pmito localises tdhe mitochondria (figure BA). Line scan analysis
demonstrates no cdocalisation between the constructs (figureBg). In cells treated with rapamycin,

GFPMunc182, FKBRnycSTX19?"2and Pmito localise to the mitochondr{figure 38B). Line scan
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andysis demonstrates clmcalisation between all three constructs through correlating peaks of
fluorescent intensity (figure -8D). These dataugigestthat GFPMuncl82 is rerouted to the

mitochondria following rapamycin treatment through interaction with>X3.9.
3.2.3.1.3 GF®Muncl18-3 does not reroute to the mitochondria with FKBfnyc-STX18%72

To determine if STX19 is able teroute Munc183 to the mitochondria, HeLaM cells were transfected
with Pmito, FKBAMyc-STX19?"2, and GFAMMunc183. 24 hours pst-transfection cells were treated
with 1 pg/mL rapamycin for 15 minutes before fixing and staining with-anyit antibodiesUntreated
cells were used as a negative contril. untreated cells, GFRunc183 and FKBANycSTX19?72
localise to the cytoplsm and Pmito localises to the mitochondria (figure93). Line scan analysis
demonstrates no cdocalisation between the constructs (figureg). In cells treated with rapamycin,
GFPMunc183 remains cytoplasmic whilst FKB®cSTX19%"? and Pmito localise to the
mitochondria (figure 3B). Line scan analysis demonstrateslagalisation between FKBRyc
STX1%"2and Pmito through correlating peaks of fluorescent intensity and népcalisation with
GFPMunc183 (figure 39D). These datasuggestthat GFPMuncl83 does not reroute to the
mitochondria and therefore, does not interact with STX19. This demonstrates that the knocksideways
assay is a useful tool for studying protgirotein interactions as there is no nepecific rerouting of

proteins that do not interact with the protein of interest to the mitochondria.
3.2.3.1.4 GFR®Munc182 is rerouted to the mitochondrial clusters with FKBRyc-STX192%

Our previous experiments suggested interaction between the truncated STX19 constructiaotiov

2. Subsequently, we aimed to determine if Munel8vas able to interact with the full length STX19
construct. To do so, HeLaM cells were transfected with PIRK&PMyc-STX19%%4, and GFMuncl8
2.24 hours postransfection cells were treated wh 1 ug/mL rapamycin for 15 minutes before fixing
and staining with antmyc antibodiesUntreated cells were used as a negative controLintreated
cells, GFRMunc182 shows a cytoplasmic/nuclear localisation, FKBR-STX19?**localises to the
plasmamembraneanddisplays a punctate staining pattern, aRdito localises to the mitochondria
(figure 310A). Line scan analysis demonstrates ndomalisation between the three constructs (figure
3-10C). Treatment with rapamycin results in thermting of GFPMunc182 to puncta throughout
the cytoplasm that cdocalise with FKBRyc-STX19***and Pmito (figure 0B). Cdocalisation was
supported by line scan analysis (figurel®). We suggest that these puncta are the
STX19/mitochondrial clusters thawere induced following rapamycin treatment as described
previously. There was a pool of cytoplasmic &RRc182 suggesting that not reouting is not 100
% efficient. Nevertheless, GIMRNc182 was rerouted into STX19/mitochondrial clusteas the cell

surfacethrough interaction with STX19.
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These data are in line with the knocksideways assay usingrtimeated FKBAMycSTX18%"2
construct. Therefore, Muncl8 is able to interact with both the fulength STX19 protein that is

associated with membranemnd the truncated STX19 protein.

Overall, these dataupport STX19 interaction with MunciB as predicted by biochemical analysis.
This demonstrates that the knocksideways assay is a useftthasatl tool to validate protenprotein

interactions.
3.2.3.2 Mitochondrial targeting assay with Munc18 proteins

As the knocksideways assay proved to be useful in studying protetain interactions, we wanted

to determine if the mitochondrial targeting assay was also a good strategy to study interaction. This
assay is simpler than the knocksideways assay asyitreguires transfection of two constructs and
does not require rapamycin treatment. Therefore, it would be a more efficient method to study

interaction than the knocksideways assay.

3.2.3.2.1 GFR®Iunc181 and-2, but not GFRMunc18-3, are rerouted to the mitochondria with
STX19Mito

To determine if the mitochondrial targeting assay was able tootge interacting proteins to the
mitochondria, we performed similar experimerttansfecting cells with eitheSTX19nito or STX16
mito andeither GFPMunc181,-2, or-3. STX16nito was used a negative control 83 X16 is regulated
by SM protein, Vps45, ando interaction between STX16 and Munell8-2, or -3 is predicted
(Strutherset al, 2009) Based on our previous experiments, ygothesisedhat STX19nito would

be able to reroute Munc181 and Muncl&, but not Munc183 to the mtochondria.

Upon catransfection with STX1fito, both GFRMuncl81 and GFMuncl82 showed a
mitochondrial localisation (figures 311A and 311C). Therefore, STXI8ito is able to reroute
Munc181 and Muncl to the mitochondria. This was supported lie scan analysis which shows
correlating fluorescent intensity traces for both construdBstransfection with STXfito did not
re-route GFFPMuncl81 or GFRPMuncl82 to the mitochondria and both proteins displayed
cytoplasmic localisation (figuresldB and 311D). Line scan analysis shows there is nfocalisation
between STXHito and GFMuncl181 or-2. Thissuggestshat the mitochondrial rerouting of GFP
Munc181 and-2 occurs specifically through interaction with STX19.

Upon cetransfection with STX19nito or STX16nito, Muncl83 demonstrated cytoplasmic
localisation and was not feuted to the mitochondrialine scan analysis shows no-logalisation
with STX19nito/STX1eémito and GFMuncl183 (figures 311E and 311F). These data were lme

with biochemical analysis and previous knocksideways experinsgigigestinghat Munc183 does
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not interact with STX19. This validates the use of the mitochondrial targeting assay as it does not re

route nontinteracting proteins to the mitochondria.

Mitochondrial rerouting of GFRMunc181,-2, and-3 was quantified by counting the number of cells
that were A) transfected with botlsTX19nito or STX16nito and GFPMunc181, -2, or-3 and B)
demonstrated mitochondrial reouting of the Munc18 proteingfigure 311G). The number of cells
showing rerouting was expressed as a percentage of the total number of transfected GE&R.
Muncl81, -2, and-3 demonstrated mitochondrial reouting in 95, 93, and8 %of cells transfected

with STX19nito respectiely. 0 % of cells transfected with either GABnc181, -2, or-3 and STX16

mito demonstrated mitochondrial reouting. These data show that a large proportion of cells
transfected with STX18ito are able to reroute protein interactors to the mitochondi validating

the use of this assay for studying protgirotein interactions18 % of cells demonstrated-reuting

with Munc183, is it likely that Munc1l8® does have the ability to interact with STX19 despite no
previous predicted interaction. Howevelhd percentage of cells with MunciBre-routing is lower

than that of Muncl8lL and Muncl&® suggesting the interaction is weaker and likely not
physiologically relevant. Additionally, statistical analysis suggested no significance between the
number of cdk with Munc183 re-routing between STX18ito and STXHito transfected samples.

At very low levels of expression, it can be difficult to determine true mitochondrial staining by eye. An
automated pipeline to identify mitochondrial staining using a mitmaedrial marker and quantify the

number of cells may provide more precise measurements.

Altogether, these datauggesthat the mitochondrial targeting assay is able teroaite interacting
proteins to the mitochondria through interaction with the baitqtein making it a useful tool for
studying proteinprotein interactions. As predicted, STXi®o0 re-routed GFRPMuncl181 and GFP
Muncl182, but not GFfMuncl183 to the mitochondria further supporting STX19 interaction with
Munc181 and Muncl&.

3.2.3.3 Overexpressed STX19 recruits Mune28o tubular recycling endosomes (TRES).

As mitochondriallstargeted STX19 is able to-reute Munc18 proteins to the mitochondria, we next
asked the question if STX19 would be able to recruit MuricEhd Muncl&® to menbranes,
specifically TREs. Investigating if STX19 is able to recruit Munc18 pritedtetermineif binding of
Muncl8 proteins to STX1@wrtake place at membraneand may provide insight into the regulatory
mechanisms of STX19 functioWhen Munc18 proteins are expressed alone, they are cytoplasmic
suggesting the levels of SNARE interacting partners are too low to recruit Muncl8 proteins to

membranes. However, overex@&on increases protein levels, thereforse hypothesised that
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overexpression of STX19 and Muncl8 proteins would induce recruitment of interacting Muncl18

proteins tomembranes

To address this, we overexpressed-tdgged STX19 and GERged Muncl8l, Muncl82, or
Muncl183 in HeLaM cells and analysteir localisation. As expected, STX19 localises to TREs and the
plasma membrane. GHRunc181 did not celocalise with HASTX19 antbcaliseso the cytoplasm
(figure 312A). Line scan analysis suggests #és no cdocalisation between HATX19 and GFP
Munc181 (figure 3-12D). Similarly, GFRIunc183 localises to the cytoplasmand did not cdocalise

with STX19 on TREs (figur&@Z). Line scan analysisgggestghere is noco-localisation betweed A
STX1%nd GFMMuncl183 (figure 3-12F. Upon ceexpression with STX19, GMRncl182, shows
localisation on TREand the plasma membrandfigure 312B) Line scan analysis supports- co

localisation of the two proteins through correlating fluorescent intensitgés (figure 3.2E).

Quantification of the number of cells with Munc18 membrane recruitment was performed in a similar
fashion to the STX1Mito experiments. The number of cells expressing both-RERc181, -2, or-3

and HASTX19 wre counted and thepercentage of these cells demonstrating GRRINcl18
localisation to STX39ositive TREs wadetermined Cells expressing GRMuncl81l, -2, or -3
exhibited STX*Positive TRE localisation in 18, 92, and 0 % of cells transfected wiBiTKA9
respectively (figure3-12G). This sggess that a large proportion of cells transfected with 43AX19
show Muncl18& localisation on TREs suggesting that the STX19 is able to recruit MutecdBecific
membranes. The cells with Muncil8localisation to TREs could also intBcgecruitment by STX19

however, this may be norspecific due to overexpression.

These datauggesthat STX19 overexpression recruits Mun@l® TREs and the plasma membrane.
Both Muncl18l and Muncl&® were shown to interactwith STX19 in mitochondriake-routing
experiments. However, the proportion of cells with Muned8ecruitment to TREs is much greater
compared to Muncl8. This suggests that the interaction between STX19 and MuRAcik3
physiologically relevant, and it is likely that Munead®ut rot Munc181 is involved in the functional

regulation of STX19.
3.2.34 Mapping the interaction between STX19 and Munc28

As previous experiments demonstrated that mitochondrialreating is a useful tool for
demonstrating proteirprotein interactions, v questioned if these assays could be used to further
characterise the interactions by mapping the domains of STX19 with which Mnici€racts. We
hypothesised that if the site of interaction on STX19 is altered, SmX&9nutant constructs would

no longer be able to reoute the interacting protein to the mitochondria. This led to the development
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of two additional STX1@ito constructs: STX1ito"?1%2% and STXitokPF(figure 314A). The
STX19Mmito"?1%2% construct lacks theoiled-coil SNARE domain. This domain is highly conserved in
SNARE proteins and is well known for its interaction with other proteins particularly SNEREs

are no previous reports of Munc18 proteins interacting with SNARE domains and as such, thésused
construct as a controBTX19mito*PP*contains a mutatiorin an Nterminal KDR motif (amino acids
2-4). This KDR motif is well conserved across STX1A, 1B, 3, and 19, whilst STX2 and 4 have an RDR
motif (figure 313A). The KDR motif in STX19 is alsnserved across several species including monkey
andmouse with the exception of chicken which contains an RDR n{figtire 313B). Munc182 has
previously been shown to interact with STX11 via this KDR (hiifler et al, 2014) Since STX11
shares high homology with STX19, we predicted that Musg18®uld also bind STX19 at the-N
terminal KDR motif and as such, the STXilt@<P**construct would no longer reoute Munc182

to the mitochondria. To address this hypothesisieLaM cells transfected with either STXh&o
(original construct with no mutatios), STX18nito"?1*2%or STX19nito*°P*and GFAMunc182.

As a positive control, HeLaM cells were transfected with STiXttBand GFMunc182. STX19mito

and GFMMunc182 both localise to the mitochondriéiigure 314B). This was supported by lineas
analysis which shows correlation between the fluorescent intensity traces for both constructs.
Therefore this suggests thabFPMunc182 is rerouted to the mitochondria through interaction with

STX19nito.

To determine if the SNARE domain of STX1fe site of Muncl® interaction, HeLaM cells were
transfected withSTX19nito"?1%2%* and GFAMunc182. Both STX19Mito"?'%2% and GFAViunc182
localise to the mitochondriéfigure 314C).Cclocalisation at the mitochondria was supportbd line
scananalysis which showed correlation between the two fluorescent intensity traces. Therditre,
suggests thaBTX19ito"?1%2%is able to reroute GFAVlunc182 to the mitochondria and the SNARE
domain of STX19 is not the site of interaction for Mun218

To determine if the Nerminal KDR motif is the site of MuncE8interaction, HeLaM cells were
transfected withSTX19mito*PP**and GFMunc182. STX19ito"PRP*MAocalises to the mitochondria
and GFPMunc182 localises to the cytoplasitfigure 316D). The line scan analyssiggestao co
localisation between STX4fitokPRP**and GFMMunc182. Therefore, STX18ito"°™*was unable
to re-route GFPMunc182 to the mitochondria. This suggests that théd¥minal KDR motif of STX19

is the site of interaction for GAAunc182.

The number of cells eexpressing the STXA8ito construcs and GFRMunc182 and demonstrating

GFPMunc182 mitochondrial rerouting was quantified. The percentage of cells with GRPc182

75



re-routing in cells expressing STXhfo, STX19nito PRMA and STX1aito"?1%2%was 92, 98, and 1.5
% cells respectively (figurel3dpb.

Overall, these datsuggestshat use of mutant constructs in combination with mitochondrial re
routing is effective for mapping domains of interaction. Using this method, we have identified an N

terminal KDR motif which is responsible for the interactidisTX19 and Munci®
3.2.3.5 The Nerminal KDR motif of STX19 recruits Munc28o membranes

Our previous datdnave suggestethat STX19nito is able to reroute Munc182 via interaction with

the STX19 Kerminal KDR motifOur data also suggests thaterexpression of STX19 recruits
Munc182 to the plasma membrane and TREs. We therefore sought to determine if the KDR motif of
STX19 is responsible for the interaction that recruits Mur218 specificmembranes.To do so,
HeLaM cells were transfectedtiva KDRAAA mutantHASTX19 construct (HBTX1P™¥™ ) andGFP
Munc182. HASTX1$™|ocalises to theplasma membrane and TREs, however, -BERc182
demonstrates a cytoplasmic localisation and i$ mexruited to membranes (figure-B5A). Line scan
analysissuggestsio colocalisation between the two proteins (figurelB). Thereforethis suggests

that the KDR motif of STX19 is the site of interaction with Murizt8quired for its recruitment to

the plasma membrane and TREs. This supports ouothgpis that Muncl® is the most likely

Munc18 protein to regulate STX19 function through its interaction with the KDR maotif.
3.2.4 Investigating STX19 interaction with kinetochore protein, ZWINT

ZWINT was identified as an interactor of STX19 througstyea hybrid screening, BiolD analysis and

is listed as an interactor on BioGRIWINT was also pulled down with STX19, but not STX7, in previous
co-immunoprecipitation experimentsZWINT is a small 277 amino acid proteihich contains a
coiled-coil domainand an ZW10 interaction domaffigure 316). Given that ZWINT has a documented
role in kinetochoremicrotubule attachmenthrough its ZW10 interaction domaiiit is unclear why
ZWINT would interact with STX1IBherefore, ve aimed to further validate red characterise this

interaction using our mitochondrial r@uting assays
3.2.4.1 ZWINT interacts with fulength STX19

Firstly, we used the knocksideways assay to determine if interaction wkh9Sw¥as able to reoute

ZWINT to the mitochondria. FKB®RGSTX19?2 or FKBAMycSTX19%* and Pmito were co
transfected into HeLaM cells. 24 hours pasinsfection, cells were treated with dg/mL rapamycin
for 15 minutes before fiation. Untreated cells were used as a negative control. Cells w&ti@ed

with anti-myc and ati-ZWINT antibodie® assess the localisation ehdogenous ZWINT
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In untreated cells, ZWINGndFKBRMyc-STX18?"2|ocalise to the cytoplasand Pmito localises to the
mitochondria (figure 3L7A).Line scan analysis suggetisre is noco-localisation between FKBRyc
STX1%"2, Pmito and ZWIN{figure 317C). Following rapamycin treatment, FKBPc-STX19?"?re-
routes to the mitochondria and elmcalises with Pmit@s expected. Surprisingly, ZWINT is not re
routed to themitochondria and remains cytoplasmiigure 317B).Line scan analysis suggests that
there is celocalisation betweerFKBRANyc-STX19?72and Pmito, but not with ZWIN{figure 317D).
These datawsggestthat FKBRNyc-STX19?2does not interact with ZWIN and is unable to reoute
ZWINT to the mitochondria.

Additionally, we performed the knocksideways assay using the full leRgBPMYc-STX192%
construct to determine if ZWINT interacts with STX19 that is associated with membranes. In untreated
cells FKBANyc-STX19***|ocalises to the plasma membrane and TREs and Roitdises to the
mitochondria ZWINT showed two differing patterns of localisation. In some cells, ZM&alBes to
the cytoplasmHowever, in other cells, ZWINT was localised ®rthcleus and large puncta in the
cytoplasm (figure 8A). No experiments were carried out to determine the identity of the puacid
co-staining with different markers would be required/e found that analysing cells with different
staining patterns diahot affect the outcome of the experimenitine scan analysis suggests there is no
co-localisation béveen FKBPyc-STX19%4, Pmito,and ZWINT (figure-B8C). Following rapamycin
treatment, FKBfycSTX18**|ocalises to punctalistributed at the plasra membrane A pool of
Pmito remains at the mitochondria however, there is also a pool of Reoitocalised withFKBFMyc
STX19°*puncta Therefore, treatment with rapamycin induces STX19/mitochondrial cluatetse

cell surfaceas seen with previousxperiments A pool ofZWINT staining remains at the nucleus and
cytoplasm However, ZWINT also localises BEKBAMyc-STX18***and Pmitopuncta (figure 318B).
Line scan analysis suggestsaralisation ofFKBRAMyc-STX19?% Pmitoand ZWIN&t these puncta
(figure 318D).These data suggesiat the ZWINT puncta seen without rapamyti@atment are not

the same puncta that ctocalise with FKBRycSTX19?°* and Pmito after treatment. Prior to
treatment, the puncta are larger in size and slmain number than the puncta seen in cells that were
treated with rapamycin. Thisuggests that afterapamycin treatmentSTX19 is able to-reute ZWINT
into STX19/mitochondrial clusteed the cell surfacend provides evidence towards the interaction

between STX19 and ZWINT.

Overall, these data suggest that STX19 is only able to interact with ZWINT when it localises to
membranes. ZWINT is not-reuted to the mitochondria in assays using the truncated version of

STX19 however, it is pulled into STKdifbchondrial clusters in assays using the-fatigth STX19.
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3.2.4.2 Endogenous ZWINT does nofroeite to the mitochondria with STX1®nito

Our knocksideways assay showed varying results depending on the presence cfethanal S
acylation domain oi8TX19. STX19 constructs lacking they#ation domain failed to reoute ZWINT

to the mitochondria. To confirm that ZWINT does not interact with STX19 lacking this domain, we
assessed the interaction using the mitochondrial targeting ShXti®assay. HeaM cells were co
transfected with either STX1®ito or STX1énito and stained with antHA to detect STX19
mito/STX16émito and antiZWINT antibodies to assess the localisation of endogenous Z\WTXIL6

mito was used as a negative control as STX16 igradicted to interact with ZWINT. Since the STX19
mito construct lacks the-€@rminal Sacylation domain, we predicted that ZWINT would ncetoate

to the mitochondria.

Both STX19nito and STXHito localise to the mitochondridn cells expressing STXh@o0, ZWINT
localises to the cytoplasr(figure 319A). Line scan analysis suggests nolamalisation between
STX19nito and ZWINT(figure 319C). In cells expressing STxdifo, ZWINTlocalises to the
cytoplasmAs expected, there was no mitochondriatddisation of ZWINT in these cells (figur&9B).

Line scan analysis suggests ndamalisation between STX46ito and ZWINTfigure 319D). These
data support our earlier finding using the knocksideways assaysagdestthat ZWINT does not

interact with STX19 lacking thet€minal Sacylation domain.
3.2.4.3 Overexpressed ZWINT pulls STX1i® to the plasmamembrane

To further explore the potential interaction between STX19 and ZWINT, we decided to overexpress a
FLAGagged ZWINT construct. ZWHNILAS localisego the cytoplasm andegionsof the plasma
membrane, particularhymembrane protrusionsThe ZWINT antibody previously used did not show
plasma membrane stainingTherefore,we reasoned that the ZWINHLAG construct may be
highlighting a pool oZWINT localisation that is not seen by the antibody. Since STX19 also localises to
the plasma membrane including membrane protrusionswe hypothesised that ZWINALAG may
interact with STX19 at the plasma membraared so carried out mitochondrial targeting ST>1io

assays with ZWINFLAG.

HelLaM cells were ewansfected with either STX1®ito or STX1#nito and ZWINFLAGCells were
then fixed and stained with antlA and antitFLAG antibodie$n cells expressing STXi@&o, ZWINT
FLAG shows a plasma membrane localisad X19mito localises to the mitochondria and tegions
of the plasma membrandighlighted by the inser{figure 320A). Line scan analysis suggests c
localisation of STX1®ito and ZWINFLAG at the plasma membrafiigure 320C). In cells expressing
STX1énito, ZWINTFLAG localises to the plasma membraral the cytoplasmand STX1nito
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localises to the mitochondria. There is no localisation of STixfibat the plasma membrane or €0

localisation with ZWINFLAG as confirmed by line scan analysis (figia@B3and 320D).

Overall, these data suggest that ZWINTAG is able to interact with STXhRo and pullit, along with
mitochondria it is assodead with, onto the plasma membraneAsSTX16énito is not pulled to the
plasma membrane upon ewansfection with ZWINFLAG, it is likely that membrane localisation of

STX19ito is specific to its interaction with ZWINT.
3.24.4 HASTX19 cdocalises wih ZWINTFLAG at distinct domains of the plasma membrane

We had seen previously that ZWHRTAG localises to the plasma membrane @nénriched in
membrane protrusions. Overexpressit®TX19 also results iBTX19ocalisation at the plasma
membrane. We theefore questioned if overexpressed STX19 and ZVFING arécalised tasimilar
regions of the plasma membran€&o address this, HeLaM cells were transfected withiSHX19 and
ZWINTFLAG. Cells were then fixed and stained with-Biitiand antFLAG antibdies.

Upon ceexpression of the two constructs, we found that ZWANTAG and HATX19 arkocalisedhe
same regions of the plasma membrarteghlighted by the insertfigure 321A) Line scan analysis
suggests cdocalisation between H&ATX19 and ZWINALAG (figure 321C).HASTX19 also localises
to TREs howevethere is no localisation of ZWINFLAG to TRE80th HASTX19 and ZWINALAGalso

localise to similar puncta within the cytoplasm.

Both ZWINT and STX19 have cedeill domains whicltould be a $é of interaction We therefore
guestioned if the removal of the coilexbil SNARE domain of STX19 would affect Heacalisation
with ZWINTFLAG on membranego address this HeLaM cells were transfected witFSHX19" %72,

a STX19 construct in whitte SNARE domaisremoved, and ZWINFLAGCells were then fixed and
stained with antHA and antFLAG antibodies.

ZWINTFLAG antHASTX19" ®¥2|ocalise to regions of thplasma membrane as highlighted by the
insert (figure 321B).Line scan analysis suggestdacalisation betweemHASTX19" ¥¥2and ZWINT
FLAQfigure 321D). ZWINFLAGIoes not appear to localise ®TX19Positive puncta however, this
would require more thorough investigation. This shows that the lack of theRENFomain of STX19
does not affect localisation of STX19 or ZWHNAG.

Based on these data and the mitochondriakoaiting datasuggestiig STX19 interaction with ZWINT,
we predict that ZWINT is a genuine interactor of STX19 and the function of thisdider occurs at

the plasma membrane.
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3.2.5 Investigating STX19 interaction with spectraplakin, DST

Dystonin (DST) was identified to be an interactor of STX19 in bothtyeastybrid screens and BiolD
assays. DST is a large spectraplakin protein (~0@@0 amino acids depending on splice variant),
consisting of multiple domains and binding sites. At théefhinal, calponin homology domains
facilitate binding to actin, whilst a-terminal GAR domain and SXIP motif facilitate binding to
microtubules. 3T also contains a number of spectrin repeats which serve as spacers between actin
binding and microtubulédinding domains, as well as functioning as a platform for the binding of
structural and signalling proteins (figure23). Yeastwo hybrid screeningincovered 4lonesof DST
predicted to interact with STX19 which are mapped ah®DST schematic figure 322. Due to the
lack of reliable antibodies and difficulty transfecting-felhgth DST due to its large size, we generated
a GFRagged construcusing one of theclones(clone4; GFFDST. This construct was used in the
mitochondrial rerouting assays to study its interaction with STX19. Based onbibehemical
screening datawe predicted that STX19 would interact Wi-PDSTand this interadbn would re

route GFPDST to the mitochondria in our mitochondriatn@uting assays.
3.2.5.1 Knocksideways assagigggestinteraction between STX19 and DST

To determine if STX19 interacts with DST, we performed knocksideways assays td @49e3ST is
re-routed to the mitochondria through interaction with STX19. HeLaM cells weteansfected with
GFPDST, FKBRycSTX19?72, and Pmito24 hours postransfection, cells were treated withpig/mL
rapamycin.Cells were then fixed and stained with amtyc antibodies. Untreated cells were used as

a negative control.

In untreated cells, GFBSTocalises to the cytoplasnthough there appears to be an enritient by
the plasma membrane. FKBR/c-STX19?"?localises to the cytoplastout also seems to be enriched
by the plasma membrane in similar locations to /. Pmito localises to the mitochondria (figure
3-23A). Line scan analysis suggests nelamalisgion between GFST FKBAMycSTX19?"2 and
Pmito (figure 323Q. Following rapamycin treatment, FKBRc¢STX19?"2 GFPDST,and Pmito
localise tathe mitochondria, though the mitochondria do appear fragmented (figu&3B).Line scan
analysis suggests docalisation between GFBST FKBRnycSTX19?"2 and Pmito(figure 323D).
These datasuggesthat GFPDST is reouted to the mitochondrighrough interaction with STX19.

As our data suggests that the truncated STX19 construct may interact witD&FRve questioned if
full length STX19 which is associated with membranes could interact wihbSFPTo address this,

HeLaM cells were transfedewith FKBANycSTX19?% GFFDST, and Pmito24 hours post
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transfection, cells were treated with lg/mL rapamycinCells were then fixed and stained with anti

myc antibodies. Untreated cells were used as a negative control.

In untreated cells, GFPSTlocalises to the cytoplasnFKBRnyc-STX18***to the plasma membrane
and has a punctate staining patterBmito localises to the mitochondria (figure28A). Line scan
analysis suggests no-tmcalisation between GFPSTFKBRNycSTX18%4 and Pmito(figure 324C).
Following rapamycin treatment, FKBB/cSTX19%% and Pmitolocalise to STX19/mitochondrial
clusters GFPDST also shows localisation in theseicturesand the cytoplasnifigure 324B).Line
scan analysis suggests-logalisation of GFPST,FKBAMycSTX19?°4 and Pmito in these clusters
(figure 324D). These datauggestthat GFPDST is reouted into STX19/mitochondrial clusters

following rapamycin treatment though interaction wifbll lengthSTX19.
3.2.5.2 STX™nito does not reroute GFPDST to the mitochondria

Since GFPST appeared to interact with STX19 in knocksideways assagisnegeto further validate
the interaction using our mitochondrial targeting asséleLaM cells were transfected with either
STX19mito or STX1énito and GFDST Cells were then fixed and stained using 4 antibodies.
Cells ceexpressing GFBST and STXI®ito show a cytoplasmic localisation of GPBT and
mitochondrial localisatiomf STX19nito (figure 225A). Line scan analysisggestso cclocalisation
betweenSTX19nito and GFST(figure 325C). This suggests that GBBT was unable to interact
with STX19mito and be pulled onto the mitochondria. This was unexpected asO&HPwvas able to
interact with the truncated version of STX19 (FKBR-STX19?"?) in the knocksideways assays.
Surprisingly, cells eexpressing STX46ito and GFDST demonstrated mitochondrial localisation of

both constructs (figure -25B). Line scan arngsis suggestso-localisationbetween GFDST and

STX1énito (figure 325D). Even though it was not previously predicted, these data suggest that STX16

interacts with DST making it an ineffective negative control for these experiments.
3.3 Discussion

3.3.1 Summary of results

The aims the beginning of this study were to:

1. Validate the mitochondrial reouting assays as useful ebdsed tools for studying protein
protein interactions.
2. Characterise STX19 interactions with shortlisted candidafesm biochemical interaction

screens using mitochondrial4reuting assays.
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Using Munc18 proteins, we were able to validate mitochondriabrging assays as useful eblised
tools for studying proteifprotein interactiondMunc181 and-2 were predicted to interacwith STX19
through biochemical studies and-reuting of these proteins via interaction with STX19. Munt18
was re-routed to the mitochondria in the mitochondrial targeting STXh0 assay and Munc18
wasre-routed to the mitochondria and to STX19/mitbondrial clusters in both the knocksideways
and mitochondrial targeting assays. Mune3,8which was not predicted to interact with STX19, was
not re-routed to the mitochondria in either of these assays. This shows that threuting to the
mitochondria § specific to protein interactors only. STXfh&o did not reroute any of the Munc18
proteins to the mitochondria demonstrating that the Munel8and-2 interactions are specific to

STX19.

In order to address our second aim to characterise the interastiof STX19, we were also able to
exploit the mitochondrial targeting assay by generating mutant constructs of STX19 in order to map
binding domains. From this, we showed that Muné€léteracts with STX19 at antBrminal KDR
motif. We also show that ovexpression of STX19 recruits Munél®& the plasma membrane and

TREs and that this recruitment depends on interaction via the KDR motif.

Our data also suggestiat ZWINT is a genuine interactor of STX19 but appears to only be able to
interact with STX1®&hen it isassociated with membrane¥Ve also gained more confidence tHasT

is a real interactor of STX19, however further studies are needed to validate this interaction.

Overall, we have validated the use of mitochondriat@ating assays as tools study proteirprotein
interactions andwve havefurther characterisd some of the predicted interactors from biochemical

screens.
3.3.2 Mitochondrial rerouting techniques are useful tools for studying protejprotein interactions

One of the main aims dhis study was to determine how useful mitochondrialroaiting techniques

are in studying proteiprotein interactions. The knocksideways assay was originally developed by the
Robinson lab as a means to rapidly inactivate proteins to study their fundBohinson uses the
knocksideways assay to demonstrate that mitochondrialngting of adaptor protein AR effectively
abolishes clathrinmediated endocytosis of transferriiRobinson, Sahlender and Foster, @D5ince

then, mitochondrial rerouting techniques have proven a useful tool in studying membrane trafficking.
The Munro lab used mitochondrial-reuting of 11 Rab GTPases coupled with proximity biotinylation

to identify Rab GTPase effectqGillinghamet al,, 2019) Mitochondrial rerouting of tumour protein

D54 (TPDA45) by the Royle lab led to the discovery of intracellular nanovesicles that contain selective

cargos harbouring a dileucine motifarocqueet al., 2020)
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Our hypothesis was that mitochondrial-reuting assays could be exploited to study protpiotein
interaction In these assaya, protein of interesis rerouted to the mitochondria @-expresion with

a potential interactor and observing if the interactor is alser@ated to the mitochondriavalidates
interaction between the two proteinsWe initially used Muncl8 proteins as potential interactors to
determine if this was possible as they arelld@own interactors of SNARESs. As such, we were highly
confident the interactions with Munc1& and Munc1& predicted by biochemical analysis were real.
We were able to successfully demonstrateroaiting of Muncl82 to the mitochondria through
interaction with STX19 in both knocksideways (usinglémjth and truncated STX19 constructs) and
mitochondrial targetingassaysMunc182 was not rerouted to the mitochondria using STXxféto
suggests that mitochondrial mouting of Munc182 was specific to d interaction with STX19.
Therefore, mitochondrial reouting techniques can be a useful tool to validate protein interactions in
celkbased assaydVe were also able to use mitochondrial targeting assays to map the Me®cl8
binding site on STX19 to antdfminal KDR motif, discussed in more detail in the following section.
Therefore, we were able tdemonstratethat mitochondrial rerouting assays are useful for mapping

protein-protein interactions.

Surprisingly, use of a felkngth STX19 construct indtknocksideways assay led to the formation of
STX19/mitochondrial clusters as opposed to complete mitochondriedutng of fulHength STX19.

We propose that STX19 is pulled from its microdomains in the membrane and is forming clusters with
mitochondriaat or under the cell surfacdJnlike biochemical assays, this provides insight into how
protein-protein interactions occur between membrane associated proteins. For example, in our
knocksideways assays studying the protein interaction between STX19 aiNT Zwe found that
ZWINT was reouted into STX19/mitochondrial clusters with the fighgth STX19 construct but not
re-routed to the mitochondrial with the truncated STX19 construct. This sugtest ZWINT is only

able to interact with STX19 when iaissociated with membrane$herefore mitochondrial rerouting

assays can provide valuable insights to prof@iotein interactions as they take place in a biological

system.

We have shown that mitochondrial #®uting assays can be useful in studyingtpim-protein
interactions, however, there are still some limitations to this system. We found during experimental
optimisation that theamountof transfected DNA is crucial to observing mitochondrialaeting of
protein interactors. The assays requirdamge amount of STX19 on the mitochondria and a small
amount of the protein interactor to induce successfulroaiting. Initially, we cdransfected equal
amounts of STX19 and Munc18 DNA and found that Munc18 proteins exéneitstrongcytoplasmic
localsation and mitochondrial reouting of Munc182 was limited. Reouting of Munc182 was only

observed in cells expressing very little MunélButhighlyexpressing STX19. We reasoned that only
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a small amount of Munc18 was being reouted to the mitochamdria and any protein that was on

the mitochondria was being masked by te&ong cytoplasmic pool of Munc18. Therefore, we
altered thespecific concentrationsf STX19 and MunciBtransfected DNA to 0.9g : 0.1ug DNA
respectively and found that mitbondrial rerouting now occurred in 93 % of cells. This provides a
limitation to the assay as it is likedBNA concentrationwill need to be optimised for each protein of
interest and their interactors depending on how well the constructs express. Tinisake imaging

and quantification particularly challenging if a very low amount of the potential interactor is required
to see rerouting as this also negatively impacts transfection efficiency and the number of cells

expressing both conructs.

Another limitation is that mitochondrial reouting may depend on the strength of the interaction
between two proteins. Pulling a protein from its endogenous localisation to the mitochondria based
solely on the interaction with another protein may be challengih¢ghere is a weak interaction

between the two proteins.

Overall, the mitochondrial reouting assays used in this study have shown to be useful for validating
and mapping proteifprotein interactions. We have also shown that these assays provide insight i
the biological context of proteiprotein interactions by allowing interactions to be studied in a-cell

based system
3.3.3 Munc182 interacts with STX19 via an-fdrminal KDR motif

One of the aims of this study was to investigate potential proteteractors of STX19 that were
identified by biochemical screens. Mune28vas identified in BiolD screens and is listed as a potential
interactor of BioGRID. MunciBinteracts with STX11 which is highly homologous to STX19 and is
enriched irepithelial tisues, similar to STX19, where it regulates apical traffi¢kiogelet al., 2015)

We therefore hypothesised that Muncl2 may interact with STX19 to regulate its functids
discussed, our data suggests Munélinteracts with STX19 in knocksideways and mitochondrial

targeting assays using full length and truncated STX19 constructs.

Further exploitation of the mitochondrial targeting assay using mutant STXttOconstrucs allowed

us to map the domain of interaction to antrminal KDR motif in STX19. This KDR motif is conserved

in other members of the syntaxin family including STX1A, 1B, 3, and 11 (STX2 and 4 contain an RDR
motif). Previous literature has demonstrated&1L interacts with Munc18 also at its Nerminal KDR

motif (Hackmanret al,, 2013; Mulleret al,, 2014; Spessott al, 2017a). Originally Munc18 proteins

were thoughtto bind syntaxins at their Habc domain which folds over the SNARE domain and holds

the SNARE in a closed confirmat{@uluboveet al,, 1999) This was thought to inhibit SNARE complex
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formation and therefore, negativwe regulate fusion. However, there iow literature to show that
Muncl8 proteins can also bind syntaxins at ateNninal peptide and that this binding mode serves

to facilitate SNARE complex formation, rather than inhibit it. This has previously beamskated

for Munc181 interaction with STX@Dulubovaet al,, 2007; Khvotcheet al., 2007; Burkhardet al,,

2008; Dedlet al,, 2009) Munc183 interaction with STX@Aranet al, 2009) and Vps45 interaction

with Tgl2(Eisemanret al,, 2020) A curent model suggests that there are two distinct binding modes

of Munc18 proteins to syntaxinsthe Nterminal peptide binding mode and the Habc domain binding
model. The Habc domain binding mode would serve to hold the SNARE in a closed confirmation whilst
it is trafficking through the cell. Once in the appropriate place, the binding mode would switch to the
N-terminal binding mode, perhaps regulated by an unknown factor. This would allow the Munc18
protein to facilitate complex formation, prevent diffusiaf SNARES, or actively pull apart SNARE
complexes to facilitate fusion pore openiggulubovaet al., 2007) To support this, Rickmann et al.,
demonstrated that the two binding modes occur in spatially didticellular localisations, with the

WOt 2aSRQ 160 R2YIFIAY O0AYRAY3I Y2RS 200dz2NNAYy3 LINB
W2 LISye@ninab peptide occurring predominantly at the cell surfagRickmanet al, 2007)
Additionally, Spessott et al., report that STX11 alone mediates lipid mixing, but not cytoplasmic mixing,
in cellcell fusion assays, however, addition of Mun&l§timulates complete fusion. This is prevented

by Munc182 Nterminal peptide mutants that cannot bind STXEpessotet al., 2017a)lt would be
interesting to determine if Muncl2 has dual binding modes f&TX19 by generating a STX19 Habc
domain deletion or a closed confirmation mutant construct and determining if MwZcis8still re

routed to the mitochondria.

Based on the literature and our results suggesting MurZzi8nds STX19 at the sametédminal
peptide, we hypothesise that MunciBregulates STX19 function by holding it in an open confirmation
and facilitating STX19 SNARE complex formafiorthermore,our data suggesthat the Nterminal
KDR peptide of STX19 is able to recruit Mur218 the dasma membrane and TREs. Rathore et al.,
have previously shown that the-tdrminal peptide of STX1 is able to physically recruit Murt18

the SNARE bundle to facilitate complex formation and conclude that ttegrinal peptide acts as
an initiation fag¢or for the assembly of a fusion competent SNARE con{Rlathoreet al., 2010) This
further supports our hypothesis that MunciBpositively regulates the function of STX19.

Further studies are required to confirm this hypothesigh as cammunoprecipitation of Munc1&
with STX19 and STX19 KEMRA mutantsCaimmunoprecipitation of STX19/STX19 K&ARA mutants
and its SNARE binding partners in the presence ofNBFfe182 will also provide insight into how
Munc182 binding affects the ability of STX19 to form SNARE compléxesissays were carried out

in a celtbased systemherefore we could not completely rule out interaction via a bridging protein.
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Furtherin vitrointeraction studies using purified proteins would be able to determine if this is a direct

interaction.

To investigate the impact of Mun82 binding on STX¥®ediated fusion, we would also use a flow
cytometry based assay to measure constitutive secretibhis assay has been used previously to
identify a role for STX19 in secretidhis weltknown that overexpression of SNAREs can dhiee
fusion they mediate, therefore, we plan to overexpress STX19 and STX¥AKDRtantsalongside

GFPMunc182 and measure the effect on constitutive secretion.

Finally,we overexpressed Munci3 in our assaysWhilst negative controls demonstrate SBX1
interaction with Munc18& is specific and not a consequenceweérexpressionit would be necessary
to use an antibody for Munc18 to assess interaction with the endogenous protein. Antibodies were

not used in these studies due to the lack of availghilf good Muncl1& antibodies.

Overall, using mitochondrial m@uting assays, we have validated the interaction between STX19 and
Muncl82 and mapped the domain of interaction to ant&minal KDR peptide. Based on the
literature, wehypothesisdahat the Nterminal binding mode of Munc18 on STX19 serves to facilitate
STX19mediated fusion, though further experiments are required to confirm this. We have shown that
using mitochondrial reouting assays to map interaction domains can provide insightstliva nature

of protein-protein interactions and into the regulation of STX19 function.
3.3.4 Munc181 interacts with the truncated version of STX19

Muncl181 was identified as a potential interactor through BiolD screens and is listed on BioGRID. In
order to validate the interaction between STX19 and Mund]18uncl81 was overexpressed in
mitochondrial rerouting assays with STX19. From our assays, we showed that Mlinoa8 re

routed to the mitochondria in the knocksideways assay with the truncated dotistruct We also
observed mitochondrial reouting with the truncated STXi1®ito construct. This suggests that
Muncl181 has the ability to bind STXMuncl181 is highly expressed in nervous tissues and has been
well documented to have roles in reguilag SNAREs mediating fusion at neuronal synaagsibova

etal., 2007; Lonsdalet al,, 2013) As STX19 is relatively highly expressed in epithelial tissues and has
very low expression in nervous tissues, we hypothesis that the interaction between STX19 and
Munc181 is not physiologically relevariurthermore Munc181 showed localisation to TREs in 18 %

of cells upon ceexpression with HATX19 compared to 92 % of cells showing Mwilialisation

to TREs. This supports the idea that whilst MuntIBay be able to bind STX19, the interaction is not

physiologcally relevant
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3.3.5 ZWINT interacts with STX19 on membranes

One of the proteins that was identified as a potential interactor in biochemical screens was ZWINT.
This protein was identified in BiolD screens, ydast hybrid screens, and is listed onoBiRID.
Additionally, ceimmunoprecipitation experiments performed previoudly the lab showed ZWINT

was immunoprecipitated STX19 but not STX7. We thergfedictedthat ZWINT is likely a genuine
interactor of STX19.

ZWINT is a kinetochotlecalised preein that recruits ZW10 and facilitates spindle formation during
mitosis. Why STX19, as a p&atlgi QaSNARE, would interact with a kinetochdoealised protein
remains unclear. Previous largeale interaction studies have identified ZWINT as a potentia
interactor of STX3, 11, and ,1&8nd SNAP2%Hutchinset al., 2010; Heiret al,, 2015; Huttlinet al.,
2015) We sought to validate the interaction between ZWINT and STX19 through mitochonérial re

routing assays as a first step to understanding why a kinetochore protein would interact with STX19.

We found thatendogenous ZWINT is-reuted into STX19/mitochondrial clusters in knocksideways
assays using the fdikngth STX19 construct but is not-neuted to the mitochondria with the
truncated STX19 construct. Additionally, we found endogenous ZWINT does -rmiteeto the
mitochondria in mitochondrial targeting assays using STXit® which contains the truncated
version of STX1%his suggests that ZWINT only interacts with STX19 when it is associated with specific
membranesWe rationalised three possible reans for this: A) ZWINT interacts with thee@minal
Sacylation domain of STX19 which has been removed in truncated constructs to prevent membrane
association of STX19, B) the interaction between ZWINT and STX19 is not strong enough to pull ZWINT
onto the mitochondria but ZWINT may able to interact with STX19 at the plasma membrane prior to
rapamycin treatment and thus is pulled into clusters duringaeting C) interaction between ZWINT

and STX19 occurs through an unknown bridging protein that is dedatinly at the membrane.
Additional studiesn vitro using purified proteins should be carried out to confirm STX19 and ZWINT
interact directly.It would also be interesting to perform reconstituted liposome assays to determine

if a lipid component is nessary for the interaction between ZWINT and STX19.

Our experiments using ZWINFLAG constructs also suggesigt ZWINT and STX19 are in the same
regions of the plasma membran@verexpression of ZWINHLAG and HATX19 demonstrates €o
localisation of tle two proteins in distinct domains of the plasma membrane also saw enrichment

of ZWINTFLAG and HATX19 in similar puncta in the cytoplasm. We could speculate that these
puncta may be trafficking vesicles or endocytic compartments, but further imgag&in would be
required. Removal of the STX19 SNARE domain did not alter ZWINT localisation to the plasma

membrane. However, ZWINT and STX19 without its SNARE domain appeared to be less well co
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localised compared to the full length STX19 though confimmatif this would require quantification

2F AyuSyaarde tS@oSta Ay ALISOATFAO LdzyOdlr IyR Iyl fe
ZWINT has membrane targeting independent from STX19, however, overexpression of STX19 drives
its colocalsation with STX19 in distinct regions of the membrane. ZWINT is thought to interact with
other SNARES at the plasma membrane including STX3 and 11 and therefore, ZWINT localisation to
the plasma membrane may be facilitated by interaction with other prweiFurthermore, using
ZWINTFLAG in mitochondrial targeting assays suggests ZWINT and STX19 are able to interact at the
plasma membraneZWINTFLAG was able to pull STXfllo onto the plasma membrane. ZWINT

FLAG did not pull STxfréito to the plasma memiane suggesting this is specific to STX&fure
mitochondrial targeting assays with STXtBo mutant constructs would be useful to map a binding

site for ZWINT on STX19. As we found ZWADNAG was able to pull STXhBo to the plasma
membrane, it wouldalso be interesting to determine if ZWINFLAG was able to pull a truncated-HA
tagged STX19 construct in which thée@ninal Sacylation domain has been removed to the plasma

membrane.

Localisation of ZWINFLAG to the plasma membrane was surprisinthasanttZWINT antibody we

used suggested endogenous ZWINT is cytoplagiiddterminally-tagged FLAGWINT also shows
localisation at the plasma membrane (data not shown) suggesting the positioning of the tag is not
affecting localisation. This sugge#isit the antiZWINT antibody is only binding to the cytoplasmic
pool and not the pool of ZWINT at the plasma membrane. As ZWINT does not have a transmembrane
domain, it may associate with membrane either through interactions with other proteins or it may
undergo posttranslational modifications that allow membrane association. It is possible that the
antibody epitope is masked when ZWINT is associated with the plasma membrane or in complex with

proteins at the plasma membrane.

These studiesuggestthat ZWINTis a validinteractor of STX19 and provislessomeinsight into the
nature of the interactionas data suggests the interactiaran only occur aspecificmembranes.
Considering their interaction and docalisation, wehypothesisethat the function cared out by the
interaction of these two proteins takes place at the plasma membré¥igat this function is remains
unclear. ZWINT is well documented to recruit ZW10 to kinetochores for proper mitotic checkpoint
signalling(H. Wanget al, 2004) Previous studies have shown a role forABR9 in stabilising the
association of ZWINT with the kinetochore for proper outer kinetochore formation and microtubule
attachment(Morelli et al,, 2016a) It is possible that STX19 may stabilise ZWINT association with the
plasma membrane through a similar mechanismevibus studies havalso showra trafficking role

for ZW10 in ERSolgi transportZW10 is recruited to kinetochores by ZWINT where it formaNR&
complex with RINT1 (Rad50 interactor 1) and NAG (neuroblastonpdified gene) The NRZ complex
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then associates witt5TA8 to regulate retrograde vesicle transport from the Golgi to the ER. The
components of the NRZ are structurally related to subupnitdethering complexes, such as the
exocyst, suggesting that the NRZ complex is acting as a vesicle Etgzyaet al, 2014). Since
ZWINT has the ability to recruit ZW10, we hypothesise that ZWINT is acting to recruit tethering

complexes that link STX19 vesicles to the plasma membrane.
3.3.6 DST interacts with STX19 in the knocksideways alsgagiot in mitochondrial targeting assays

DST was identified as a potential interactor through BiolD and yreastybrid screening. DST (or
BPAG1) belongs to the spectraplakin family of proteins whicHaage proteins (>500kDa) with the

ability to cros-link actin filaments and microtubules. DST has alternative splicing variants which gives
rise to four isoforms that have different tissue distribution. The neuronal isoform of DST (BPAG1n) has
been previously shown to interact with components of trafiick machinery including clathrin and
dynactin to mediate retrograde axonal trafficking. Additionally, there is an epithietédrm of DST
(BPAG1e) which has been shown to play a role in keratinocyte motility. Since DST was pulled out in
both biochemicabnd yeasttwo hybrid screeningwe thought it likely to be a genuine interactor of
STX19. Based on literature showing DST has roles in regulating axonal transport and can be enriched
in epithelial tissues, as is STX19, we predittatlDST may interact thi STX19 to regulate trafficking
Therefore, we sought to validate the interaction between STX19 and DST using our mitochondrial re

routing assays.

We found that DST was-reuted to the mitochondria in the knocksideways assay with the truncated
STX19 cairuct and into STX19/mitochondrial clusters with the -faligth STX19 construct. This
suggests there is a genuine interaction between STX19 and DST. However, unexpectedly, DST did not
re-route to the mitochondria in the mitochondrial targeting assaysw&{T X19nito. In some of the
experiments, mitochondrial reouting of DST was apparent with ST, however this was in a
very limited number of cells and proved difficult to repeat. As previously discussedjribant of

DNA transfected in these assayeems crucial to observing proper mitochondrialraeting.
Expressing a large amount of DST resultesfrngcytoplasmic staining which may have masked any
mitochondrial rerouting however, we found achieving a good transfection efficiency with asreaj
amount of DST (0.kg) challenging. Nevertheless, one possible reasemouéng may be seen with

the knocksideways assay and not the mitochondrial targeting Sfikbassay could be that proteins

are able to interact prior to reouting in the knaksideways assay. It may be that DST and STX19 are
able to interact primarilyat the cell surface or in the cytoplasm (as would be the case with the

truncated constructand STX19 is able to-reute DST to the mitochondria after rapamytieatment.
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If ST’X19 is targeted to the mitochondria, it is possible that is not close enough to DST to interact with

STX19 or the interaction with DST may not be strong enough to pull it onto the mitochondria.

The GFDST construct used in these assays was generateddrdone pulled out from the yeast

two hybrid screerpredictedto interact with STX19Thiscloneis 749 amino acids in size which is
substantially smaller than the 5497 amino acid-feiigth protein. Foucloneswere pulledout from
yeasttwo hybrid screning representing four potential binding sites. Since our construct was only
made from one of theselones it is highly likely the interaction between our construct and STX19 is
weaker than the interaction between the fdéngth DST and STX19. It isuglale that interaction

with two or more of the potential binding sites of DST would strengthen the interaction. This further
supports our reasoning that a weak interaction may not be strong enough to pull DST to the
mitochondria in the mitochondrial targmg STX19nito assays. Further experiments should be
carried out with DST constructs containing two or more of the predicted interasites We had
obtained various other DST constructs for use in these assays including constructs consisting of: DST
adin-binding domain (ABDQ spectrin repeat (SR) 21, DST SRER41, DST SR2Gas2related
domain (GAR), and a fidingth FLAGagged construct; all of which cover two or more of the
predicted yeastwo hybrid fragments. However, due to the large sidg¢hese fragments, we found
transfection particularly difficult and thus were unable to perform mitochondriatagting assays

with these constructs. Further optimisation to achieve good transfection efficiency is required.

Surprisingly, we found thatuw DST construct was-euted to the mitochondria upon ctransfection

of STX1énito. We remain unclear as to why this may be the case since STX16 was not predicted to
interact with DST. Two possibilities for this result may be that A) there is no ititerbetween STX16

and DST and the n@uting is norspecific or B) there is a genuine interaction between STX16 and DST.
We do not predict the former to be the case as we do not see-spacific mitochondrial reouting

with any of the other proteins wedve assessed such as the Munc18 proteins and ZV8INIG and 7

are listed as predicted DST interactors on BioGRID so it is possible that DST is interacting with other
SNAREs including STX16. Additional experimental repeats are required to confirm mita@hend
routing of DST with STXM6ito is not an artefact.

Overall, we have shown that DST interacts withlrlgth and truncated STX19 constructs using the
knocksideways assay. These data give us more confidence that DST is a genuine interactor, howeve

further studies should be carried out as discussed to completely validate this interaction.
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Figure 3-1: Potential STX19 interactors. A) A VVenn diagram depicting the shortlisted number
of potential interactors from yeast-two hybrid screening (yellow), proximity dependent biotinyla-
tion assays (BiolD; green), and the number of potential STX19 interactors listed on BioGRID
(blue). DST was identified as a potential interactor in yeast-two hybrid screening and BiolD
screening. ZWINT was identified as a potential interactor in yeast-two hybrid screening, BiolD
screening and is listed on BioGRID. VAMPs 3 and 8, SNAPs 23, 25, and 29, and Munc18-1, and
-2 were identified in BiolD screening and are listed on BioGRID.
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Figure 3-2: Knocksideways assay

An assay in which proteins can be re-routed onto the mitochondria through FKBP/FRB rapamy-
cin-dependent interactions. The bait protein (Pmito) consists of a mitochondrial outermembrane
target signal derived from Tom70, mCherry, and a FRB domain. This construct is targted to the
mitochondria and as such labels the mitochondria with mCherry. An additional construct is gener-
ated consisting of the protein of interest, in this case STX19, a myc tag, and an FKBP tag. In this
assay, both constructs are co-expressed in cells. A) In the absence of rapamycin, the FRB domain
of the Pmito construct and the FKBP tag of the protein of interest construct do not interact. Pmito
localises to the mitochondria and the protein of interest localises to its typical subcellular compart-
ment. B) In the presence of rapamycin, both the FRB domain and FKBP tag interact with rapamy-
cin molecules and the protein of interest can be re-routed to the mitochondria. We have generated
two FKBP tagged constructs of STX19 for use in this assay. FKBP-myc-STX19"2% contains the full
length STX19 protein. FKBP-myc-STX19'2? lacks the C-terminal cysteine rich domain of STX19
which is required for membrane targeting. Therefore, this construct has a cytoplasmic localisation
in the absence of rapamycin.
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Figure 3-3: FKBP-GFP is re-routed to the mitochondria in knocksideways assay
HeLaM cells were transfected with FKBP-tagged GFP and Pmito. Cells were incubated
with 1 uM rapamycin for 15 minutes at 37 °C. After rapamycin treatment, cells were fixed
using 4 % PFA and stained using anti-myc antibodies. A) In the absence of rapamycin,
FKBP-GFP localises to the cytoplasm and the nucleus, and Pmito localises to mitochon-
dria. B) In the presence of rapamycin, both FKBP-GFP and Pmito localise to the mitochon-
dria. Scale bar: 22.00 pM.
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Figure 3-4: FKBP-myc-STX19"?"2 is re-routed to the mitochondria in knocksideways
assay. HelLaM cells were transfected with FKBP-myc-STX19'?2and Pmito. Cells were
incubated with 1 yM rapamycin for 15 minutes at 37 °C. After rapamycin treatment, cells
were fixed using 4 % PFA and stained using anti-myc antibodies. A) In the absence of
rapamycin, FKBP-myc-STX19'272 |ocalises to the cytoplasm and Pmito localises to mito-
chondria. B) In the presence of rapamycin, FKBP-myc-STX19'272is effectively re-routed to
the mitochondria. Scale bar: 22.00 uM.

94



B)

+ Rapamycin

22.00 pM

22.00 pM

Figure 3-5: FKBP-myc-STX19"%% forms clusters with the mitochondria in knockside-
ways assay. HeLaM cells were transfected with FKBP-myc-STX19"2%4 and Pmito. Cells were
incubated with 1 uM rapamycin for 15 minutes at 37 °C. After rapamycin treatment, cells were
fixed using 4 % PFA and stained using anti-myc antibodies. A) In the absence of rapamycin,
FKBP-myc-STX19"2% |ocalises to the plasma membrane, tubular recycling endosomes and
the cytoplasm. Pmito localises to mitochondria. B) In the presence of rapamycin,
FKBP-myc-STX19'2% forms clusters with mitochondria towards the periphery of the cell. Scale
bar: 22.00 uM.
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Figure 3-6: Mitochondrial re-routing constructs schematic and validation of STX-
19mito. A) Schematics of STX19mito and STX16mito. The STX19mito and STX16 con-
structs consists of a truncated version of STX19 (STX19 1-272aa) which lacks the
C-terminal cysteine-rich domain which is required for S-acylation and membrane asso-
ciation or a truncated version of STX16 (STX16 1-281aa) which lacks a transmembrane
domain. Removing membrane association for each protein allows effective targeting to
the mitochondria. A HA tag was included for visualisation by immunofluorescence stain-
ing. The constructs also include the transmembrane domain of monoamine oxidase
(MAO TMD), mitochondria-localised enzyme. The MAO transmembrane domain
targets the truncated STX19/STX16 to the mitochondria. B) HeLaM cells were trans-
fected with STX19mito. Cells were then fixed using 4 % PFA and stained with
anti-STX19 and anti-HA antibodies. The anti-HA antibody was used to detect the STX-
19mito construct and the anti-STX19 antibody used to demonstrate the construct suc-
cessfully targets STX19 to the mitochondria. Both antibodies demonstrate mitochondri-
al localisation of STX19.
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Figure 3-7: GFP-Munc18-1 is re-routed to the mitochondria by FKBP-myc-STX19'-272
in knocksideways assay. HelLaM cells were transfected with GFP-Munc18-1,
FKBP-myc-STX19"?72and Pmito the specific concentrations of 0.1 pg, 0.9 ug, 0.5 ug DNA
respectively. Cells were incubated with 1 uM rapamycin for 15 minutes at 37 °C. After rapa-
mycin treatment, cells were fixed using 4 % PFA and stained using anti-myc antibodies. A)
In the absence of rapamycin, no co-localisation is seen between all three constructs.
GFP-Munc18-1 and FKBP-myc-STX19'?2|ocalises to the cytoplasm and Pmito localises
to the mitchondria. B) In the presence of rapamycin, FKBP-myc-STX19'%"? and
GFP-Munc18-1 are re-routed to the mitochondria. A pool of GFP-Munc18-1 remains cyto-
plasmic. C) Line scan analysis of panel A demonstrating no co-localisation between all
three constructs. D) Line scan analysis of panel B demonstrates co-localisation of Pmito,
FKBP-myc-STX19"%72, and GFP-Munc18-1 through corresponding peaks of intensity. Line
scan analysis was performed using Imaged. The white lines on the images represent the
lines along which fluorescent intensity values were taken at 0.11 yuM intervals. Fluores-
cence intensity values were normalised as a percentage of the highest value. Scale bar:
22.00 uM.
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Figure 3-8: GFP-Munc18-2 is re-routed to the mitochondria by FKBP-myc-STX19'?72 in
knocksideways assay. HelLaM cells were transfected with GFP-Munc18-2,
FKBP-myc-STX19"22and Pmito at the specific concentrations of 0.1 ug, 0.9 ug, 0.5 ug DNA
respectively. Cells were incubated with 1 uM rapamycin for 15 minutes at 37 °C. After rapa-
mycin treatment, cells were fixed using 4 % PFA and stained using anti-myc antibodies. A) In
the absence of rapamycin, no co-localisation is seen between all three constructs.
GFP-Munc18-2 and FKBP-myc-STX19"?"2|ocalises to the cytoplasm and Pmito localises to
the mitchondria. B) In the presence of rapamycin, FKBP-myc-STX19'?2and GFP-Munc18-2
are re-routed to the mitochondria. C) Line scan analysis of panel A demonstrating no co-lo-
calisation between all three constructs. D) Line scan analysis of panel B demonstrates co-lo-
calisation of Pmito, FKBP-myc-STX19'?72, and GFP-Munc18-2 through corresponding peaks
of intensity. Line scan analysis was performed using Imaged. The white lines on the images
represent the lines along which fluorescent intensity values were taken at 0.11 uM intervals.
Fluorescence intensity values were normalised as a percentage of the highest value. Scale
bar: 22.00 pM.
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Figure 3-9: GFP-Munc18-3 is not re-routed to the mitochondria by FKBP-myc-STX-
19'22 in knocksideways assay. HeLaM cells were transfected with GFP-Munc18-3,
FKBP-myc-STX19"?72and Pmito at the specific concentrations of 0.1 ug, 0.9 ug, 0.5 ug DNA
respectively. Cells were incubated with 1 yM rapamycin for 15 minutes at 37 °C. After rapa-
mycin treatment, cells were fixed using 4 % PFA and stained using anti-myc antibodies. A) In
the absence of rapamycin, no co-localisation is seen between all three constructs.
GFP-Munc18-3 and FKBP-myc-STX19'?2|ocalises to the cytoplasm and Pmito localises to
the mitchondria. B) In the presence of rapamycin, FKBP-myc-STX19'?72 s re-routed to the
mitochondria, GFP-Munc18-3 remains cytoplasmic. C) Line scan analysis of panel A demon-
strating no co-localisation between all three constructs. D) Line scan analysis of panel B
demonstrates co-localisation of Pmito and FKBP-myc-STX19'?72 through correspondig
peaks of intensity and shows no co-localisation with GFP-Munc18-3. Line scan analysis was
performed using ImagedJ. The white lines on the images represent the lines along which fluo-
rescent intensity values were taken at 0.11 uM intervals. Fluorescence intensity values were
normalised as a percentage of the highest value. Scale bar: 22.00 M.
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Figure 3-10: GFP-Munc18-2 is re-routed to mitochondrial clusters with
FKBP-myc-STX19'2** in knocksideways assay. HeLaM cells were transfected with
GFP-Munc18-2, FKBP-myc-STX19'2%* and Pmito at the specific concentrations of 0.1 ug,
0.9 g, 0.5 ug DNA respectively. Cells were incubated with 1 uM rapamycin for 15 minutes
at 37 °C. After rapamycin treatment, cells were fixed using 4 % PFA and stained using
anti-myc antibodies. A) In the absence of rapamycin, no co-localisation is seen between all
three constructs. GFP-Munc18-2 localises to the cytoplasm. B) In the presence of rapamy-
cin, FKBP-myc-STX19'2% co-localises with the mitochondria and mitochondrial clusters,
GFP-Munc18-2 is re-routed into mitochondrial clusters with FKBP-myc-STX19'2% and
Pmito. C) Line scan analysis of panel A demonstrating no co-localisation between all three
constructs. D) Line scan analysis of panel B demonstrates co-localisation of all three con-
structs through corresponding peaks of intensity when the line dissects mitochondrial clus-
ters. Line scan analysis was performed using ImageJ. The white lines on the images repre-
sent the lines along which fluorescent intensity values were taken at 0.11 uM intervals.
Fluorescence intensity values were normalised as a percentage of the highest value. Scale
bar: 22.00 pM.
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