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ABSTRACT

Sorting and trafficking of integral membrane proteins to the plasma membrane is
essential for cellular homeostasis. Our understanding of the pathways and sorting signals
that regulate protein trafficking is far from complete, particularly as it relatpsotein
exit from the Golgi. The reovirus fusieaassociated small transmembrane (FAST) proteins
are small integral membrane proteins that traffic through th&GBRi pathway to the
plasma membrane where they cause-@dllmembrane fusion. The small szd FAST
proteins and their simple structsrgrovide an excellent system to identify factors and
pathways affecting plasma membrane trafficking.

Using the reptilian reovirus p14 FAST protein, | discovered that a polybasic motif
(PBM), located four resiges downstream of the transmembrane domain in the cytoplasmic
tail of p14, is required for p14 export from the Golgi to the plasma membrane. Extensive
mutagenesis of the PBM indicated that the number, but not the identity or position, of basic
residues irthe PBM directs p14 trafficking to the plasma membrane, with a minimum of
three basic residues being required for efficient Golgi export. Insertion of the PBM into a
Golgi-resident ERGIE53 chimeric protein resulted in protein trafficking to the plasma
menbrane, indicating the p14 PBM functions as an autonomous Golgi export signal.

| also discovered that the PBM can serve diverse trafficking roles depending on its
proximity to the transmembrane domain. The PBM exerts no effect when located at internal
postions in the 6&esidue pl14 cytoplasmic tail, it functions as an ER retention signal when
located at the @erminus, and when present at both membaogimal and-distal
locations promotes export to and retrieval from the Golgi complex. Interestingly, th
conflicting signals provided by membrapeximal and-distal PBMs inducextensive ER
tubulation and segregation of luminal ER components. A single trafficking motif can
therefore exert remarkably diverse, posiaependent effects on protein traffiocki and
membrane compartment morphogenesis.

To determine how the pl4 PBM directs Ggiasma membrane transport, |
examined the effects of various trafficking factors and pathways on this pryesss.
two-hybrid analysis identified Rab11A as a genetic interaction partner of pl4. Co
immunoprecipitation (cdP) determined that p14 interacts preferentially with é&bRnd
activated Rabl11A in a PBMependent manner. Overexpression of dominagative
Rabl1A, but not Rab5, significantly reduced pl4 surface expression. Fluorescence
resonance energy transfer (FRET) microscopy indicated activated Rab11 directly interacts
with p14 dependent on the PBM, the first example of activated Rab11 directly imgracti
with membrane cargo for Golglasma membrane trafficking. Furthermore, RNA
interference revealed that both Rab11 and adaptor protein 1 (AP1), but not AP3 or AP4,
are required for efficient p14 trafficking from ttrans-Golgi network (TGN) to the plasan
membrane. This is also the first indication of Rabs regulating adaptor proteins at the TGN
for anterograde vesicle traffic, and provides a clear indication that AP1 can mediate
anterograde traffic from the Golgi to the plasma membrane. | conclude e¢hait4hPBM
functions as a novel autonomous tribasic Golgi export signal by directing interaction with
activated Rabll, resulting in pl4 sorting into AdRhted vesicles at the TGN for
trafficking to the plasma membrane, either directly or via endosomalliregypathways.
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CHAPTER 1
INTRODUCTION

1.1 Overview

Membrane proteins are essential for numerous cellular functions and use secretory
pathways to traffic to their respective subcellular compartments. Our understanding of the
molecular mechanisms regulating the varioepsbf membrane protein trafficking remain
incomplete, particularly in regard to protein trafficking from thens-Golgi network
(TGN), which is considered the main &édsortir
of viral fusion proteins, theeovirus fusiorassociated small tnamembrane (FAST)
proteins, adools to study intracellular trafficking pathways. My results identified the
polybasic motif (PBM) of the pl4AST protein as a novel tribasautonomous Golgi
export signal that can examtultiple effects on trafficking depending on its membrane
proximity. | further discovered that the PBM regulates interaction of p14 with activated
Rabl1l and sorting into adaptor protéiiP) 1 complexcoated vesicles for export from the
Golgi and transpotb the plasmaembrane, a novel active Rabdépendent cargo sorting
mechanism at the TGN for biosynthetic anterograde transport. In this chapter, | introduce
membrane proteins and secretory pathways, and describe our current understanding of
molecular mehanisms regulating protein traffic through the secretory pathway. | also
introduce the fusogenic reovirusasd described the characteristics of the FAST proteins
they encode.

1.2 Membrane protein trafficking

1.2.1 Membrane proteins

Approximately one thid of the human proteome are membrane proteins, which are
involved in range of essential cellular functions including allowing cells to specifically
communicate with the extracellular environmgkliimen et al., 200p Over 50% of current
pharmaceutical drugs target membrane proteins, and aberrant trafficking and subcellular
localization of membrane proteins leads &isty of human diseases (described in 1.10).

Membranes proteins are subcategorized based on the nature of their interaction with



cellular membranes. Monotopic membrane proteins interact with only one siddipitthe
bilayer, while bitopic andnultitopic membrane proteins span the membrane bilayer once

or multiple times, respectively. Bitopic or multitopic membrane proteins are also known as
integral membrane or transmembrane proteins. Bitopic membrane proteins can be further
subcategorized depending dreir topology(Goder and Spiess, 200digy et al., 2004

The Type | transmembrane proteins are targeted tcemlo®plasmic reticulumER)
membrane by an {ferminal signal peptide (described in 1.3) that is subsequently cleaved
to generate arER luminal Nterminus and cytoplasmic -@rminus. The Type |l
transmembrane proteins are targeted to the ER by-gleamable signal anchor that also
functions as the transmembrane domain, targetingteendinus to the ER lumen and the
N-terminus to tk cytoplasm. The Type Il transmembrane proteins also lack a cleavable
signal peptide and use their transmembrane domain agnal nchor;however, it
functions as a reverse signal anchor that targets #feerNnus to the ER lumen to obtain

a similar tgology as Type | transmembrane proteins. -Aaithored transmembrane
proteins have their transmembrane domain, which also function as a signal anchor, close
to the Gterminus and therefore, peasanslationally inserted into the ER membrane in
contrast toco-translational membrane insertion of Type [, Il and Il transmembrane

proteins (described in 1.3).

Transmembrane protein topology is significantly influenced by a biased
distribution of basic residues on the cytoplasmic side of the transmembrane dbenain,
so-calledo p o s-i h $ iv @& @van Heijoe| 1885 Early studies by von Heijne reved
thatcytoplasmic regions of transmembrane proteins are rich in lysine and arginine residues,
and that removal of this highlyharged region and the addition of four lysine residues to
the extracytoplasmic side resulted in tHescherichiacoli (E. coli) membrane protein
leader peptidase assuming the reverse topolegyp Heijne, 1989 Similar studies
confirmed the positivénside rule for akaryotic membrane proteinSipos and von
Heijne, 1993. More recent bioinformatic analysis of 107 genomes also indiealéased
distribution of basic residues towards the cytoplasmic side of transmembrane proteins,

suggesting the positivaside rule is broadly applicab{®lilsson et al., 2005

Membrane proteins use intracellular vesicle transport and the secretory pathway to

localize to the correct membrane compartment. Once the membrane protein is targeted to



the ER membrane by a signal peptide or signal anchor, the protein is translocatieel into
ER membrane and traffics through the-BRlgi pathway, accompanied by necessary-post
translational modifications, to its destined cellular compartment (Figure 1.1). Membrane
proteins at the plasma membrane can also be endocytosed and recycledhmplatma
membrane, or trafficked through endosomal pathways to lysosomes for degradation
(Figure 1.1).Protein transport in the forward direction from the ER to the Golgi to the
plasma membrane is known as anterograde transport, while protein transpentaverse
direction from the plasma membrane to endosomes to the Golgi to the ER is known as
retrograde transport. Recent advances in molecular cell biology have providepttin
knowledge of various factors that play key roles in these cellularpwanpathways.
Details of protein trafficking in the secretory and endocytic pathways and the regulatory
molecules involved are discussed in the following-settions.

1.2.2 Mechanisms of membrane protein trafficking

The secretory pathway sorts and dedi r s numer ous proteins,
proteins, to their correct intracellular compartments or for secretion by exocytosis. Cargo
proteins are delivered to their final destinasitiirough a series of vesicle budding events
from the donor membrane compagnt and fusion with an acceptor compartment along
the secretory pathway (Figure 1.2). A great deal of research has gone into understanding
how cargo proteins are specifically sorted into these budding vesicles. Two contrasting
models have been proposedetplain cargo protein sorting and export from the ER, the
bulk-flow and receptemediated export models (Figure 1.3), and these models have been
applied to other cellular compartments from which vesicles bud. The latter model is now
widely accepted and osidered a betteitffor recent data

The bulkflow model (Figure 1.3) suggests that cargo proteins move by default
from the ER to the Golgi to the plasma membrane and require no signals for export from
the ER or the GolgiBarlowe, 2003Warren and Mellman, 1999Sorting signalsra only
needed for cargo proteins to be diverted from the default pathway for delivery to
compartments other than the plasma membrane. Early studies by Retheneslleagues
with a tripeptide containing an acceptor sequence flanké¢d glycosylation indiated this

tripeptide was glycosylated in the ER and trafficked to the Golgi, where oligosaccharide



chains were processed and the tripeptide was then secreted into the rfWadand et

al., 1987. They suggested that no trafficking signal was necessary, as this tripeptide was
too short to contain any sorting signals for eéfiditransport from the ER to the Golgi and
from the Golgi to the plasma membrane. However, later studies indicated that glycosylated
proteins are trafficked from the ER to the Golgi by interaction with cargo receptcins

as ERGIG53 that interactvith carbohydrateqAppenzeller et al., 1999and Nlinked
glycosylation itself is @lasma membrane targeting signal from the G&@ugit et al., 1998

There is no cargo receptor identified to interact with carbohydrates to mediate Golgi to
plasma membrane transpho€onformational changes in the cargo protein induced by
glycosylation may mediate plasma membrane transporbther group showed that
soluble cargo proteins were not concentrated in ER buds and traffic from the ER to the
Golgi through concentration iropt ER tubular structures that are devoid of coat proteins
supporting the bulflow model(MartinezMenarguez et al., 1999or such a mechanism,
some form of cargo aggregation may be required to pass ER quality control and exit from
the ER. If true, cargo aggregatiamay be facilitéed by particular sequence tiszrve as

an export signal foexit from the ER. Withmanyexampledgdentified for sorting signals
involved in trafficking from the ER and Golgi, the btflaw model has been put on rest
(RodriguezBoulan and Musch, 2005 Mutations in the basolateral plasmeembrane
sorting signals resulteth cargo protein localization to thepiaal plasma membrane
suggestedhat the cargo proteins traffic through constitutive transport from the Golgi to
the apical plasma membramelhe absence of sorting signdbweverthese cargo proteins
were N or O glycosylated which sene as an apical sorting determinafiiedler and
Simons, 1995Gut et al., 1998Matter and Mellman, 1994'eaman et al., 1997

The receptomediated export model (Figairl.3) suggests that each and every
cargo protein requires signals for selective incorporation intal&#ed vesicles for ER
export(Kuehn and Sakkman, 199y, In several instances, these export signals have been
shown to directly or indirectly interact with vesicle coat proteins. Resident ER proteins
could be excluded by an active retention system, while proteins involved in vesicle
formation aml fusion that travel with the cargo may contain signals that mediate retrieval
from postER compartments. The selective concentration of cargo proteins in vesicles

surrounded by coat protein Il (COPII) compl@efined in 1.4.1)aproteincomplex that



mediates traffic from thER to the Golgifavors this modgiBednarek et al., 1995In this
model, sorting signals in luminal cargo would require a transmembrane receptor that
recognizes the signal and canteract with the COPII complex. The membrane proteins
such as ERGIG3, p24 andKDEL receptor recycle between the ER and the Golgi and act
as such transmembrane receptors for luminal cgkgpenzeller et al., 199®Belden and
Barlowe, 2001 Capitani and Sallese, 2009luniz et al., 2000Nichols et al., 1998 For
example, the luminal domain of ERGE3, a singlepass transmembrane protein, displays
lectin activity that recognizes a subset of glycoproteins, allowing EFS3I® function as

a transport receptdo promote ERGolgi transport(Appenzeller et al., 1999tin et al.,
1996 Nichols et al., 1998 Similarly, KDEL receptor is a seven transmembrane domain
protein that functions in retrieval to the ER of luminal proteins contgitha tetrapeptide
KDEL sequencdgCapitani and Sallese, 2009There are numerous examplessofting
signals, including dibasig tribasie, tyrosine and dileucinebased sorting signals, that
interact with particular components of various coat protein complexes suClRl,
COPII and APdor protein sorting and traffickingdescribed below and summarized in
Figure 1.4). Thus, the receptorediated export model is clearly involved in most, and

perhaps all, intracellular protein sorting and trafficking mechanisms.

1.3 Protein targeting to the ER

The starting point of the secretory pathway is targeting of secretory and membrane
proteins to the ER. The most prominent mechanism of membrane insertion invelves co
translational insertiormediated by a cytosolic sigredaognition particle (SRP), ER
localized SRP receptor and ER translocon complex formed by $8sbarne et al., 2005;
Shan and Walter, 20057 he signal sequence or signal anchor sequence present near the
N-terminus of most cargo proteins interacts with 8RR emerges from the ribosome. The
ribosomenascent chain complex is delivered to the ER membrane by interaction between
the SRP and SRP receptor. Upon ER membrane arrival, the ribosmtent chain
complex is delivered to the ER translocon apparatus,tlae SRP and SRP receptor are
released and recycled. The translocon apparatus then translocates the growing polypeptide
into the ER lumen, or in the case of membrane proteins until the stop transfer sequence (i.e.

the transmembrane domain) mediates irgggn into the ER membran@&araogi and



Shan, 2011Shan and Walter, 2005hao and Hegde, 201 Bignal sequences may or may

not be cleaved by signal peptidase resident on the luminal side of the ER membrane and
further cleaved by signal peptide peptid@ldegde and Bernstein, 200Blartoglio and
Dobberstein, 1998 Some cargo proteinare ceotranslationally inserted into the ER
membrane by an SRRdependent mechanisiiMartoglio and Dobberstein, 1998A

recent study identified a network of cytosolic factors that promote-iS&Ripendent
proteininsertion into the ERAst et al., 2018 These ERargeting mechanisms prevent

proteinmis-folding or aggregation in the cytoplasm.

Although the majority of secretory pathway proteins ar&raonslationally inserted
into the ER, some proteins are inserted {p@stslationally. Some soluble secretory
proteins contain a moderately hydrophosignal sequence that escapedranslational
SRP recognition and are therefore pinahslationally targeted to the ER. A complex of
Sec61, Sec62 and Sec63 at the ER membrane with luminal chaperone BiP mediates post
translational translocation of theseluble secretory proteinfRapopet, 2007. Tail-
anchored membrane proteins, such as SNARE (solukldymaleimidesensitive factor
attachment protein receptor) proteins involved in vesicle fusion, contakteamihal
transmembrane domain that also functions as signal sequende iftseftion, and is only
exposed to the cytosolic targeting factors on termination of protein synthesis and release
from ribosomegBorgese and Fasana, 2QKutay et al, 1993 Rabu et al., 20095hao
and Hegde, 201 Wattenberg and Lithgow, 20D1The mechanism for ER translocation
of tail-anchored proteins was recently revealed. The cytosolic ATPase transmembrane
recognition complex (TRC) 40 (also known as arsenical pdriying ATPase protein,
Asnal) recognizes the transmembrane domain of nemilyesized taibnchored proteins
(Borgese and Fasana, 2QFEavaloro et al., 201Gtefanovic and Hegde, 200and directs
them to the ER membrane by interaction with the tryptoplt@mbasic protein (WRB) and
calciummodulating cyclophilin ligand (CAMLprotein in the ER membrar¥ilardi et
al., 2011 Yamamoto and Sakisaka, 201ZAML and WRB interact with each other by
their transmembrane domains and synergistically mediate ER raeenimsertion of tail

anchored proteinéramamoto and Sakisaka, 2012



1.4 Traffic from the ER

1.4.1 The COPII complex

Once secretory and membrane proteins are targeted to the ER, anterograde transport
of these newly synthesized proteins from the ER (also referred to as the biosynthetic
transport pathway) is mediated by the COPIl complex. Components of COPII, first
identified in S. cerevisiagwere found to be essential for cell viability aaré conserved
throughout alknowneukaryotegDuden, 2008 The COPII complex comprises the small
GTPase secretieassocited rasrelated protein 1 (Sarl), the Sec23&@mplex and the
Secl3/31 complefBarlowe et al., 1994 Formation of COPII coated vesicles is initiated
by Sec®, an ER membradeound guaninexchange factor (BF) for Sarl, which
activates Sarl by GTP bindirfBarlowe and Schekman, 199&ctivated Sarl binds to
the ER membrane where it recruits the S&28omplex and subsequently the Sec13/31
complex, leading to coat polymerization and vesicle bud formé8ariowe et al., 1994
Secretory and membrane cargo proteins containing short linear ER export signals
(describedn more detail in 1.4.4) that interact with components of the COPIl complex are
incorporated during vesicle formati¢bong et al., 201.2Duvernay et al., 2009®uvernay
et al., 2009bGiraudo and Maccioni, 200Q®liller et al., 2002 Nishimura and Balch, 1997
Nufer et al., 2003Sevier et al., 20QQZhang et al., 2011 After vesicle budding, GTP
hydrolysis by Sarl, facilitated by Sec23 and Sec31, promotes coat depolymerization
(Antonny et al., 200and vesicle fusion with the acceptomgmartment mediated by
SNARE proteingJahn and Scheller, 200@lalsam et al., 2008

Structural studies on components of the COPIl complex have provided useful
insights into the mechanism of coat formation. The chgdtacture of Sec12 reveals that
potassium binding in the cytosolic domain is critical for eGEF activity to activate
Sarl(McMahon et al., 2012 Upon GTP binding, the fierminal helixof Sarl swings out,
exposing hydrophobic residues that léadttachment of Sarl to the ER membrgiheang
et al., 200). The amphipathic helix region of the Saritédminus recruits the Sec23/24
heterodimer complex that forms a b shape containing a concave membipreximal
positively charged inner surfa¢Bi et al., 2002 Bi et al., 2007. This curved positively
charged surface would initiate membrane curvature favoring membrane deformation and

vesiculation for ER exit. The Sec23/24 complex then binds with the Sec13/31 to form a



heterotetramer, which formé&eé outer coat layer consisting of cuboctahedral geometry
(Stagg et al., 2006 The sizes of the cages are approximately&Qantonny et al., 2003
Matsuoka et al., 2001Stagg et al., 2006 which brings into qué®n the mechanism of
transport for large cargos, such as procollagen, that have sizes of A3000es et al.,
2003 Stephens and Pepperkok, 2D0Zhe mechanism was explained by cryogenic
electron tomographic reconstitution of Sec13/31 tubules #300length and 30 in
diamete(O'Donnell et al., 20101 Also, cryogenic electron microscopy studies of Sec13/31
along with Sec23 revealed that Sec23 binding induces Sec13/31 to form vesicles/tubules
with a variety of geometrig8hattacharya et al., 20}, 2roviding a further mechanism for
transport of larg cargo from the ER. A recent report showed that mature
glycosylphosphatiginositol-anchored proteins in the ER lumen bind to cargo receptor
membrane protein p24 that stimulates COPIlI complex recruitment for ER export
(ManzaneLopez et al., 2016suggesting that cargo proteins can regulate asseamoly

required sizes of the COPII cage

1.4.2 ER exitsites

COPII budding occurs at specific sites of the ER called the transitional ER (tER)
or ER exit site (ERES) that include p&&R structures prior to fusion with or becoming the
ER-Golgi intermediate compartment (ERGIGBudnik and Stephens, 2009After
translation, all secretory and membrane cargo proteins enter into the ERES, which is devoid
of ribosomegOrci et al.,1991), for sorting and export from the ER. The ER exit sites are
part of larger export complexesraprising buds bearing tER components facing towards
the ERGIC(Balch et al., 1994Bannykh et al., 1996chweizer et al., 1991The postER
compartment in the vicinity of the ERES includes tubedacular membranes coated with
COPII complex and free COPII coated vesidlgbronov et al., 2003Zeuschner et al.,
2006. However, a recent report challenges this model of cytosolic release of COPII
vesicks from the ERES that tether and fuse with the neighboring ERGIC. Through high
speed and supeesolution microscopy, Kurokawvetalr eport a o6hug and
the cis-Golgi that approaches and contacts the ERES to capture cargo proteins by
simultaneous collapse of the COPII cagrokawa et al 2014. However, it is possible

that free COPII vesicles could be released and immediately captured big-thelgi.



Moreover, this study was conducted ustigerevisia¢ghat does not have highly organized
ERESs and Golgi structureg®reuss et al., 1992Rossanese et al., 199%imilar
experiments need to be performed in mammalian cells to more clearly define the nature of

cargo export from the ERES.

The peripheral ER membrane protein Sec16 plays an impartarihorganization
of the ERES. As with COPII components, Sec16 was first identifiedSn @erevisiae
screen for secretory pathway mutants and shown to localize to tflespBnshade et al.,
1995 Novick et al., 1980 Two mammalian orthologues, Sec16A and Secl16B, have been
identifiedand also localize to ERE®Bhattacharyya and Glick, 200Mughes et al., 2009
linuma et al., 2007Watson et al., 2006 Both yeast and mammalian Sec16 interact with
COPIl components Sec23, Sec24, Secl3 and Sec31, and overexpression or depletion of
Secl6 disorganizes ERE$Bharucha et al., 2013Bhattacharyya and Glick, 2007
Espenshade et al.,, 1996imeno et al., 1996Hughes et al., 2009inuma et al., 2007
Shaywitz et al., 1997 Sec16 stabilizes the Sa@GITP-Sec23/24 complex on liposomes, by
preventing premature GTP hydrolyglsung et al., 2012Supek et al., 2002Y orimitsu
and Sato, 2012 Moreover, fluorescence recovery after photobleaching (FRAP)
experiments indicate that recycling of Sec16 from the membrane is slower than that of
Sec23, and there is a greater immobile pool of Sec16 on ER meestifughes et al.,
2009. These observations suggest that Secl6 is a scaffolding protein that provides a
platform for COPII assembly. In contrast, tt@nchorawayd technique(Haruki et al.,
2008, wherea protein of interest remains cytosolic by anchoring to ribosomes upon
addition ofrapanycin, used to analyze whether Secl6 is a scaffolding protein, showed that
removal of COPII from ERESs also results in removal of Seghite loss of Secl1éom
ERESdoes not displace CORBharucha et al., 20)3This observation suggests that the
COPII complex mediates recruitment of Secl6, not the other way around, and proposes
that Secl1l6 does not organize COPII but rather COPII turnover can account for Secl6
effects on ERES. More studies clearly need to be done to define more precisely the
sequence of events that regulate ERES assembly and function.

Another important regulatof @ RES is phosphatidylinosit@-phosphate (P1(4)P).
P1(4)P plays an important role in Golgi vesicular trafficking by recruiting Arfl GTPase

and pleckstrin homology (PH) domabontaining accessory proteins fepimosphate



adaptor protein (FAPP) 1 and FAPWhich are primarily involved itipid transpor{Godi

etal., 2004He et al., 2011 Evidenceshowsthat P1(4)P also regula&#&R export. Addition

of the FAPP1PH domain inhibits COPII vesicle buddingvitro (BlumentalPerry et al.,

2006. Also, PI4P is enriched on ER membranes upon Sarl activation. The presence of the
P1(4)P phosphatase Sacl results in reduced vesicle produnctitro (BlumentatPerry et

al., 2006, and knockdown of ERissociated phosphatidylinositpk i nase |11 U (PI -
which synthesize PI(4)P, reduces the number of ERESs in cgfsrhan et al., 2008

Therefore, productionfo PI ( 4) P at the ERES by Pl A4KI I I

constriction and nucleation of COPIl assembly that mediates ER export.

1.4.3 The ERGolgi intermediate compartment (ERGIC)

The destination of ER export vesicles is a vesietlbular cluster omembranes
that is known as the ERGIC. The type | membrane protein EFSGIG required for
maintaining the structural integrity of the ERGIC, in additiooargo sorting from the ER
(Appenzeller et al., 199%Hauri et al., 2000Nichols et al., 1998 In addition to ERGIE
53, cargo receptor membrane proteins Surf4 and p25, which recycle in the early secretory
pathway similar to ERGIG3, are also required to maintain the ERGIC architecture
(Mitrovic et al., 2008. ERGIG53 interacts directly with Sec23 at the ER for cargo sorting
into COPII vesicles that travel to the ERGIC. Cargogqirst are disociated in the ERGIC
and sored for trafficking to the Golgi or back to the ER, and ERGECis recycled back
to the ER(Kappeler et al., 1997Two models have been proposed for cargo transport from
the ER to the Golgi complex via the ERGIC. The transport complex model proposes that
ERGIC clusters are transient cargo containers formed byotypic fusion of COPII
vesicles, which then migrate to and fuse with or give rise tai@olgi. The stable
compartment model suggests the ERGIC is best considered as a separate membrane
compartment that receives cargo from the ER and generates aatierogrgo destined for
the Golgi (AppenzellerHerzog and Hauri, 2006 The transport complex model was
initially based on observations showing large carriers transporting cargo from the ERES to
the Golgi, and these carriers were identical to the ERGIC clusters defined by £RGIC
(Bannykh et al., 1998Stephens and Pepperkd@(01). The stable compartment model
originated from results showing that lot@mperature inhibition of ERGHD-Golgi
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trafficking did not inhibit ERto-ERGIC transport and did not irease the number of
ERGIC clustergKlumperman et al., 1998More recent studies have not resolved which
of this models is correct. For example, ERGIC transport carriers can directly be formed
from COPItdependent protrusions, and p25 plays a roldemovoERGIC formation
(Lavoie et al., 1999Mironov et al., 2008 However, inhibiting homotypic fusion of COPII
vesicles did not prevent transport complex formafidironov et al., 2008 supporting

the stable compartment model. Large anterograde carriers can leave the-ERGIC
containing compartment behind while moving to the G@gin Tekaya et al., 20Q5again
consistent with the stable compartment model. However, knockdown of HERERC
recycling cargo adaptor Surfs4 with ERGIG or p25 results in reded numbers of
ERGIC clustergMitrovic et al., 2008 suggesting the ERGIC clusters are transient, more
in-line with the transport complex model for frathrough the ERGIC. Hence, the precise

mechanisms governing the formation and function of the ERGIC remain unresolved.

1.4.4 ER export signals

Numerous ER export signals have been identified in the cytosolic tail of various
membrane proteins, anseveral of these signals have been shown to interact with
components of the COPII complex for ER export. For instance, dibasic motifs
(R/K)X(R/K) in glycosyltransferases and RNKR in Crumbs, a type | membrane protein
required forDrosophilaepithelial polaity, interact with Sarl for ER expofGiraudo and
Maccioni, 2003Kumichel et al., 2015Quintero et al., 20)0Diacidicbased motifs (DXE,
DXD, FXYENEV), dileucinebased motifs (FM.L, EXsLL, FNXaLLX3L),
diphenylalanine motifs (QX F ) , « X itsqFXFXim,o(Y/L/F)X(I/L)X(M/L)] and
other motifs, such as the tribasic RRR, YNNSNPF, LXX(L/M)E, IXM, R(l/L) motifs,
have been identified as ER export signals in membrane proteins and many of them have
been shown to directly interact with the Sec24 subunit of COPIl complex to exit from the
ER (Barlowe, 2003Bermak et al., 20QIDong et al., 201;2Duvernay et al., 20Q4ahan
et al.,, 2007 Ma et al.,, 2001 Mancias and Goldberg, 2008lossessova et al., 2003
Nishimura and Balch, 199Nishimura et al., 199Nufer et al., 2003Robert et al., 2005
Schulein et al., 19985tockklausner et al., 2008ucic et al., 201, 1Wang et al., 2004
Zhang et al., 200)1Sec24 was recently shown to simultaneously bind to two sorting signals

11



(DXE and IFRTL)to drive ER export, suggestiniyathigh levels of efficient capture and
specificity are employed in the ER export prodgssgant et al., 2015

1.4.5 ER retention/retrieval signals

The retention and retrieval of ER proteins is largely mediayedolting signals
containing basic residues that interact with components of the COPI complex, a coat
protein complex that mediates retrograde traffic from the Golgi to the ER (described in
1.5.1). For example, the-tlisine motifs KXKXX or KKXX at the Gterminus of the
cytosolic tail of membrane proteins is an ER retention signal that functions by interacting
with components of the COPI complex to retrieve proteins to the(E&Hson and
Letourneur, 1994Jackson et al., 1990easdale and Jackson, 1996rangue et al., 2001
The function of these dysine motifs depends on the length and structure of the
cytoplasmic domai@Shikano and Li, 20Q3/incent et al., 1998and they can also mediate
direct ER retention in addition to retrieval to the E&hdersson et al., 1999Recent
structural studies reveal electrostdtieding pockets in CORJubunits that bind terminally
located dilysine mdifs (KKXX and KXKXX), with a specific requirement of tweesidue
spacing from the @erminus(Jackson et al., 20)2Another dibasic motif, RXR, also
functions as an ER retention/retrieval sig®ichet et al., 2000MargetaMitrovic et al.,
200Q Scott et al., 2001Zerangue et al., 200Zerangue et al., 199%hat depends on the
length of the cytoplasmic ta{Shikano and Li, 2003 Similarly, the type Il membrane
protein ducosidase | contains cytosoh&terminal diarginine motifs (RR, RXR, RXXR)
in plants and dri-arginine motif (RRR) in humans that both function as ER retention
signals(Boulaflous et al., 20Q9Hardt et al., 2008 Thus, terminal basic residues are
widely employed for ER reteioin and retrieval.

1.5 Traffic from the Golgi

The Golgi complex serves as the main sorting station for anterograde transport of
newly synthesized proteins destined for the plasma membrane or other orgddelles
Matteis and Luini, 2008ackson, 20Q%urma et al., 20121t also plays an important role
in receiving traffic from the endocytic pathways. The Golgi complex is composed of a

variable number of Golgi stacks, referred toces medialandtrans stacks. Thesis and
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transsides of the Golgi complex are associated with tubulovesicular structures called the
ERGIC and thérans-Golgi network (TGN), respectively, representing cargo eartyexit

at both sides. As described above, EJRGolgi anterograde traffic is mediated by COPII
coated vesicles while retrograde traffic from the Golgi to the ER is mediated by COPI
coated vsicles (Figure 1.4). raffic from the TGN to endosomes, lysosesnand the
plasma membrane is mediated letdrotetramericAP complexes or monomeradaptor

GGA (Golgi-l o ¢ a | -adaptim epcontaining Artbinding) proteinsthat link vesicles

with clathrin coat proteinswhile traffic from endosomes to the TGN is digted by

retromer complex (Figure 1.4). Details of these coat complexes are described below.

1.5.1 The COPI complex

COPI coat proteins are involved @argo trafficking in the Golgio-ER retrieval
pathway, as well as retrograde flow between the Galgipartments. COPI vesicles are
composed of the small GTPase Arfl (ADP ribosylation factor 1) and a coatomer complex
of ~600 kDa cont a4 R ibnbgdosleaihedBORs All bomponents | U
of COPI are essential for yeast cell viability, exe t -@Q#randChre conserved in all
knowneukaryotes, similar to the COPII compongiaden, 200R Activation of Arfl is
mediated by GEFs of the BIG (brefeldii inhibited GEF) family localized to thieans
side of the Golgi, and GBF (Gotgpecific brefeldin Aresistance factor) family members
localized to early Golgi compartmen(Bui et al, 2009 Gillingham and Munro, 2097
The coatomer is recruited as a single complex to the memgtanaKuge et al., 1994
However, based on homology to other coat p
distinguished: the adapteru b ¢ o0 mp I-,ealn @@OR) and a cage like subcomplex
( U -& 6 dCOB)(Faini et al., 2018 The adaptor subcomplex of COPI binds to two
Arfl molecules(Sun et al., 2007Zhao et al., 1997 which was confirmed through
structural determination by-Kay crystallographyYuetal., 2012 The structur e
cCORATr f 1 compl ex r e-C@Rafor &rfil bindeng, andl similsresidues o
were predi ct e d-C@Pyandrcanfimodd dbygnyutagemesisbfor Arfl binding
(Yu et al., 2012 T hbe&OP complex forms a triskelion with three copies by
converging throupghopeai beér e®H,svaidh Bharéstpatiald
similarities with the cages formed by both clathrin and C@Pék and Golderg, 201).
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Theprbopel | er s tQOR subunit was atsd shawh ® bifidavith dydine

sorting motif(Jackson et al., 20)J2i ndi cat i n g-CQP inrcargoeselettionrin b 6
addition to cage formation. Singparticle electron microscopy of the complete heptameric
COPI complex reveals a globular mass, representing the adaptor sidcsormounted

by an extended domain representing the cage subcomplex, and with substantial
conformational flexibility likely required for scaffolding functidiip and Walz, 2011)

GTP hydrolysis by Arfl, promoted by Arfl GTPase activating proteins (AR§Aresults

in COPI coat depolymerizatigiCukierman et al., 199%Reinhard et al., 2003 anigawa

et al., 1993 ArfGAP1 contains an amphipathic lipid packing sensor (ALPS) motif that
senses curved membranes and serves as a mechanism to associate with COPI vesicles
(Bigay et al., 2003Bigay et al., 2008 while ArfGAP2/3 associates drc#y with the COPI
complex for coat depolymerizatiofFrigerio et al., 2007 Kliouchnikov et al., 2009
Pevzner et al., 2012Veimer et al., 2008

1.5.2 The adaptor proteing APs)

APs are another key component in vesicle trafficking, and form the coat around
postGolgi vesicles as well as playing an important role in cargo sorting. ARe
tetrameric complexes with two large subunits (~100 kDa), a medium (~50 kDa) and a small
subunit (~20kDa)Hirst et al., 2013Robinson, 2004 There are five distinct APs: AP1
mediates traffic between tubular endosomes and the TaBNough the trafficking
direction is uncleafCanuel et al., 20Q&Robinson et al., 2030AP2 is involved in vesicle
formation at theplasma membrane for endocytosis (described below in 1.7.1); AP3
mediates traffic from the TGN and/or early endosome to late endosomes; AP4 mediates
traffic from the TGN to endosomelysosomesand basolateral membranesd AP5S is
localized to late endosam but the precise function is unclédirst et al., 201 1Hirst et
al., 2013 Nakatsu and Ohno, 2008®hno, 2006 Popovaet al., 2013 Robinson, 2004
AP1 and AP3 also have ca#ylpe specific isoforms; ARB is expressedn polarized
epithelial cells and mediates basolateral sorting, while-BR3expressecineurons and

mediates synaptigesicle biogenesi€®hno, 2006 Robinson, 2004

The regulationand functional mechanisms vahetween different APs. The

assembly of APand AP4 on the membrane is regulated by activation of the Arfl1 GTPase,
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while assembly of AP1 is regulated by both Arfl d@nig4)P (Wang et al., 2003 In
contrast, assembly of the AP2 complex igulated by phosphatidylinositdl,5
bisphosphate (P1(4,5)A(Honing et al., 2006 Positively charged patelsof basic residues

in AP1 and AP2 are involverh binding to respective PIRBleldwein et al., 2004 AP5
asembly on the membrane was not inhibited by brefeldin A treatment and, therefore,
remain independent of Arfl GTPafdirst et al., 201L Moreover, AP1, AP2 and AP3
interact with clathrin molecules to form clathrin coated vesjcldsle AP4 andAP5 do

not interat with clathrin (Hirst et al, 2011 Robinson, 2004 Crystal structures of AP1
andAP2 core complexes comprising thetBrmini of the large subunits plugact medium

and small subunits display similar structures, defined as an inactive conformation in which
the cargo binding site is inaccessi&ollins et al., 2002Heldwein et al., 2004 Upon
membrane recruitment of AP1 by Arfl, or AP2 by PI(4,5)P2, changes in the conformation
of the AP complexes expose the cargo binditewith pockes for tyrosine and tyrosine+3
bulky amino acido f Y X X «(Jacksoh et &l., 201®Ren et al., 2013 The coat Igter
formed by AP complessis removed by dephosphorylation AP components and of
phosphatidylinositol phosphates (PIRisat reducesadaptors affinityto vesicles (Ghosh

and Kornfeld, 2003Verstreken et al., 2003

1.5.3 GGA proteins

Membrane transport between the TGN and endosomes is also mediated by
monomeric clathrin adaptor proteins call@@A proteins. There are three GGA isoforms
found in humans (GGA1l, GGA2 and GGA3)datwo in the yeast (Ggal and Gga2). All
GGAs are 680 kDa in size and have common structural and functional domains; a VHS
(Vps-27, Hrs and STAM) domain, a GAT (GGA and Tom1) domain, a hinge region, and
a G A-+adaptin ear homology) doma{Bonifacino, 2004 Nakayama andVakatsuki,
2003. The membrane recruitment of GGAs is mediated by GAT domain interaction with
membranebound activated Arfl, and this interaction hinders the aaioArf-GAPs
providing transient stabilization of a GG f-GTP complexJacques «l., 2003. Upon
membrane recruitment of GGA, the VHS domaomes into close proximity witthe
membrane and sorts cargo proteins by interaction witbuginebased sding signals in

the cytoplasmic tasl of membrane cargo proteirfsle et al., 2002Nielsen et al., 2001
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Puertollano et al., 20013 akatsu et al., 2001Zhu et al., 200Land tis interaction is
enhanced by phosphorylation of a serine residue within tHeudine motif(von Arnim et

al., 2004 Wahle et al., 2005 A clathrinbox like sequence in the hinge regioh
membranebound GGA recruits clathrin by interaction with the terminal domain of clathrin

to form clathrin coated vesiclé¢slullins and Bonifacino, 20Q1Puertollano et al., 2001b
Stahlschmidt et al., 2014The WNSF motif in the hinge region binds to the GAE domain

for autoregulation of GGA functioriinoue et al., 2007 The GAE domainlao binds to a

variety of accesoryproteinsv a t he DFGX« moti f, which may

cargo sorting, coat assembly and disasseifBoyifacino, 2004

1.5.5 Golgi sorting signals

In spite of the Golgi being the main sorting hub for cargo proteins and the
identification of various cdaproteirs functioning at the Golgfew Golgi sorting signals
have been identifiedTwo types of motifs, dleucine based ((D/E)XXXL(L/I) and
DXXLL) and tyr osmotifentetac with GGA andARs respectively
for protein sortingrom the Gdgi to the basolateral plasma membramel for endocytosis
(Anitei and Hoflack, 2011De Matteis and Luini, 2008RodriguezBoulan and Musch,
2005. Tyrosinebased motié were first identified in low-densitylipoprotein receptor
(LDLR), the polymeriammunoglobulirA receptor(plgAR), and the transferrin receptor
(TfR) (Matter amd Mellman, 199% and dileucinebased motif in Fc receptor (FcR)
(Hunziker and Fumey, 199Matter et al., 1994 Thesemotifs were alsotswn to target
E-cadherin and \acular stomatitis virus glycoprotein (VS®) to basolateral meménes
(Miranda et al., 200IThomas and Roth, 1994Alternatively, singleleucinebased motifs
were also identified in stem cell factor and CD147 for basolateral tardEewya et al.,
2004 WehrleHaller and Imhof, 2001 Substitution mutations of tsebasolateral sorting
motifs results ilMmis-sortingof proteinsto apicalmembranesather than accumulatian
the Golgj owing to theirO- or N-linked glycanghat function in apicaiargeting(Carvajat
Gonzalez et al., 201De Matteis and Luini, 20Q&RodriguezBoulan and Musch, 2005
implying thatthesebasolateratargetingmotifs are Golgi sorting signals rather than Golgi
export signalsRecently, anovel tyrosinebased motif (YX[F/Y/L][F/L]E) was identified
in amyloid precursor protein (APP) for its traffic from the TGNHe éndosome@®urgos
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et al., 201Q. Alanine substitution of this motif inhibited APP traffic to the endosomes and

resulted in accumulation the Golgi

1.6 Traffic through the Golgi

Mechanisms for protein trafficking through the Golgi complex remain highly
debatable and various models have been prog@ledk and Luini, 201). The vesicular
trafficking model and the cisternalaturation mdel (Figure 1.5) are the oldest and remain
extensively discussgdackson, 200ames Morre and Mollenhauer, 20&fmon, 2003
At present, the cisternahaturation model is better accepted and explains most of the

experimental data reported so far.

The vesicular transport model (Figure 1.5), in which the Golgi is viewed as being
composed of distinct stable compagims and cargo proteins move from one compartment
to the next in COPI coated vesicles, was widely accepted for a lond Diomphy and
Rothman, 1985Farquhar, 1985Farquhar and Palade, 198othman, 1981Rothman
and Wieland, 1996 This model was extended with the view that COPI could mediate
bidirectional transport; anterograde transport of cargo proteins and retrograde transport of
vesicle trafficking component®©rci et al., 2000Pelham and Rothman, 200®olarized
distribution of glycosylationenzymes supports this model, such that each Golgi
compartmentontains a unique set of Golgisident enzymes that process cargo proteins
in an assembly line fashiqiKleene and Beger, 1993 Nilsson et al., 2009Rabouille et
al., 1995. Some studies have showed COPI vesicles containing secretory cargo proteins,
supporting the view that cargo proteins traffic in a forward directionesicles between
the Golgi compartment@valsam et al., 200%0rci et al., 19970stermann et al., 1993
However, other studies failed to detect any secretory cargo in COPI coated \(Bsibias
et al., 1994 Gilchrist et al., 2006MartinezMenarguez et al., 2001Also, the traffic of
large cargo proteins such as procollagen through Golgi cisternae could not be explained by
the vesicular transport mod@ecker et al., 1993onfanti et al., 1998Mironov et al.,
200]). Moreover, the transient nature of yeast Golgi cisternae, a fused Golgi network in
microsporidia, tubular connections betweenerizae in mammaliaretls, and the mobility

of Golgiresident enzymes between compartments are also not explained by this stable
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compartment mod€Beznoussenko et al., 20Q@%bsev et al., 2006ViatsuuraTokita et al.,
20086 Trucco et al., 2004Vooding and Pelham, 1998

In contrast, the cisternahaturation model (Figure 1.5uggests that one set of
Golgi-resident proteins replaces another as cargo traffics within the Golgi complex, is a
better fit for most of these observations. Homotypic fusion of COPII vesicles-de¥ed
carriers walld form acis-Golgi cisternahat matures into the TGN and disintegrates into
vesicles and other type of carriers. As¢hego moves forward, the Golgesident proteins
are retrieved to the younger cisternae by COPI veqiBlesfanti et al., 1998Gilchrist et
al., 2006 Glick and Mahotra, 1998Malsam et al., 20Q9artinezMenarguez et al., 2001
Rabouille andKlumperman, 200p6 In fact, Golgi cisternal maturation thi cargo and
retrieval of Golgiresidentenzymes were visualized in Iheell imaging experiments
(Losev et al., 2006VatsuuraTokita et al., 200%6 However, this moel still cannot explain
the fused Golgi network in microsporidia or tubular connections between Golgi cisternae
(Beznoussenko et al., 200ifucco et al., 2004 The extended cisternataturation model
with tubular transport could accommodate these re@alicsk and Luini,2011). Moreover,
studies by LippincotSchwartz and coworkers suggest a dramatic revision of these
traditional models by proposing a ragpdrtitioning model for traffic within the Golgi
(Patterson et al., 20D8They observed cargo diffusion into and out of Golgi export
domains and exit from the Golgi with exponential kinetarsg proposed that secretory
cargo partitions into processing and export domains upon arrival at the Golgi and exit from
every level of the Golgi to their final destinatiofi$ppincott-Schwartz and Phair, 2010
Patterson et al., 20D8In this rapidpartitioning model, the Golgi operates as a single
compartment that contradicts the observation of polarized distribution of Golgi enzymes
and the existence of discrete Golgi cisternae. Moreover, thepapitioning model also
cannot explain the slower traffic #rge cargo such as procollag@onfanti et al., 1998
Mironov et &, 2002, Trucco et al., 2004 The cisternamaturation model with tubular
transport between cisternae could explain cargo diffusion within the Golgi and the
exponential kinetics of smaller secretory cargo exit and, therefore, seems a more plausible

model for traffic through the Golgi.
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1.7 Endocytic pathways

Cellstakeup extracellular meerials as well as cell surfagxpressed proteins by
various mechanisms of endocytosis. Endocytic mechanisms can be classified into two
subgroups, clathrimediated endocytosis (described below) and clathdependent
endocytosis. Many clathrdmdependent endocytosis mechanisms ramiagiss well
characterized in terms of their molecular details and cargo specificity, and will not be
further discussed. During endocytosis, internalized vesicles immediately fuse with or
become early endosomes, which are considered a main sorting stattbe £ndocytic
pathway (Huotari and Helenius, 2011 Early endosomes contain membrane
microdomains, each enriched in various trafficking regulators such as Rab4, Rab5, Rab7,
Rabll, retromecomplex and caveolgélayer et al., 201,Rojas et al., 2008/onderheit
and Helenius, 20Q5and sort cargo proteins to the plasma membrane, recycling endosomes
or the TGN. Early endosomes mature into late endosomes, which can then fuse with
lysosomes to form endolysosomes for degradation of luminal confdntstari and
Helenius, 201 Alternatively, inward buddig into late endasmes generates muilti
vesicular bodies containing luminal vesicles that are released from cells as exosomes,
following fusion of the limiting multivesicular body membrane with the plasma

membrane.

1.7.1 Clathrin-mediated endocytosis

Clathrinrmediated endocytosis is the most studied mechanism of endocytosis.
Formation of clathrircoated pits is initiated by recruitment of AP2 tlee plasma
membrane byl1(4,5)P (Honing et al., 2006 However, more recent studies habamwvn
that the initiation stage may involve a putative nucleation module composed of FCH
domaironly (FCHO) proteins, EGFR pathway substreie(EPS15) and intersectins that
assemble at the plasma membrane due to their preferences to PiH&)R2 et al., 2010
Reider et al., 20Q%timpson et al., 20Q09Proteins of the putative nucleation module then
recruit AP2 to the membrane, which changes the conformation of the AP2 core complex
to expose the cargo binding sitend mediates cargo selection inyeraction with di
leucine andtyrosinebased motsg (Jackson et al., 201&elly and Owen, 2011Traub,

2009. The conformational changes in AP2 following membrane recruitment and cargo
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binding also rekves autanhibition of clathrin association, triggering clathrin recruitment
and formation of clathritoated pitgKelly et al., 2014 A variety of accessary proteins

are also assembled during clathcimated vesicle formation for endocytogdcMahon

and Boucrot, 20LITraub, 201). For instance, the GTPase dynamin is recruited by BAR
domairrcontaining proteins such as endophillin and sorting n€NX) 9, which bind to
curved membranes and likely mediate neck formation. The SRC bgy®(SH3) domain

of these BARproteins interactsvith prolinerich regions of dynaminwhich mediates
scission of clathrircoated vesicles by GTP hydroly$i&ashkirov et al., 20Q8-erguson et

al., 2009 Hinshaw and Schmid, 199%undborger et al., 201 Bweitzer and Hinshaw,
1998. Dynamin also mediates vesicle fission at the plasma membrane for various-clathrin
independent endocytic mechanis(vercer et al., 2010 Endophillin was also recently
shown to mediate clathrimdependent endocytic mechanisifoucrot et al., 2015
Renard et al., 20350nce the endocytic veside detached fromhe plasma membrane,
ATPase heashock cognate 70 (HSC70) and its cofactor auxilin mediate disassembly of
the clathrin coa{Schlossman adl., 1984 Ungewickell et al., 1995 Auxilin is recruited

after vesicle budding by binding to the terminal domain and ankle of the clatbkelium

and | ocali zes eightdoeing triskbhevhete lthe luricoatmd reaotion is
initiated upon HSC70 recruitme(fotin et al., 2004Rapoport et al., 200&cheele et al.,
2001 Taylor et al., 2011Xing et al., 201D The vesicle is then ready to fuse with the target

endosomal compartment for further processing.

1.7.2 The retromer complex

Another trafficking regulator, the retromer complex, mediates sorting and
trafficking of proteins from edosomes. The retromer complex was first idermtifireyeast
as an endosomal ceptotein complex required for cargo retrieval from endosomes to the
TGN (Seaman et al., 1998The hetergpentameriaetromer complex is composed of a
vacuolar protein sorting (VPS) trimer VPS2&S29VPS35 subcomplex and a SNX
dimer subcomplex mainly composed of SNXERX5/6 (Burd and Cullen, 20x4ollins,
2008 Seaman, 2002 SNX3 and SNXZ are present in alternative retromer complexes
(Harterink et al., 201;1Steinberg et al., 20J3SNXs contain a Bin/Amphiphysin/Rvs
(BAR) domain that can induce and/or sense membrane curvature and (@aulesn et
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al., 2004 van Weering et al., 20)2and aphoxhomology (PX)domain that bindgo
phosphatidylinositeB-phosphate (PI(3)P(Carlton et al., 2004Cullen, 2008 Seet and
Hong, 200$. The SNX dimer complex associates with endosomal membranes by binding
to PI(3)P and recruits the VPS trimer complex to the memligkadeet al., 2000Harterink

etal.,, D11, Seaman et al., 1998ardarajan et al., 20)2However, VPS trimers were also
shown to be associated with late endosomal membranes vigBad@rhaar et al., 2010

Liu et al.,, 2012 NakadaTsukui et al., 2005Ro0jas et al., 2008Seaman et al., 2009
Zelazny et al., 2003 The VPS trimer functions in cargo sorting, mainly through VPS35
interaction with simple hydrophobic cargorting motifs(Nothwehr et al., 20QGBeaman,

2007, and VPS26, SNX3 and SNX27 also play a role in cargo seldgijorback et al.,

2012 Steinberg et al., 2013emkin et al., 201 In addition to cargo retrieval from
endosomes to the TGN, retromers influence a wide array of cellular functions such as
establishment of cell polarity, cargo recycling from endosomes to the plasma membrane
and transcytosi@_ohia et al., 2012Pocha et al., 201 B5eaman, 2012/erges et al., 2004

Zhou et al., 2011

1.7.3 Endocytic sorting signals

Various sorting signals that function at distinct steps of the endocytic pathway have
been identified. For exaple, dileucine and tyrosinebased motifs ((D/E)XXL(L/I),
Y X X, NPXY) interact with AP2 subunits and endocytose plasma membrane proteins into
clathrincoated vesiclegBonifacino and Traub, 200Xelly and Owen, 2011 Traub,
2009. Protein recycling to the plasma membrane from recycling endosomes is mediated
by sorting motifs such as LF, RF, KR, PLS[Dai et al., 2004Li et al., 2007, and from
early endosomes by DSLL, NPXY and prolineh motifs that interact with clathrin or
retromer coat complexé&age et al., 20QParachoniak et al., 201Temkin et al., 2011
van Kerkhof et al., 200Q5Interestinglya single motif can have dual sorting functions. For
example, the GDAY maotif in the natriuretic peptide receptor A (NPRA) serves a dual role
as an endocytosis signal and a recycling siffpahdey et al., 200w h i | e a Y X X «
in the Coxsackieand adenoviruseceptor (CAR) protein can sort cargo from the TGN to

the basolateral membrane via interaction with ARXnd from recycling endosomes to
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the basolateral membrane via interaction with AARCarvajalGonzalez et al., 201 Diaz
et al., 200%.

1.8 Rab GTPases

Rab GTPaseare considered as the master regulator of vesicular trafficking. They
are the largest sdfamily of the Ras superfamily, comprising approximately 70 members
in humang(Bhuin and Roy, 2034VandingerNess and Zerial, 20)4Rabs exist in two
forms, an activated GFBound fom and an inactive GDBound form. GEFs convert
inactive GDPbound Rabs to the active GH®und form, while GTRseactivating
proteins (GAPs) enhance the Rab GTPase activity converting the active Rab back to the
inactive GDPbound state (Figure 1.6Jhe nactive form of Rabs is kept in the cytoptas
by their association with GD&issociation inhibitors (GDIgUIIrich et al., 1993. In their
active form, Rab GTPases localize to the cytosolic faceenfilbnanes via geranylgeranyl
moieties covalently attached to each of twade@ninal cysteine¢Kinsella and Maltese,
1992 Lane and Beese, 2006asaki et al., 199(5eabra et al., 1991Individual Rabs
localize to distinct membranes thatthought to be mediated by GDIs, GDI dissociation
factors (GDFs)Rab escort proteins (REPad GEFsmaking Rabsuseful markers for
specific membrane compartmeBarr, 2013 Pfeffer, 2013Seabra and Wasmeier, 2004
Sivars et al., 20Q9lIrich et al., 1993Wu et al., 201

Various Rabs have been shown to medidieerse range of traffickingelated
processes such as vesicle formation, cargo selection, vesidieymasicle uncoating and
vesicle tethering and fusiofHutagalung and Novick, 2011Stenmark, 2009 Cargo
selection is a key proces$sr protein sorting during vesicle formation, which is usually
mediated by components of coat complexes as described above. However, there is
increasing evidence of Rabs interacting with cargo molecules for cargo sorting during
vesicle formatior{Aloisi and Bucci, 2018 Rab5 and Rabl1 are involved in the endocytic
trafficking pathway and are particularly relevant to results discussed in this thesis, and are
described below in more detail.
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1.8.1 Rab5

Rabb is involved in a range of functions in vesicular trafficking. For example, Rab5
sequesters transferrin receptor into clatmeated pitgMcLauchlan et al., 1998 Rab5
also binds to the human prostacgaleceptor and frizzled GPCRs, independent of Rab5
GTP/GDP bound staty®'Keeffe et al., 2008Purvanov et al., 203®trutt and Vincent,
2010, while internalization of the angiotensin Il type 1A receptor is dependent on binding
to the GDPbound form of Rab%Seachrist et al., 20020ther Rab5 trafficking funcins
include promoting vesicle motility along microtubul@dielsen et al., 1999 vesicle
tethering to acceptor membran@orvel et al., 1991Rubino et al., 2000and uncoating
of clathrincoated vesicle€Semerdjieva et al., 20D8Rab5 activation also promotes focal
adhesion disassembly and comitant cell migration(Mendoza et al., 2034 These
functions are regulated by different effectors of Rab5 and highlight the variety of functions
that can be mediated by the same Rab molecule. How Rabs recruit distinct effectors in

different processes remainanknown.

1.82 Rabl1l

Rabll has three subfamily members, Rab11A, Rab11B and Rab11C (also known
as Rab25). Rab11A and Rab11B share 88¢uencélentity buthaveonly 61% and 66%
sequencadentity, respectively, with Rab2XKelly et al., 2012Welz et al., 2014 While
Rabl1A is ubiquitously express@tikuchi et al., 1988Sakurada et al., 1991Rab11B is
predominantly expressed in brain, heart and teftas et al., 1994 and Rab25 is

expressed in kidney, lung and gastric tré@@kldenring et al., 1993

Rab1l and its effector molecules mediate a variety of cellular functions, including

cargo sorting and recyclin@iindsay and McCaffrey, 2002ammoto et al., 1999V elsh

et al.,, 2007 Welz et al., 2014 vesicle motility on microtubulegHales et al., 20Q2
Lapierre and Goldenring, 2005chonteich et al., 2008 cytokinesis (Horgan and
McCaffrey, 2012, cancer cell migratiofCaswell et al., 20Q8Laflamme et al., 2012
Westlake et al., 20Q7and primary diogenesigKnodler et al., 2010 The Rab11 family
interacting proteins (FIPs) are Rab11 effectors that bind to Rab11 via a conserved Rabl1l
binding domain (RBD). The crystal structure of this interadtidiicates a heterotetrameric

complex formed of a central parallel FIP dimer with Rab11 on either(Sattiraj et al.,
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2006 Horgan and McCaffrey, 2009agoe et al., 2006Rab11 was shown to be associated
with TGN membrane@Urbe et al., 1998andto mediate traffic oVSV-G from the TGN

to the plasma membraf@hen et al., 1998However, whether Rab11 interacts with \SV

G was notdeterminedWhile Rab11s known to regulate the recycling of numerous cargo
proteins(Aloisi and Bucci, 2013Kelly et al., 2012, few cargo proteins have been shown
to directly interact with Rab11l by GST pdbwn assays, mostly with the GE@und
inactive form of Rab1{Hamelin et al., 2003Parent et al., 2009an de Graaét al., 2006
Wikstrom et al., 2008 To date, Rabl11 interactions with cargo proteins are implicated in

cargo recycling to the plasnmaembranebut not anterograde transport from the TGN.

1.9 Phosphatidylinositol phosphate¢PIPs)

PlIPsare involved in a variety of cellular functions such as signaling, cytoskeletal
dynamics and membrane traffickif@alla, 2013 Waugh, 201k PIPs are phosphdated
derivatives of phosphatidylinositol (PI), which can be phosphorylated in combination at
hydroxyl groups of the 3rd, 4th and 5th carbon positions of the inositol ring to produce
seven different PIPs: PI(3)P, PIl(4)Mhosphatidylinositeb-phosphate RI(5)P),
phosphatidylinositeB,4-bisphosphate RI(3,4)R), PI(4,5)R, phosphatidylinositeB,5
bisphosphateR](3,5)R) and phosphatidylinositeB,4,5triphosphate R1(3,4,5)R). PIPs
are interconverted by specific kinases and phosphatases that add or remove phosphate
groups to maintain distinct PIP populations in different organelles. For example, PI(3)P is
predominantly present in endosomes, PI(4)P aT N, and PI(4,5)PandPI(3,4,5)R at
the plasma membrar{Brill et al., 201). Multiple effector pratins interact with PIPs via
PIP-interacting domains and localize to particular organellesinstance, PHlomains of
lipid-transfer proteins such as oxystebmding protein (OSBP), ceramideansfer protein
(CERT) or fourphosphateadaptorprotein (FAPP) bind with PI1(4)P resulting in protein
localization to the Golgi complex where they play essential roles in lipid synthesis and
membrane traffi¢CarvajatGonzalez et al., 201 Hanada et al., 200®go et al., 201D
The PH domain of Akt binds specifically with PI(3,4,58d mediatesignaling pathways
for cell growth, proliferation and surviv@Park et al., 2008varnai et al., 2005Vivanco
and Sawyers, 2002The Pxdomain or FVYEdomainproteinssuch as SNXspecifically
interact with PIB)P to localize to endosom#&s mediate membrane traffi€ullen, 2008
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Lemmon, 200Y. In addition, the PXdomain of Vam7p, a SNARE molecule, intesagiith
PI1(3)P for docking oto yeast vacuole for homotypic fusi¢Boeddinghaus et al., 2002

PH, PX and FYVE domairngre approximately 6230 amino acids in length and fold into
distinct tertiary structures to interact with particular PIP molecthiezughinterfaceof

basic residue@ravo et al., 2001Burd and Emr, 1998-erguson et al., 199Kutateladze

et al., 1999 PI(3)P, PI(4)P and PI(4,5)R&ere shown tanediatevesicle formation at
distinct cellular compartments by recruitment of retromer, AP1 and AP2 coat complex
components, respectivelymplying their important rokein initiation of vesicle formation
(Carlton et al., 2004Honing et al., 2005Wang et al., 2003

1.10 Defects in membrane trafficking

Membrane trafficking pathways are tightly regulated and important for proper
cellular function. Various diseases in humans are due to defects in these trafficking
pathways. For example, genetic mutations in the Sec23 and Sec24 subunits of COPII
complex arelinked to cranielentico-sutural dysplasia and osteogenesis impeafect
respectivelyin whichER export of cargo proteins such as procollagen is defdGiabdes
et al.,, 2015 Genetic mutations in AP3 subunits lead to -lotalization of
endosomal/lysosomal transmembrane proteins such as tyrosinase, CD63 and Lamp1/2 to
the plasma membrane and cause HermaRsidlock syndrome (HPLobbold et al.,
2003 Starcevic et al., 2002Mutations in AP4 and AP5 are associated viieneditary
spastic paraplegi@SP), an inherited neurodegenerative disof(dést et al., 2013 Loss
of the retromer complex results imgloidogenic processing &PP, contributing to the
pat hogenesi s of (Choyet &l e20l@e etals 20@5/uhamanadeet al.,
2008 Siegenthaler and Rajendran, 20$all et al., 2005Wen et al., 201)1 A genetic
mut ati on, Asp620Asn, in the retromese subur
(Vilarino-Guell et al., 2011Wen et al., 2011 Missorting of many ansmembrane proteins
is also linked to several genetic disegddsliman and Nelson, 2008ncluding hereditary
familial hypercholesterolemia and retinitis pigmentaéseases, in which lowensity
lipoprotein receptor (LDLR) and rhodopsin, respectively, are missorted to the apical
membrandKoivisto et al., 2001Sung and Tai, 2000
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1.11 Trafficking Summary

Anterograde traffidfrom the ERto the Golgi is mediated by numerous sorting
signals that specifically interact witbmponents o€OPII coat complexin contrast, few
Golgi sorting signals have been identified, with no definitive export sigaalsaffic to
plasma membraneven afterdentification of multiple type of coat complexes such as
APs, GGAs COPI and retromethat functionat the Golgi for vesiculatrafficking.
Moreover,sorting signals can have dual sorting functions thay depend on the length
andtertiary structureof the cytoplasmic tailVarious regulatoy molecules such as Arfs,
Rabsand PIPs playmportant rolesin thee complex and tightly regulatadafficking
processesMany aspects ofvesicular trafficking such asargo sortingspatiotemporal
regulation ofvesicleformation,assembly and dsssembly remain Htlefined, particularly
as it relates to the traffic from the Golgi to the plasma membrane.

1.12 Fusogenic reoviruses and FAST proteins

1.12.1 Fusogenic orthoand aquareoviruses

Orthoreovirusesand Aquareovirusesre two related genera in the virus family
Reoviridae a large diverse group of nonenveloped viruses with desttd@ded RNA
genomes containing 10 or 11 genome segments, respechiibgrt and Duncan, 20).3
Hi storically, reovirus terminology comes
were first isolated from human respiratory and gastrointestinal tracks, and called orphan
viruses since they were not associated with asgadie. These prototypical mammalian
reoviruses (MRVSs) are one six recognized species of orthoreoviruses, and they infect a
wide range of mammalian hosts. The otfiee species of orthoreoviruses are named
according to their host species (avian, regtiland baboon reoviruses, abbreviated ARV,
RRV and BRYV, respectively) or location of first isolation (Nelson Bay reovirus and
Broome reovirus, abbreviated NBV and BroV, respectiva@lie latter two species were
isolated from bats, and are distinct frorhetbat reovirus isolates that belong to the MRV
species(Kohl et al., 2012 Steyer et al., 2093 Aside from MRV, all of the other
orthoreovirus species induce cedll fusion and syncytium formatiofCiechonska and
Duncan, 2014 Duncan, 1999 Duncan et al., 2004 The two recognized species of

aguareoviruses are also fusoge(@amal et al., 2005 These fusogenic orthoand
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aguareovirusesare the only known examples of nonenveloped viruses that induce

syncytium formation.

The prototypical MRVs are generally nonpathogenic following natural infections,
generating subclinical infections or mild respiratory or gastrointestinal symptoms. In
contrast, the fusogenic reoviruses are associated with a variety of clinical syndromes and
disease states such as pneumonia, neurological disorders, enteric syndromes and
meningoencephalomyelitiBenavente and Marting2odas, 2007 Chua et al., 20Q7
Lamirande et al., 199%eland et al., 2000Vieler et al., 1994 There is also a correlation
between syncytium formatioand virulence of the fusogenic reovirug&uncan and
Sullivan, 1998.

The fusogenic bat reoviruses were isolated following zoonotic transmission t
humans in association with acute respiratory disease, with some indication of possible
humanhuman transmissiofCheng et al., 20Q€hua et al., 20Q7Chua et al., 20Q&hua
et al., 2011Wonget al., 2012 Yamanaka et al., 2014A smallscale survey in Malaysia
also indicated a 13% seroprevalence of infection by fusogenic bat reo\(@meset al.,

2007, suggesting zoonotic transmission may be common. The correlation between cell
cell fusion and pathogenicity and the evidence of zoonotic transmission suggest fusogenic
reoviruses represent a potential threat as emerging human patki8getis and Wang,

2013.

1.12.2 FAST protein family

The fusionassociated small transmembrane (FAST) proteins represents a unique
family of proteins that are responsible for the-cell fusion and syncytiogenic activity of
fusogenicreoviruses(Boutilier and Duncan, 2011Ciechonska and Duncan, 2014
Currently, there are six members in the FAST protein family (Figurerfaif)ed according
to their molecular mass in kDa; pl0 proteins encoded by avian and Nelson Bay
orthoreoviruses, p13 of Broomarthareovirus, pl4 of reptilian dmbreovius pl5 of
baboon orthoreovirus, and the pl6 and p22 proteins of aquareovirPeses and
Duncan, 2002Duncan et al., 20045uo et al., 2013Racine et al., 200%5hmulevitzand
Duncan, 2000Thalmann et al., 20Q0FAST proteins are nonstructural proteins that are

expressed only during active virus infection. Upon their expression in vertebrate cells,
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FAST proteins traffic through the EQolgi secretory pathway to the plasma membrane
where they cause caiell membane fusion(Corcoran and Duncan, 200Bawe et al.,
2005.

FAST proteinmediated celtell fusion maintains cell viability, providing a means
for cell-cell virus transmission without the need for virus particleasé and reentry.
However, extensive FAST protemediated syncytiogenesis in transfected cell
monolayers triggers membrane instability and apoptosisnigad a burst of virus release
(Salsman et al., 2005Moreover, recent data suggésAST proteins and reovirus particles
are released from cells in exosombsdéne Read?hD thesisDalhousie University These
observations suggest that fusogenic reovirdgss exploit celtcell fusion events for
localized spread followed by systemic spread by release of large numbers of virus progeny
through leaky syncytia and possibly infectious exosomes, either or both of which could

explain the correlation between Mence and the FAST proteiiBrown et al., 200p

The fusogenic reoviruses also employ an interesting mechanism to regulate FAST
proteinmediated celcell fusion, and to coordinate the virus replication cycle with
syncytiogenesis. Unlike enveloped virus fusion prot€ibite et al., P08, the FAST
proteins are o6unregulateddéd protein fusoge
receptorbinding or interaction with other viral proteif8iechonska and Duncan, 2014
However, FAST proteins are all en@atlon polycistronic mMRNAs that encode oméveo
additional viral proteingn addition to the FAST protein, from independent open reading
frames(Boutilier and Duncan, 20)1In all cases, the FAST protein open reading frame is
5 {@roximal and contains a naptimized translation start sit@gRacine et al., 2009
Moreover, FAST protein expression is also dowegulated by the Efssociated
degradation pathway (ERAD(Shmulevitz et al., 2004 The combination of weak
translation and protein deadation slows accumulation of FAST proteins in the plasma
membrane, thereby delaying the onset and rate of syncytium formation during virus
infection, which may allow sufficient time for progeny virus production prior to cell

disruption.

With no consergd sequence similarity, FAST proteins do share some structural

similarity. All FAST proteins are type Il membrane proteins that use their single
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transmembrane domain as a reverse signal anchor sequencdrorstational insertion

into the ER membranecquiring an Nexoplasmic/Gcytoplasmic topology in the ER
membrane and at the plasma membi&wcoran and Duncan, 2002awe et al., 2005

FAST proteins all contain exceptionally small etdmainson extracellulaiside (19-37
residues), and equalzed or considerably longer @81 residues) cytoplasmic
endodomains (Figure 1.7). These domains contain a number of shared motifs, but each
FAST protein has its own unique repertoire and geament of these motifs. For example,
each FAST protein contain a hydrophobic patch, a short stretch of mostly hydrophobic or
apolar residues, that is located in the cytoplasmic domains of p13, p15, p16 and p22, but is
located in the ectodomains of p10 guidl. All FAST proteins also contain motifs for fatty

acid acylation; Nerminal myristoylation motifs in pl3, pl4, pl5, and p22, and a
cytoplasmic cysteindased palmitoylation motif in p10 and p16. Most FAST proteins also
containa prolinerich motif, loated in the cytoplasmic domains of p14 and p16 but in the
ectodomains of pl3 and pl5. Each FAST protein also contains a clustef bas3c
residues, termed as the polybasic motif (PBM). Interestingly, this is the only motif that is
located in a similar @sition in all FAST proteins (i.e., membrapsoximal in the

cytoplasmic tail).

Considerable effort has gone into defining the roles of the various FAST protein
motifs in the ceHcell fusion process. Most of these studies have focused on the ARV and
NBV p10, RRV p14, and BRV p15 FAST proteins. For example, the palmitoylation motif
in p10, and the myristoylation motifs in p14 and p15, have been shown to be essential for
fusion activity, although their precise rsldavenot been determinefCorcoran et al.,
2004 Dawe and Duncan, 2003hmulevitz et al., 2003The ectodomains of p10 and p14
control multimerization, and both proteins localize to specialized membrane
microdomains, drmed lipid raft§Corcoran et al., 201XCorcoran et al., 200&ey and
Duncan, 2014 In the case of p10, the membrgm®ximal ectodomain region (MPER)
cortrols both raft localization and multimerization to create cholestipendent fusion
platforms(Key and Duncan, 2034The ectodomain hydrophobic patshe p10 and p14
form a cystine noose and a prolinmmged loop, respectively, while the p15 ectodomain
polyproline motif forms a polyproline type Il helix. These motifs all function as fusion

peptides to mediate lipid mixing between apposed memb(Baey et al., 2010Corcoran
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et al., 2004Key et al., 2015Top et al., 201R Recent results indicate the p15 cytoplasmic
hydrophobic patch is essential for pore formation and functions as btype®f fusion
inducing lipid-packing sensor that partitions into highly curveembranes, such as those
present in the rim of a fusion pore (Jolene Read, PhD fHaaisousie University The
cytoplasmic hydrophobic patches in p13, p16 and p22 may serve a similar function, as
shown for a previously unrecognized amphipathic helixhim same location in pl4.
Together, these motifs function from both sides of the membrane to drive the fusion

process.

1.130bjectives

Of all the FAS protein motifs, the spatiallyonserved polybasic motif (PBM) is
the least understood. Previous stedmicated that substitution mutations of the pBM
result in loss of syncytiogenic activigghmulevitz et al., 2003However, the basis for the
loss of function was not determined. A previous graduate student showed that substitution
of the PBM of p14 also results in loss of synayformation, and p14 proteins with an
alaninesubstituted PBM were inefficiently trafficked to the plasma membrane,
preferentially localizing instead in the Golgi apparatubri@@opher Barry, PhD thesis
Dalhousie University These preliminary observations provided the rationale for my

research

My objective was to more clearly define thae(s) of the p14 PBM in protein
trafficking. | was able to demonstrate that the p14 PBM is a novel Golgi export signal, not
a plasma mmbrane retention signal, which requires a minimum of three basic residues that
function in a relatively sequenaedependent manner to mediate efficient Golgi export and
transport to the plasma membrane. | also determined that the Golgi export abhigy of t
pl4d PBM is transferable to a heterologous Golgi resident protein, implying it is an
autonomous Golgi export signal. Moreover, | showed that the trafficking function of the
pl4d PBM is eguisitely sensitive to membrargroximity and can function to medeat
ER/Golgi export, ER retention, and/or ER retrieval depending on its location in the p14
cytoplasmic tail. Lastly, | determined the molecular determinants and cellular pathway
through which p14 traffics tthe plasma membrane. | demonstrated for the finsé that

activated Rab11 can directly interact with a cargo protein to mediate cargo sorting into
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AP1-coated vesicles that can mediate anterograde traffic from the TGN to the plasma
membrane, events that were all dependent on the pl4 PBM. Togetherfiridesss
support a receptanediated Golgi export hypothesis and provide novel insights into
cellular trafficking mechanisms at the Golgi complex, one of the least understood steps in

the secretory pathway
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Figure 1.1 Overview of cellular secretoryand endocytic pathways.Signal peptides

direct protein translocation into the ER and cargo proteins are then transported to the Golgi
complex via the ERGIC. Proteins may be pwahslationally modified in the ER and the
Golgi and are then trafficked fromhe TGN to the cell surface. Cell surfaeepressed
proteins and extracellular materials can be internalized by endocytosis and either recycled
back to the plasma membrane or sorted to intracellular organelles such as late endosomes,
lysosomes or TGN. Ptein transport in the forward direction from the ER to the plasma
membrane is referred to as anterograde transport, while protein transport in the reverse
direction is referred to as retrograde transport. ER: Endoplasmic Reticulum, TGN: trans
Golgi Network ERGIC: ERGolgi intermediate compartmerhodified from(Goud and
Gleeson, 2010with permissioh
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Figure 1.2: Vesicle budding and fusionActivation of a small G protein (such as Arfl or
Sarl) (red) by exchange of GDP for GTP results in recruitment of a coat complex (blue) to
the membrane by the GTsdund form of the G protein. Membrane curvature and sorting

of cargo (yellow) into the formig bud ensues, followed by fission of the coated bud to
form a vesicle. Hydrolysis of GTP eventually leads to release of the coat from the vesicle.
The vesicle is targeted to the acceftompartment membrane by tethering complexes
(long coiledcoil, green multi-subunit, purple). For simplicity, the coat is not shown at this
stage, but note that the coat may in some cases remain on the vesicle during the tethering
process, with uncoating occurring after tethering. Vesicle SNARE proteiSsIARE;

dark bluebars) engage tripartite targetalized SNARE proteins -8NARE; maroon

bars), which leads to fusion of the vesicle and acceptor compartment membranes, and to
release of cargo into the acceptor compartnjerddified from (Jackson, 2009with
permissio.
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(a) Bulk flow export model (b) Receptor-mediated
export model
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Figure 1.3 Bulk-flow and receptor-mediated export models for ER export of secretory

cargo proteins.(a) In the bulkflow model, soluble cargmolecules depart in vesicles at

a concentration equal to that found in the ER lumen. (b) The reampttinted export

model results in concentrative sorting of soluble cargo during vesicle formation and relies
on receptotike proteins to link cargo to theembrane coat complex. In both models; ER
resident proteins (designated 6 Ré&grivedni ght
vesicles owing to the effect of retemi and/or exclusion mechanismadfptedfrom

(Barlowe, 2003 with permissioh.
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Figure 1.4 Overview of coat complexes involved in various stage of the secretory and
endocytic pathway.The COPII complex mediates anterograde traffic fromER to the
ERGIC while COPI complexes mediate retrograde traffic from the Golgi to the ER. Traffic
from the Golgi is mediated by adaptor protein 1 (AP1), AP3, AP4 and GGAs. AP2
mediates endocytosis while the retromer complex mediates retrograde tna@fficthe
endosomes to the Golgnpdified from(Paczkowski et al., 20)%vith permissioh.
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Figure 1.5 Models for traffic through the Golgi. The vesicular transport model (left):
Secretory cargoes travel from the ER to the intermediate compartment (ICis&ulgi

in dissociative carriers. Golgi compartments are stable and biochemically tdistinc
Secretory cargoes move across the stack by means of COPI vesicles that bud from one
compartment and fuse with the next, whereas resident Golgi proteins stay in place by being
excluded from budding vesicles. The cistenmaturation model (right): Secely cargoes

exit the ER in dissociative carriers, which coalesce with one another and with COPI
vesicles derived from thes-Golgi to form the intermediate compartment, which coalesces

in turn to form a neweis-cisterna. In subsequent rounds of C@Rdided recycling, the

new cisterna matures by receivimgedial and thentrans-Golgi proteins from older
cisternae while exportingis and thenmediatGolgi proteins to younger cisternae.
Meanwhile, the cisterna progresses through the stack, carrying foretircstmall and

large secretory cargoes. In the final stage of maturation, the cisterna is a TGN element that
breaks down into anterograde ametfograde transport carriemmdified from(Glick and

Luini, 2011 with permissioh.
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Figure 1.6 The Rab activation cycleThe newly synthesized Rab protein associates with
Rab escort protein (REP) that directs it to Rab geranylgeranyl transferase (RabGGT) to
receive its prenyl tails (red wavy lines). REP delivers the Rab to its targetrarenb
Throughout this procesthe Rab is GDMound. A guanineucleotide exchange factor
(GEF) catalyzes exchange of GDP for GTP to activate the Rab. Theb@ird Rab
interacts with effector proteins that mediate membrane traffic in the pathway redpylated

its associated Rab. The Rab then interacts with its associated GidBga&ng protein
(GAP) that catalyzes hydrolysis of GTP to GDP by the Rab. The Rab is then removed from
the membrane by guanine nucleotide dissociation inhibitor (GDI) in preparati the

next cycle. The insertion of the Rab into the tangembrane is mediated by a GDI
dissociation factor (GDRjat releases the Rab from Grgdified from(Hutagalung and
Novick, 2011].
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Figure 1.7 The reovirus fusionrassociated small transmembrane (FAST) proteins.
Diagrams of the orthoreovirus (top) and aquareovibastom) FAST proteins, depicting
their topology in the plasma membrane. Structural motifs contained within theinmhal
ectodomains and-@&rminal cytoplasmic endodomains are color coded as described in the
legend. Numbers indicate the number ofdess ineach proteinARV- avian reovirus,
BroV- Broome reovirus,RRV- reptilian reovirus, BRY baboon reovirus AQV-
aguaeovirus[adaptedrom (Ciechonska and Duncan, 2Q1#ith permissioh.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Cells:

Quiail fibroblast (QM5) and African green monkey kidney epithelial (Vero) cell
linesweregrownicear | eds Medium 199 (Life Technol og!
with 10% or 5% fetal bovine serum (FBS) (Sigilarich, St. Louis, MO), respectively,
at 37°C with 5% C@ HelLa <cell s were gr cagle medum Dul be
(DMEM) (Life Technologies) supplemented with 10% FBS, and human embryonic kidney
(HEK) 293T cells were grown in DMEM supplemented with 10% FBS and 25 mM HEPES
(Life Technologies) at 37°C with 5% GQAll cell lines were maintained in 175 érhask
and subcultured using TrypsHEDTA (Life Technologies) every-2 days to prevent over
confluency and cell death. Cells were maintained without use of antibiotics. Generally,
QM5 cells were used for syncytial analysis (good transfection efficiencyvand
permissive for fusion), Vero cells and HelLa cells were used for immunofluorescence
microscopy (large cytoplasms), HelLa cells were also used for siRNA and dominant
negative experiments (human cells compatible with the siRNAs and domiegative
protans), and HEK cells were used for-gomunoprecipitation assays (human cells

compatible with commercial antibodies and with good transfection efficiency).

2.2 Antibodies:

The rabbit-ppdl yolleaddomainUantisera were previously
describedCorcoran and Duncan, 200Fop et al., 200b Primary antibodies against actin
(SigmaAldrich), myc epitope tag (Sigmal dr i c h) , PI4KI 11 b (BD Bi
Lakes, NJ), TGN46 (AbD Serotec, Oxford, UK), protein disulfide isomerase (PDI; Enzo
Life Scienes, Farmingdale, NY), KDEL (Stressgen, Victoria, B&abllA (BD
Bi osciences, Frankli-Al dakeb), NAP3 U APDSHRB . Si
l owa, lowa City, | A), APhbiSeradighiperaidase (MR®PMb r i d (
conj ug a trabbit (Jgcksart ImnilinoResearch, West Grove, PfRP-conjugated
g o a-moudé (Santa Cruz Biotech, Dallas, Texaddxa Fluor 488c onj ugat-ed go a
mo us e an dshekm AldkaeRuor8%6 onj u g at erdbbitandAerayFludy
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647iconj ugat eabbit mmd t c Wimouse (Life Technologies) secondary

antibodies were obtained from the indicated suppliers.

2.3 Plasmids andCloning

2.3.1 Vectors

The wildtype (wt) pl4 construct, and ndmsogenic mutants pi&2A (point
substitution eliminates the myrisdation consensus sequence) and -p®4 (point
substitution introduces a functional glycosylation signal) were cloned into pcDNA3
mammalian expression vector as described previously (Corcoran and Duncan, 2004). The
Rabl1A construct in pcDNA3 was cloned rfroPC3 cells by reverse transcriptase
polymerase chain reaction (FAICR) and kindly provided byulie Boutilier (Dalhousie
University). All p14 mutant proteins and Rabll constructs were cloned into pcDNA3
vector. Rab5 and Ral534N constructs in pcDNA3 wekendly provided ly Denis Dupré
(Dalhousie University). Bacterial expression vectorEp{=2T was kindly provided by

Jolene Read (Dalhousie University).

2.3.2 Sitedirected mutagenesis

Various pl4 polybasic mutants were created by substitution of residtiespl4
polybasic motif (QKRRERRRQ) to alanine using QuickChangedirected mutagenesis
(Stratagene, La Jolla, CA) according to ma
names and sequences for the polybasic region are: pl4PA (QAAAEAAAQRRES
(QKAAARRRQ); pl4RER (QKRAAARRQ); pl4RRQ (QKRRERAAA); pl4KRR
(QAAAERRRQ); p14RRR (QKRREAAAQ), PA+K,R,R (QKAARAARQ); PA+KR
( QKRAAAAAQ) ; PA+RR ( QRRAAAAAQ) ; PA+RRO6 (
(QKAAAAARQ); PA+RAR (QAAAERARQ); PA+KAK (QAAAEKAKQ); PA+K
(QKAAAAAA Q); and PA+R (QAAAAAARQ). These constructs in the wt p14 backbone
were again subjected to sii@ected mutagenesis to introduce G2A or V9T mutations.
Rabl1lA dominanhegative (Rab114A25N) and constitutivebactive (Rab11AQ70L)
mutants were also creatbg sitedirected mutagenesis. Custom primers for-ditected
mutagenesis were purchased from Integrated DNA technologies (IDT, Coralville, 1A).

Plasmids were amplified with the designed primers using PfuUltra High Fidelity DNA
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polymerase (Agilent@c hnol ogi es, Santa Clar a, CA) ac
polymerase chain reaction (PCR) protocol. PCR products were treated with Dpnl enzyme
(New England Biolabs, Ipswich, MA) at 37°C overnight to digest parental plasmid DNA,

and were transformed mcompetentells ofEscherichia col(E.col) str ai n DH5U.
cultures of transforme&. coiDH5 U wer e prepared to isolate
QIAprep spin miniprep kit (QIAGEN, Hilden, Germany). These plasmid inserts, and all
subsequent plasmid ieds, were sequenced before use (MCLAB, San Francisco, CA or
GENEWIZ, South Plainfield, NJ).

2.3.3 Polybasic motif insertion in the p14 cytoplasmic tail

pldextPB and pl4PAextPB were created using pl4 and pl4PA as templates,
respectively, for PCR with revee primers that added the PBM to thee@ninus of the
protein. The PBM (QKRRERRRQ) was also inserted between cytoplasmic tail residues
74 75 (p14/75PB and p14PA/75PB) ofi 92 (p14/92PB and p14PA/92PB) in the p14 and
pl4PA backbones using reverse PCRnprs containing the PBM nucleotide sequence.
All these p14 and pl4PA constructs were subjected teds#eted mutagenesis to
introduce V9T or G2A substitutions.

2.3.4 ERGIC chimera constructs

N-terminally myetagged ERGIE3 chimera (ERGIG3 ectodomain CD4
transmembrane domain and polyalanine cytoplasmic tail) and tbesglated ERGI&3
chimera (D61Nand VNATASA insertion in the ectodomain) constts were kindly
provided byKarl Matter (University College London, London, UK) in plasmid pCB6.
Theseconstructs were subcloned into pcDNA3 vector and sequenced before use. -The non
glycosylated ERGIE3 chimera construct was used as a template for PCR with primers
that replaced the membrapeoximal diarginine sequence in the cytoplasmic tail with the
pl4 membrangoroximal region containing the PBM (KYLQKRRERRRQ) or Ala
substitutions of the PBM (KYLQAAAEAAAQ).
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2.3.5 Fluorescentlytagged constructs

EGFP, mCherry and pl4 tagged with EGFP or mCherry at thern@nus in
pcDNA3 were kindly provided b¥imothy Key (Dalhousie University). pl4ARBGFP was
created by replacing p14 with p14PA in the {8 @FP construct by restriction digestion
and ligation. mChernRab11A and mCherfiRab11AS25N were created by ligating the
Rabl1 g e n-esninusoftite m&rry3géne in pcDNA3. ThEH domain of Akt
tagged with GFP in pcDNAS3 vector was obtained from Addgene (Cambridge, MA).

2.3.6 Glutathione Stransferase (GSTtagged constructs

The cytoplasmic endodomains of pl4 and pl4PA were eodbmized and
chemicallysynthesized (BioBasic, Markham, ON) for bacterial protein expression. €odon
optimized genes were subcloned into the p&HXvector to add a GStag at the N

terminus of the p14 or p14PA endodomains.

2.3.6 Glycerol stocks

Pure cultures of transformé&icoliDH5 U cel | s weguakvolumsofed wi t
LB media with 50% glycerol igryovials and stored a80°C. A sample from this glycerol
stock was used as inoculum whenever needed to prepare cultures for plasmid extraction
using QIAGEN plasmid midiprep k{(QIAGEN).

2.4 Transfections

2.4.1 Transient transfections

QM5 cells grown on culture plates to ~60% confluency were transfected with
Lipofectamine (Life Technologies) or polyethyleneimine (PEI; Polysciences Inc.,
Warrington, PA), Vero cells grown on wer slips were transfected with jetPRIME
(PolyPlus Transfection, lllkirch, France), HEK cells grown on culture plates were
transfected with PEI, and HelLa cells grown on culture plates or cover slips were transfected
with Lipofectamine LTX (Life Technologe) , al |l according to manu
Briefly, transfection mixes were prepared in OptiMEM (Life Technologies) medium with
0.5 nug of DNA and 3 pg of PEI, 1 ug of DNA and 3 pl of Lipofectamine or Lipofectamine
LTX, or 1pg of DNA and 2 pl of jetRIME for one well of a 12vell culture plate. Cells
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were washed and supplemented with fresh serum free growth medium before adding
transfection mixes. After incubation for&dh, the transfection mix was removed and cells
were supplemented with seresontaning growth medium for another 18 h for analysis

by respective assays. Transfection mixes were scaled according to the various sizes of
culture plates. Doses of plasmid DNA for transfection were titrated according to the

respective assay as indicatedhe text.

2.4.2 Stable transfection

For stable transfections with ERGE3 chimeric constructs, at 24 hours post
transfection (hpt), the growth medium on QM5 or Vero cells was replaced with growth
medium containing ing/ml G418 (Life Technologies), amdnsfected cells were cultured
under selective conditions for 5 days with subculturing in the selective medium as required.

2.4.3 siRNA transfection
SIRNAs against Rab11A and/or Rab11B (Sighd dr i c h) , APlo, AP3
(SMARTpool, Dharmacon, Lafayeft€€O) were transfected into HelLa cells grown on
culture plates or coverslips using DharmaFECT1 transfection reagent (Dharmacon) for 48
h according to manufacturerés instructions
of DharmaFECT1 was used for onellveg 12-well culture plate. Cells were then analyzed
by western blotting or reransfected with p1&2A or p14PAG2A for 24 h before analysis
by flow cytometry for cell surface immunofluorescence or by immunofluorescence

microscopy for intracellular localation as described below.

2.5 Syncytial assay

Transfected QM5 cell monol ayers at 8 hp
solution (HBSS), fixed with methanol, and stained using Wii@hemsa stain. A syncytial
index was determined by counting themher of syncytial nuclei (i.e., cells containing >4
nuclei/cell) in five random microscopic fields at 20X magnification, as previously
described (Corcoran and Duncan, 2004). Results are reported as percent fusion relative to
wt pl4 based on the mean numlzdrsyncytial nuclei per field from two or more

independent experiments using triplicate samples.
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2.6 SDSPAGE and Western blotting

2.6.1 Protein expression analysis

QM5 cells were lysed at 8 hpt with RIPA buffer (50 mM Tris, pH 8.0, 150 mM
NaCl, 1 mMEDTA, 1% NR4 0 , 0.5% | GEPAL) <containing 1
(aprotinin, pepstatin, and leupeptin) for 45 min on ice. Equivalent protein loads were
determined by Lowyr assays (BiRad, Hercules, CA) and analyzed by SP8GE (15%
acrylamide) and westetrlotting. HeLa or HEK cells grown and treated in culture plates
wereharvested by adding 2X Laemmstmple buffer, for efficient cell lysis, directly onto
the cells. Cells were then scraped, syringed or sonicated and boiled before analysing by
SDSPAGE (75% or 15% acrylamide). Gels were electrophoresed at 160V for 1 h using a
Mini-PROTEAN 3 cell (BioRad) anttansferred onto PVDF memlimas at 100V for 1 h
using a wet r ansf er appar atus (Bi oRad) accordi
Membranes were bl&ed with 5% milk in TBST (Trisbuffered saline, 0.1% Twe€20;
20 mM Tris, 150 mM NacCl, pH 7.6) for 1 h at room temperature. Membrane blots were
t hen pr o-pld dntiserunt (1h:10,000 or 1:20,000) or with antibodies against actin
(1:2500 or 1:5000), thmyc epitope tag (1:250(,ab 11 A (1: 5000), AP1lo |
(1:1000) or atA°E évdrnightl HREROoONOj )u g a trabhit(1gL®,a0@) or U
g o a-moudé (1:5,000) secondary antibodies were incubated for 1 h at room temperature.
Membranes wereaVveloped using EGplus reagentGE Healthcare, Little Chalfont, UK
and imaged using a Typhoon 9410 variatlede imager (GE healthcare) or a Kodak 4000
mm Pro CCD imager (Kodak, Rochester, NY). Blots were quantified from two or three
independent experimés using densitometry analysis in ImagBlational Institutes of
Health, Bethesda, MpPand results reported as band density relative to control sample.
Images in figures are manipulated in Photoshop using only linear adjustments on the entire

image.

2.62 Endoglycosidase H assay

QM5 cells were lysed at 24 hpt with RIPA buffer as described for protein
expression analysis (2.6.1), and before 83 G E , |l ysates were treat
with endoglycosidase H (endo H) or-dlycosidase F (PNGase F) accoglito the
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manufactureros specifications ( NE BPJus Me mb

reagent, imaged and analyzed as in 2.6.1.

2.6.3 Ceimmunoprecipitation assay

HEK cells transfected with pi&2A, p14PAG2A or empty vector were harvested
at 24 hpt by dllowing a Rheactivation assay protocol (Cytoskeleton, Denver, CO).
Briefly, cells were washed quickly with iemld phosphate buffered saline (PBS), lysed in
the dishes on ice with iesold lysis buffer (50 mM Tri¢HCL, pH 8.0, 0.5 M NaCl, 10 mM
MgClz, 2% Igepal), collected into microcentrifuge tubes by scrapping, syringed and
centrifuged at 14000 Xg for 5 min in a taiddg microcentrifuge. Supernatants were snap
frozen in liquid nitrogen and stored-&0°C until use, or incubated right after harvesting
with Dynabeads (Life Technologies) gneund to Rab11 antibody or IgG for 1 h at 4°C.
Samples were washed three times with lysis buffer and eluted by boiling the beads in 2X
Laemmli sample buffer for efficient elution. Eluted samples were analysed \PBB&
and wester n -plé antiserunm 4§ poudisniohegch tell lysate was removed
prior to adding beads and di rpkdantitsepumamdal y z e
URa b 1 1 -aatin antibbdies to serve as a protein expression and detectitrol for

the coimmunoprecipitations.

For Rabl1l1 activation, a GTP2S | oading
manufacturero6s instruction (Cytoskeleton).
and GTPoS (100 &gM) or GDP fgrBO mmmMINucleotidd i ncu
loading was stopped by adding Mg@0 mM final) prior to overnight incubation of cell
lysates with Rab11 antibody at 4°C. Dynabeads were added to the lysates the next day for
1 h at 4°C. Samples were eluted by boiling beads with.a¥mmli sample buffer and
anal yzed by wespléantseruml otting with U

2.7 Flow cytometry

2.7.1 Cell surface immunofluorescence
Transfected QM5 cells were cultured for 24 h in growth medium containing a 1:20
di | ut ipbtectoddmaitantiserum prevent syncytium formation. Alternately, QM5

cells transfected with the ndansogenic p14G2A or p14V9T constructs were cultured for
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24 h in normal growth medium. HelLa cells-ttansfected with p12A (0.2 ug

DNA/well of 12 well plate) and Rabl1l, Rab525N, Rab11l Q70L, Rab5 or Rab5 S34N

(0.8 Og DNA) were cultured for 24 h. Hela
AP4U si RNA ftansfected with p:&2Ad0.2rug DNA) were cultured for an

additional 24 h in normal growth medium. Licee | | s wer e then incuba
min in blocking buffer (5% normal goat serum, 1% bovine serum albumin [BSA], 0.02%

NaNsi n HBSS) and stainedpWwdtbchodomB-pld dnt us
full-l engt h an tmycsaatibadyn(for he@ chimésic ERGIEG3 constructs) and a

1:2000 dilution of Alexa 647 o n j u g a trabbit secandaty ariilbody, each for 1 h at

4eC. Cells were washed 6X with blocking buf
quickly rinsed with PBS and resuspeddn PBS containing 10 mM EDTA and fixed with

3.7% formaldehyde, and 10,000 cells were analyzed by flow cytometry (FACSCalibur; BD
Biosciences) using DBovo software. Cells transfected with empty vector were used as
negative controls to set the fluoresce gate to <5%, and the same gate was applied to
qguantify surface fluorescence of pfrdnsfected cells. Background fluorescence from
vectortransfected cells was subtracted before mean percent surface fluorescence was

calculated.

2.7.2 Intracellular immunofluorescence

QMS5 cells were transfected with néusogenic p1452A or p14PAG2A for 24 h
in normal culture medium. Cells were then resuspended in PBS with 10 mM EDTA and
fixed with 1% paraformaldehyde in PBS for 15 min at room temperature. Cells were
pelleted, washed with PBS, and permeabilized in blocking buffer containing 0.1% saponin
for 30 min at room temperature. Ce-plus wer €
antiserum and 1:2000 dilution of Alexa 6470 n j u g a trabbit secandaty atitbdy,
each for 1 h at room temperature in blocking buffer containing 0.1% saponin. Cells were
resuspended in PBS and analyzed by flow cytometry as indicated for cell surface

immunofluorescence (2.7.1).
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2.7.3 Endocytosis inhibition assay

QM5 cells werdransfected with noffusogenic p14G2A or p14PAG2A, and at
24 hpt cells were incubated with 80 &M dyn.
or 0.8% dimethyl sulfoxide (DMSO; Sigrral dr i ch) at 3 #mgegrofvtbr 1 h
medium. Cells were timetreated and analyzed for p14 plasma membrane expression as

described for cell surface immunofluorescence (2.7.1).

2.7.4 Transferrin binding assay

To confirm dynasorenhibited dynamirdependent endocytosis, vectansfected
QM5 cellswereserumt arved for 30 min and then incub
DMSO at 37eC f oicorfufateditransferrirA(Life eeehnoogies) was then
added (20ellgg mt opr t®20cmin at 4eC. Cell s wer

described in cell surface immunofluorescence (2.7.1).

To confirm RAB5S34N inhibited endocytosis, at 24 hpt HelLa cells transfected
with Rab5 or Rab% 34N were incubated at 4°C for 10 min dimein incubated with Alexa
647 conjugated transferrin (20 g/ ml; Life
washed with PBS, resuspended with PBS containing 10 mM EDTA, fixed with 3.7%
formaldehyde, and analyzed by flow cytometry as described cill surface

immunofluorescence (2.7.1).

2.8 Cellular microscopy

2.8.1 Intracellular immunofluorescence microscopy

At 24 hpt, transfected Vero cells cultured on glass coverslips (Th8oeatific,
Hampton, NH) were fixed with 3.7% formaldehyde for 20 min at room temperature and
permeabilized for 20 min at room temperature with 0.1% TritdfOB. Cells were washed
3X with PBS and blocked for 30 min in blocking buffer (1% BSA in PBS)@rstained
wi t h rpalbdbiatntU s er um -rayt anfbodie} (1:5000) ane veitb 1:1000 U
dilutions of mouse monocl onal antibodies ai
(TGN46), or ER marker (PDI or KDEL) and subsequently with 1:1000idliiatof Alexa
488conj ugat enduseganch AlexaU64€ onj u g at eabbit gesomdary U
antibodies. Cells were washed 3X with PBS after each antibody incubation. Coverslips
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were mounted on glass slides using fluorescence mounting medium (Dako, Glostrup,
Denmark) or Prolong gold antifade reagent (Life Technologies) and then visualized and
photographed using a Zeiss LSM 510 META confocal microscope or a Zeiss Axioplan Il
MOT and AxioCam HRC Color Camera. Images were acquired with either 63X or 100X
objective lens. Laser intensity was set to minimize saturated pixels, and detector gain was
set to have minimal background in control samples using image acquisition software. The
same parameters were used for subsequent image acquisition within the experiment.
Images were analyzed by I magedJ to generate
correlation coefficient for colocalization was determined frdri(bcells on raw images

using the Fiji version of Imagg¥®chindelin et al., 2032 If required, background was
corrected using the rolling ball background plagand colocalization thresholds were set
using the Coloc_2 plum (Costes et al., 2004

HeLa cells grown on coverslips were transfected with-@24 or p1l4PAG2A
(0.2 ug DNA) and fixed, permeabilized and washed as above. Cells were blocked for 30
min at room temperature and-tzbelled inbb ¢ ki ng b upfl4 aatiserumi(1t260) U
andPIWKIITIb -TGN4A®OQ):RE®MAA) ,(1U 1-8BP)oaqil/{ 260 W
primary antibodies for 1 h at room temperature. Cells were then incubated with appropriate
Alexa-conjugated secondary antibodiesl(00) for 1 h at room temperature. Coverslips
were mounted on glass slides using ProLong Gold antifade reagent (Life Technologies).
Cells were imaged using a Zeiss LSM 510 META confocal microscope and 40X or 63X
objective lens. Laser intensity and detectgain were set as described above.
Colocalization was quantified in ten cells each from two independent experiments by
cal cul ating Pearsonés correlation coeffici
ImageJ. Images in all figures wenanipulated in Photoshop using only linear adjustments

on the entire image.

2.8.2 Antibody internalization assay

Vero cells cultured on glass coverslips were transfected witHfusmgenic pl4
G2A or p14PAG2A and incubated for 24 h with normal growthdiugn. Cells were then
incubated with bl ocking buf f erpldantiderusminb s e q u

blocking buffer, each for 30 min at 37°C. Cells were fixed with 4% paraformaldehyde for
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15 min at room temperature and washed 3X with PBS. @ells processed further as ron
permeabilized cells or after permeabilization with 0.1% Tritehd® in PBS for 15 min at
room temperature using Alexa Fluor 4880 n j u g a trablit arditwaytfor 1Uh at room
temperature. Coverslips were then mounted amalyzed as described for intracellular

immunofluorescence staining (2.8.1).

2.8.3 Fluorescence resonance energy transfer (FRET) assay

2.8.3.1 Image acquisition

HelLa cells grown on coverslips werettansfected with @erminally tagged p14
EGFP (0.2 ug DIA) and Nterminally tagged RabtmCherry (0.2 ug DNA) constructs.
Cells were fixed at 24 hpt with 3.7% formaldehyde, washed 3X with PBS and mounted
directly on glass slides using ProLong Gold antifade reagent. Images were acquired with a
Zeiss LSM 510 MEA confocal microscope in wide field mode using a 100X oil
immersion, 1.4 NA Plan Apochromat objective lens. Cells transfected with free EGFP, free
mCherry, free EGFP and mCherry together, and EGFP linked to mCherry were used for
microscope set up and caoi8. For a bimolecular FRET positive control, pE&FP and
pl4-mCherry were cdransfected as a known homomultimeric protein. Cells were aiso co
transfected with pIEGFP/mCherryfRab11S25N and p14PAGFP/mCherryRab11 for
FRET analysis. Cells eransfecéd with free EGFP/mChenfgabll and p4EGFP/free
mCherry were used as a FRET negative control. EGFP was excited using a 40 mW Argon
laser at 488 nm, and mCherry was excited usingliam-neon HeNeé 548 nm laser. The
PixFRET plugin(Feige et al., 2005for ImageJ was used to determine spectral bleed
through values and normalized FRET (NFRET) intensities for eah, @s described
below.

2.8.3.2 Spectral bleedhrough determination

Donor and acceptor spectral blethdough (SBT) values wervisually minimized
using freeEGFR and freemCherrytransfected cells, respectively, during image
acquisition. Stacks of twomages for each celere captured for freEGFR and free
mCherrytransfected samples: a FRET image using donor excitation and acceptor emission

lasers and filters, and a donor or acceptor image using the appropriate lasers and excitation
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and emission filters. The SBT values were determined after background subtraction for

each stack by selecting a background area in the image using PixXFRET. The donor and
acceptor SBT values were modeled with the ImageJ PixFRET plugin using an exponential

relationship for fluorophore intensity after excluding background values at low fluorophore

intensity and applying a Gaussian blur.

2.8.3.3 FRET normalization

After determination of SBT values, FRET intensities were determined for p14 and
Rabl1l interaction A series of three images wasquired for each cell imaged: (1) donor
image with donor excitation and donor emission; (2) acceptor image with acceptor
excitation and acceptor emission; and (3) a FRET image with donor excitation and acceptor
emission. Ta cells were imaged for each sample condition from two separate experiments
(total of twenty cells imaged). Background subtraction and a Gaussian blur for donor,
acceptor and FRET channels were performed on each image prior to FRET analysis. FRET
intensities of each pixel were normalized by dividing the FRIB&nnel pixel intensity by
the squaregoot of the product of the corresponding deramd acceptechannel pixels

using equation:

PSRN
0 "OYO"¥

This normalization of FRET intensities allowed comparison between samples with
differences in protein expression levdlia and Liu, 2001 NFRET images were
converted to &it images for histogram analysis to obtain mean NFRET values for
individual celk.

2.8.4 Intracellular fluorescence microscopy

Hela cells cetransfected with AkPH-GFP and p14nCherry were fixed at 24 hpt
with 3.7% formaldehyde, washed 3X with PBS and mounted on glass slides with ProLong
gold antifade reagent. Images were acquired wittess LSM 510 META confocal

microscope using a 63X afnmersion objective lens.
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2.9 p14 endodomain expression and purification

Bacterial expression plasmid pGEX with the codoroptimized sequence for the
pl4 or p14PA endodomains was transformed khtooli expression strain BL21 (DE3),
plated on an LB aganediumcontaining ampicillin (100 pg/ml) and incubated overnight
at 37°C. A single colony wassedto inoculate a small volume of LB meuih containing
ampicillin for overnight growth, and this cute (1/100 dilution) was used to indate a
large volume of LB mediunsontainingampicillin that was grown to an optical density
(OD) of 0.60.8. Cells were then induced with 1 mM isoprepyD-thiogalactopyranoside
(IPTG) for protein expression for8hand pelleted at 6000 Xg for 15 min. Bacterial pellets
were then processed for protepurification using Glutathione ®pharose 4B (GE
healthcare) beads according to the manuf ac

2.10Protein-lipid overlay assay

Phosphatidylserine (PS)PI(3)P, PI(4)P, PI(3,4)R PI(4,5)B, PI(3,5R and
PI1(3,4,5)B (Avanti polar lipids, Alabaster, AL) were dissolved in chloroform and spotted
on nitrocellulose membranes (GEeéldthcare) at 3.13, 6.25, 12.50, 25,&0100 pmol
amounts using a Hamilton syringe (Hamilton, Reno, NV). Membranes were dried
overnight and then blocked with 1% fatty acid free BSA (Fisher Scientific) in PBS for 30
min at room temperature, then incubated with 0.5 pg/rl.afoliexpressed GSTagged
pl4 or p14PA endodomain in blocking buffer for 1 h at room temperature. After 3X washes
with PBS, membr an e spldvartiseeum iami subsequéntydvithidRR h U
conj ug a trabhit sexandaty antlbody for 1 h each at room temperatigrabranes
were washed 3X with PBS after each antibody incubation and developed as described in

western blotting for protein expression analysis (2.6.1).

2.11 Statistics

Statistical analysis and sample comparison were performed using Prism software
(GraphPad, San Diego, CA). Standard deviation (SD) values were calculated for averaging
sample values within the experiment and standard error of the mean (SEM) values were

calculated for averaging sample values between experiments. Groups of two samples were
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aralyzed with a paired twtailed ttest, and groups of more than two samples were
analyzed using ANOVA with a Tukey petsst.

52



CHAPTER 3
RESULTS

3.1 The p14 polybasic motif (PBM) is a novel autonomous tribasic Golgi export signal
[subset of these data published iParmar et al., 2014b)]

3.1.1 The p14 PBM is required for pl4 fusion activity and localization to the cell
surface

All FAST proteins contain a cluster of membrgreximal basic residues in the
cytosolic Gterminal tail. Preious studies indicated the PBBF pl0 is essential for
fusogenic activityf{Shmulevitz et al., 2003However, the basis of this loss of function was
not determined. The p14 PBM contains two tribasic clusters separated by an acidic residue
(KRRERRR). To analyze the involvement of the PBM in+piddiated celtell fusion,
alanine substitutions of eitheiltasic cluster (constructs pKRR and p14RRR), or both
together (pl14PA, Figure 3.1A) were created using-difected mutagenesis. These
constructs were transfected into QM5 cells and the extent of syncytia formation was
determined by counting syncytialuclei per microscopic field of Giemssained
monolayers (Figure 3.1B and C). pkR and p14RRR showed slight, but statistically
significant, reductions in syncytiogenic activity compared to authentic p14 while p14PA
failed to induce syncytium formatio All three p14 alanine mutants were expressed at
approximately equivalent levels based on western blotting (Figure 3.1D), although p14PA
was consistently expressed at slightly lower (~30% reduction) levels in multiple western
blots. The modest reductiamp14PA expression was unlikely to explain the complete loss
of fusion activity, and the decreases in fusion induced by theKRR and p14RRR
constructs did not correlate with expression levels, suggesting the p14 PBM plays a role in

fusion activity.

To determine the basis for the loss of p14PA fusion activity, cell surface expression
of p14PA was determined by flow cytometry using p14 ectodomain antibody. Since pl4
causes rapid syncytium formation commencing at 4 hourtpassfection (hpt) and large
syncytia cannot be processed by flow cytometry, p14 ectodomain antibody was added to

cells at 3 hpt to prevent syncytia formation, which allowed longer incubations to improve

53



detection and quantification of cell surface fluorescence. Replacement of Hsiee b
residues in the PBM (p1KRR and p14RRR) had no effect on p14 surface fluorescence
(Figure 3.2C), indicating the slight reduction in syncytiogenesis (Figure 3.1C) is due to
effects on fusion activity, not on trafficking. In contrast, replacementlldagiva basic
residues in the PBM decreased p14 surface expression by >95% (Figure 3.2A and C). Flow
cytometry analysis of immunostained, permeabilized cells indicated ~20% decrease in
p1l4PA expression compared to wt p14 (Figure 3.2B and D), similar veetstern blotting

results (Figure 3.1D). Basic residues on the cytosolic side of the TMD can determine
protein topology, a c ¢ o r(Milssonget al., 00%5vdn éleijep 0 s i t |
1989. To determine whether the p1l4 PBM affectstein topology, pl4 fullength
antibody, which recognizes epitopes in the p14 cytoplasmic tail, was used to detect p14PA
on the cell surface. Use of p14 fHdingth antibody also failed to detect p14PA on the cell
surface (Figure 3.2E), indicating loss thie PBM did not result in plasma membrane
trafficking of p14 in the reverse topology. These results indicate that the PBM is required

for p14 plasma membrane localization.

3.1.2 The p14 PBM functions as a Golgi export signal

Since pl4PA is expressed bubt localized to cell surface, determinedits
intracellular localization using immunofluorescence microscopy. Vero cells were used due
to their flatter, uniform morphology and larger cytoplasm compared to QM5 cells,
providing better visualization of irdcellular compartments. Also, pBRA was used
instead of wt p14. This myristoylatieminus mutant traffics to the cell surface with equal
efficiency as wt p14 but is devoid of cekll fusion activityCorcoran and Duncan, 2004
allowing for longer incubations postansfection without the need to use of high
concentrations of p14 antibody to block syncytium formation-:@24A showed a reticular
staining pattern throughout cells that extended out to the cell periphery, characteristic of a
membrane protein traffickingom the ER to the plasma membrane.{&2A also showed
minimal colocalization with phosphatidylinositokdi nase |1 1 1 b (Pl 4KI116b)
with a Pearsonbés correlation coefficient (
ranges from 1, whicimdicates a complete linear correlation for colocalizatiorl tavhich

indicates a complete inverse correlation for colocalization, and values near O indicate no
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correlation for colocalizatiofDunn et al., 2011 In contrast, p14PAS2A showed very

faint cytoplasmic staining with no detectible staining at the cell periphery, and it strongly
colocalizedwi h P11 4KI1 I | b ( R=t@ns6dg) maker aGN46 (R=0.70) h e
(Figure 3.3). The absence of the PBM therefore results in p14 accumulation in the TGN

and Golgi, and an inability to traffic to the plasma membrane.

Golgi accumulation of p14 in the abseruf the PBM could be due to an inability
of p14 to exit the Golgi, or rapid retrieval of p14 from the plasma membrane to the Golgi
via the endocytic pathway. To differentiate these two possibilities, dyra@ependent
endocytosis was inhibited using dyoes, a small molecule inhibitor of dynamin. The
transferrin receptor, which undergoes dynan@pendent endocytic recycling, was used
as a positive control for endocytosis inhibition by dynasore. VVeciosfected cells treated
with dynasore showed a dratrt increase in cell surface binding of fluorescent transferrin
(Figure 3.4B and D), indicating dynasore effectively inhibited dynaaeimendent
endocytosis of transferrin receptor. Treatment with dynasore only marginally increased cell
surface fluorescere of p14G2A and had no effect on cell surface fluorescence of p14PA
G2A (Figure 3.4A and C), suggesting dynardapendent endocytosis did not contribute
to the absence of pl4PA on the plasma membrane. To determine whether dynamin
independent mechanismsomote pl4PA endocytosis, transfected cells were incubated
with p14 antibody at 37°C for 30 min before fixation, permeabilization and application of
a fluorescensecondary antibody. There was no evidence of p14PA presence on the cell
surface or endocytizptake of pl4 antibody and Golgi accumulation (Figure 3.4E).
Together, these results imply p14PA does not traffic to the plasma membrane, and that the

PBM is a Golgi export signal not a plasma membrane retention signal.

3.1.3 The p14 PBM directs Golgi gxort of a heterologous protein

| wanted to determine whether the p14 PBM is sufficient for Golgi export of a
heterologous protein, by transferring the p14 PBM into the cytosolic tail of a Golgi resident
membrane protein. This heterologous protein shoudkl gy Golgi resident signal that
might compete with the Golgi export characteristics of the PBM. A previously described
ERGIG53 chimera, comprising the myagged ERGIE&3 ectodomain, CD4

transmembrane domain and cytoplasmic domain with two arginirtiesslinked to a tall
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with ten alanine residues, fulfilled these requirements. Replacement of the transmembrane
domain and cytosolic tail of ERGI&3 removes determinants that recycle ERGEC
between the ER and Gojgiesulting in accmulation in the Golgin stablytransfected
MDCK cells (Gut et al., 1998). Addition of two glycosylation sites into the ER&C
ectodomain promotes Golgi export of ERGB chimera to the plasma membrane. The
two arginine residues in the cytoplasmic tail of the ERGBXhinera were replaced with

the pl4 membranproximal cytoplasmic tail region containing the PBM
(KYLQKRRERRRQ) or the alaninemutated version of the PBM (KYLQAAAEAAAQ)
(Figure 3.5A). The glycosylated ERGH3 chimera was used as a positive control for

Golgi export.

All ERGIC-53 chimeric constructs were stably expressed in QM5 cells at
approximately equivalent levels based on western blotting (Figure 3.5B). Cell surface
analysis confirmed low levels of plasma membrane localization of the ER&tBimera
(E-53),and a significant increase in the plasma membrane localization of the glycosylated
ERGIG53 chimera (GhE) (Figure 3.5C). Addition of the p14 PBM to the ERGG
chimera (Ep14) resulted in equivalent levels of plasma membrane localization &5, Gly
while plasma membrane localization of the ERGRchimera with an alanirgubstituted
version of the PBM (EPA) was significantly reduced relative to @yand Epl14, and
only moderately increased relative tebBE (Figure 3.5C). These cell surface fluoreseenc
results were confirmed by immunofluorescence microscopy of stably transfected Vero
cells. Both E53 and EPA showed significant colocalization with the Golgi marker
PI'4KI 11 b (R=0.78 and OE @n# Epldr shavepdeacreticulare | y )
stainirg pattern throughout cells with apparent plasma membrane staining and limited
Golgicol ocal i zation (Figure 3.6). Based on Pe
functioned as well or better than the glycosylation signals to mediate Golgi expo2ZR=0.
vs 0.57, respectively). The p14 PBM can therefore function as an autonomous Golgi export

signal to promote plasma membrane trafficking of a heterologous protein.
3.1.4 The p14 PBM functions as a tribasic Golgi export signal

To characterize more preaely the Golgi export features of the p14 PBM, twelve

additional polybasic mutants were generated bydierted mutagenesis (Figure 3.7).
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These mutants varied in the number, location and identity of basic residues in the PBM.
When cell surface fluoresoee of all fifteen p14 PBM mutants were rank ordered, there
was a striking correlation between the number of basic residues in the PBM and plasma
membrane localization (Figure 3.7). This correlation was largely independent of the
location or identity of th basic residues within the PBM. Addition of one basic residue in
the p14PA construct increased p14 surface expression from <5% to ~20%, addition of two
basic residues in several locations in the PBM increased surface expressio®086-dD

wt pl4, and ddition of three or more basic residues resulted in equivalent surface
expression as wt pl4 (Figure 3.7). Moreover, there was no correlation between the net
charge of the PBM and plasma membrane localization, meaning the presence of the
glutamic acid had m effect. Thus, Golgi export is dependent on the number of basic
residues, not their identity or location or the net charge of the PBM.

All p14 polybasic mutants were expressed at variable levels that correlated with
their number of basic residues. Steatite expression levels of mutants with two or fewer
basic residues in the PBM were reduced by ~40% compared to wt p14 (Figure 3.8A and
B). Lower expression of these mutants is expected due to their accumulation in the Golgi,
which presumably leads to some quantity of the protein being directed to lysosomes for
degradation. However, there was no correlation between reduced expresshmlandls
of cell surface fluorescence. For example, mutants with one basic residue had the same
level of expression but reduced cell surface expression compared to mutants with two basic
residues (Figures 3.7 and 3.8). Mutants with three or more baslugssvere expressed
at the same level (Figure 3.8), and trafficked to the plasma membrane with equal efficiency
(Figure 3.7), as wt p14. There was only one exception to this trend, the PA+K,R,R mutant,
which has three basic residues but is not efficidndlfficked to the plasma membrane and
showed decreased steastpte expression relative to wt pl4 (Figures 3.7 and 3.8). The
basis for this abnormality is unknown. This construct lacked the acidic residue separating
the two tribasic clusters of the PBMytother constructs (p1RRE and p14RER) lacking
this acidic residue trafficked normally. However, this acidic residuechasgedo a basic
residue in PA+K,R,R, and this was the only mutant with three basic residues that did not
contain adjacent basiesidues, suggesting clustering of basic residues may influence the

efficiency of this tribasic Golgi export signal.
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The cell surface fluorescence results were confirmed by immunofluorescence
microscopy of permeabilized cells using representative polybasiants in the pEG2A
backbone. Asexpected p1l4PAG2A colocalized extensively with the Golgi marker
Pl 4KI 11 b (Figure 3.9). Additi &8A) mdultedine bas
some diffuse cytoplasmic staining along with Golgi staining (Eigu®). Addition of two
basic residues (PA+K&2A) increased punctate, distributed cytoplasmic staining with
reduced Golgi staining (Figure 3.9). Addition of three basic residuesKBRIG2A)
resulted in punctate staining throughout the cell with apps@ataesma membrane staining
and very little Golgi staining, a similar staining pattern as-@24 (Figure 3.9). These
gualitative results were confirmed quant.
coefficients, which showed a progressive decreaselotalization of p14 with the Golgi
marker with progressive addition of basic residues to the PBM (Figure 3.9). Efficient Golgi

export of p14 is therefore dependent on the three basic residues in the PBM.

3.1.5 The p14 PBM might mediate interactions wit phosphatidylinositol 3,4,5
triphosphate (PI(3,4,5)R) to promote pl4 plasma membrane localization or fusion
activity

Since Golgi export of p14 is dependent on the number of basic residues present in
the juxtamembrane PBM, ionic interaction of the PBMwaitionic lipids could potentially
play a role in p14 trafficking to the plasma membrane. | conducted a series of preliminary
experiments to test this hypothesis. The cytoplasmic tails of p14 and p1l4PA were GST
tagged and expressed and purified ugngoli and GST affinitychromatographyThese
purified GSFtagged pl4 and pl4PA endodomains were overlaid on nitrocellulose
membranes spotted with various concentrations of different phosphatidylinositol
phosphates (PIPs), and bound pl4 endodomains were edietiegt immunoblotting.
Phosphatidylserine (PS) was used as an anionic lipid control. Results indicated that only
PI1(3,4,5)R interacted strongly with p14, and this interaction was substantially decreased
for the p14PA cytoplasmic tail (Figure 3.10). Sinéd(3,4,5)R is concentrated in the
plasma membrane, the protdipid overlay assay suggests PBM interactions with
P1(3,4,5)R could affect p14 plasma membrane localization or fusion activity. This

speculation is supptad by preliminary fluorescengaicrascopy results using the GFP
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taggedPH domain of Akt,which binds to PI(3,4,5) co-expressed with mChertagged
pl4in Hela cells to analyze their colocalization. Interestingly, in HeLa ceigp@ssing
these constructs, PI(3,4,3)Btrongly colocalied with pl4 at the plasma membrane,
particularly at sites of cettell adhesion (Figure 3.11). These results suggest the PBM
might recruit or colocalize with PI(3,4,%Bt celtcell junctions, the siteof pl4mediated
cell-cell fusion(Salsman et al., 20908and that PI(3,4,5¥might have a role during p14

mediated celkell fusion.

3.2 The pl4 PBM exerts diverse effects on protein trafficking depending on

membrane-proximity [subset of these data published iParmar et al., 20143]

3.2.1 Membranedistal p14 PBM functions an ER retention signal

Previous studies indicate that the distance from the TMD of a dibasic ER export
signal in a cytosolic tail can influence the function of this trafficking m@&ifikano and
Li, 2003 Vincent et al., 1998 We sought to determine the effects of membi@nogimity
on the trafficking fundbns of the p14 PBM. The p14 PBM was added to th&ninus
of the p14PA construct (p14PAextPB), where the PBM was separated by 68 residues from
the TMD instead of four residues away as in wt p14 (Figure 3.12). Cell surface fluorescence
analysis of this pAPAextPB onstruct indicated the membradistal PBM did not
promote p14 trafficking to the plasma memler@higure 3.13A). To examine ER-Golgi
trafficking, we introduced the V9Bubstitutionmutation into pl4 and pl4PAextPB.
Previous studies indicatethat the V9T substitutionmutation introduces a functional
glycosylation site in p14Corcoran and Duncan, 2004low cytometry analysis indicated
pl4VaT traffics equally, if not slightly better, than authentic p14 to the plasma membrane
(Figure 3.13B). Western blot anaily®f QM5 cells transfected with pMOT detected two
distinct bands for p14 (Figure 3.13C). Treatment of cell lysates wighydbsidase F
(PNGaseF), which cleaves both high mannose anlihked carbohydrates from
glycoproteins, confirmed that the slowsigrating band was a glycosylated version of p14
(Figure 3.13C). The slower migrating pl4 species was partially resistant to
endoglycosidase H (endo H) treatment, which indicates sugar modifications in the Golgi

complex to an endo 4ksistant complex oligeaccharide (Figure 3.13C). In contrast, the
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slower migrating species of pl4PAextRBT was completely sensitive to endo H
treatment, indicating an inability to traffic to the Golgi complex (Figure 3.13C).
Fluorescence microscopy of Vero cells transfectéd p14PAextPBVIT also indicated

a reticular staining pattern throughout the cell without any colocalization with a Golgi
marker, characteristic of an ER staining pattern (Figure 3.13D). These results suggested

that the membrandistal PBM can function aan ER retention signal.

Since glycosylation can contribute to protein sorting and traffickidgt et al.,
1998, | sought to confirm these results in a rgiycosylated p14 construct. Therefore,
pl4PAextPB was created in a pG2A backbone. Western blots of QM5 cells transfected
with p14PAextPBG2A indicated approximately equal levels of protein expression to p14
G2A, and flow cytometry analysis confirmed that p14PAex@A was not expressed on
the plasma membrane (data natwh). Furthermore, immunofluorescence microscopy of
transfected Vero cells showed extensive colocalization of pl4PAexE?Bwith the ER
marker PDI (protein disulfide isomerasajdlimited colocalization with the Golgi marker
PI 4KI 11 Db, I n A-G2Andameacsnistrudt lout Igcking thet€@minal PBM)
which showed intense colad i zat i on wilimited celocdlikation witih PDl u t
(Figure 3.14). These results clearly indicate that ther@inal PBM can function as an

ER retention signal.

3.22 Membrane-proximity dictates whether the p14 PBM can function as a sorting
signal

To further examine effects of membrane proximity on PBM function, the PBM was
inserted at internal locations in the endodomains of@®2A and pl4PAG2A (Figure
3.12). Flowcytometry analysis indicated that the PBM, when inserted 17 (p14PA/75PB
G2A) or 34 (p14PA/92P&52A) residues downstream of the TMD, was not able on its own
to promote pl4 trafficking to the plasma membrane (Figure 3.15A). Similarly, an internal
PBM did notinterfere with plasma membrane localization of {32A (constructs
pl4/75PBG2A and pl14/92PE52A), which retains the normal membrgm@ximal PBM
in addition to the extra internal PBM (Figure 3.15A). All these constructs were expressed
at approximately agjvalent levels based on western blotting (Figure 3.15B). Fluorescence
microscopy results indicated that both p14PA/78FPBA and p14PA/92PE52A intensely
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colocalized with the Gol gi mar ker Pl 4KI 11 E
marker PDI, a sinfar staining pattern as p14R®@2A (Figure 3.16). The p14/75PB2A

and p14/92PB52A constructs showed diffuse staining throughout the cytoplasm radiating

out to the cell periphery, a similar staining pattern as®2A (Figure 3.17). Thus, the

PBM at an ineérnal position in the endodomain does not promote Golgi export of p14PA

nor interfere with plasma membrane localization of p14.

3.2.3 A membranedistal PBM functions as an ER retrieval signal that dominates over
a membraneproximal PBM Golgi export signal

Results indicated that a membrgmmeximal PBM is a Golgi export signal while a
membranedistal PBM functions as an ER retention signal. To analyze how p14 trafficking
is effected by the presence of both membuarximal and membrangistal PBMs, the
PBM was added to the-@rminus of p14/9T (Figure 3.12). Flow cytometry analysis of
pl4extPBVIT indicated this mutant was not expressed on the plasma membrane (Figure
3.18A). As shown previously (Figure 3.13C), endo H assays confirmed that the slower
migraing species of plX¥9T was partially resistant to endo H (Figure 3.18B). As
expected, the glycosylated form of p14RAT was also partially resistant to endo H
(Figure 3.18B). Interestingly, the slower migrating, glycosylated species of p14¥&PB
was abo partially resistant to endo H (Figure 3.18B), indicating this mutant was trafficked
to the Golgi complex. Surprisingly, fluorescence microscopy of Vero cells transfected with
pl4extPBVIT showed extensive colocalization with the ER marker PDI and raremp
colocalization with the Golgi marker Pl 4KI |
membranealistal PBM can also function as an ER retrieval signal that dominates over the
Golgi export function of a membrampeoximal PBM.

3.2.4 Conflicting ER retrieval and Golgi export signals induce ER tubulation and
segregation

Interestingly, the ER staining pattern in the pl4extPH expressing cells
appeared extensively tubular compared to the punctate ER stainingtransiected cells
in the same &ld of view (Figure 3.19). The Golgi staining pattern was indistinguishable

in nontransfected cells or cells transfected with pl4extPB. To examine this tubular ER
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phenotype more closely, the KDEL ER matk&hich is an antibody raised against ER
membrangrotein KDEL receptonyas used in addition to PDI to stain the ER in{yBA

or pl4extPBVIT transfected cells. Fluorescence microscopy images indicated punctate
ER staining throughout the cell for pA®T transfected cells with PDI and KDEL markers
(Figure 3.20). In contrast, the PDI marker showed an extensive tubular ER appearance with
extensive colocalization with p14extRET. Moreover, the KDEL staining pattern was
dramatically changed compare to p24T with a limited number gberinuclear aggregates
andlimited colocalization with p14extRBOT (Figure 3.20). Thus, conflicting trafficking

signals can have dramatic effects on ER morphology.

3.3 The PBM directs interaction with activated Rab11 for p14 sorting into APXoated

vesicles and Golgplasma membrane transport.

3.3.1 Rab1l1 is required for p14 plasma membrane localization

| sought to define the pathway for p1l4 transport by determining which cellular
proteins and tranfactors mediate p14 trafficking to the plasma membrane. A yeast tw
hybrid screen performed byulie Boutilier (Dalhousie University) using thepl4
cytoplasmic endodomain bait, identified Rab11A as dnteraction partner. To determine
whether Rab11 has any importance in p14 trafficking to plasma membrane, | knocked
down Rab1A function in p14G2A-transfected HeLa cells by overexpressing a dominant
negative mutant, Rab11825N. Analysis of pl4 surface expression by flow cytometry
using the pl4 ectodomain antiserum indicated overexpression of R&YBD
significantly reduced pEG2A surface expressipowhile overexpression of wt Rab11A or
a constitutively active Rab11870L mutant had no effect on p14 trafficking to the plasma
membrane (Figure 3.21A). Western blots confirmed overexpression of Rab11A, Rab11A
S25N and Rab11A70L (Figures 3.21C and 3.22A).

To confirm the Rabl1lA dominamiegative results, Rabll was knocked down
using SiRNA against Rab1lA and Rabl1B, either individually or in combination.
Knockdown of either Rab11A or Rab11B decreased p14 surface expression iogigla
with a combined knockdown exerting the strongest effect (Figure 3.21B). Westerns blots
confirmed knockdown of RabllA (Figures 3.21D and 3.22B), and the extent of
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knockdown approximated the relative effects on p14 plasma membrane expresssn. Th

baoth Rab11 isoforms exeeffecs on p14 plasma membrane trafficking.

To deternme whether the Rab11 result® apecific, Rab5 and a Rab5 dominant
negative mutant, Rab534N, were overexpressed in HelLa cells. Overexpression of Rab5
or Rab5S34N had no effd on p14 surface expression (Figure 3.23A). To confirm that
Rab5 function was inhibited by Rai#84N, a transferribinding assay was performed.
Rab5 mediates endocytosis and inhibiting Rab5 function increases the levels of transferrin
receptor on the cesurface (Somsel Rodman and Wandinlyess, 2000). As expected,
transferrin surface binding was significantly increased by overexpression ofS34bb
(Figure 3.23B), indicating RabS34N was capable of inhibiting wt Rab5 activity. Hence,
Rab11, but noRab5, plays a role in p14 plasma membrane trafficking.

3.3.2 The PBM is required for p14 colocalization with Rab11

To examine more closely the relationship between Rabll and pl4 trafficking,
fluorescence microscopy was performed on Hela cells transfegtadpl4G2A or
pl4PAG2A using antibodies against p14 and Rab11A. As shown in Figure 3.26,3#4
showed extensive colocalization with Rab11A in the perinuclear region. Comparing cells
expressing pl4 to those with undetectable p14 expression in thdiaslanoé view, it also
appeared that p14 resulted in Rabl1l redistribution and accumulation in the perinuclear
region (Figure 3.24A). In contrast, p1l4F32A showed minimal colocalization with
Rabll and did not appear to have a pronounced effect on Ralidttibretion in cells
(Figure 3.24A). These qualitative results were confirmed quantitatively by calculating
Pearsondés correlation coefficients for pl4
two independent experiments (Figure 3.24B). Theselts suggested p14 recruits Rab11A

to the perinuclear region in a PBd&pendent manner.

3.3.3 Activated Rab11 directly interacts with p14 in a PBMdependent manner

To determine whether Rab11 interacts with pl4inmmunoprecipitation (CoP)
assays we performed using HEK cells, a human cell line with good transfection
efficiencies. Cell lysates expressing p&2A or p1l4PAG2A were immunoprecipitated

wi t-RabldA antibody and western blots probed Wihl4 antiserumThe colP results
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indicated thap14-G2A coimmunoprecipitates with Rab11A (Figure 3.25). The specificity

of the ceimmunoprecipitation was confirmed using a heterologous IgG antibody, which
showed only low level cerecipitation of pl4 (Figure 3.25). Notably, -co
immunoprecipitation of pAPA-G2A was substantially reduced relative to {§32A, to the

low levels observed using control IgG. These data suggest that p14 interacts with Rab11 in

a PBM-dependent manner.

Since Rabll is a GTPaseat is active when bound to GTP and inactive when
bound to GDP, | sought to analyze which form of Rab11 interacts with p1#P Gssays
were performed f ol | owi-mydrolysalledanalagwe mof GAR) orGT P 2o S
GDP to cell lysates expressing pG2A or pl4PAG2 A. The presence of (
in a substantial increase in the amount of p14 thatreoipitated with Rab11 compared to
lysates containing GDP (Figure 3.25), suggesting pl4 interacts preferentially with the
active form of Rab11A. No sh increase in cprecipitation of pl14PAG2A was observed
in the presence ofrecigdtdd avith,Rabddhat levkls eguivaldntito c o
the 1gG control (Figure 3.25). The PBM of pl4 therefore promotes interaction with
activated Rab11.

Aliquots d cell lysates were taken before performinglBs to confirm equal
protein i-mbatanntsii siRa bdnl A-acintbatibddies (Figure 3.25).
Surprisingly, distinct double bands were observed for pt@&RA, which were not present
in p14G2A samples and were not previously observed when analyzing p14PA or p14PA
G2A (see Figures 3.1D and 3.15B). In previous western blots of transfected cells
expressing p14PA or p14P&2A , cells were QM5 cells and were harvested at 8 hpt verses
HEK cells harvestd at 24 h in Figure 3.25. The prominent lower band for p14PA in HEK
cells could therefore be a c#jlpe specific effect, or possibly tirtependent cleavage or
degradation of p14PA. The latter was confirmed by comparison of HEK cells transfected
with p14PA or pl4PAG2A and harvested at 8 or 24 hpt for western blotting. As shown in
Figure 3.26, the lower band increases in intensity and becomes prominent with longer
incubation times in the pl4PA and pl4&RA samplesA small percent of pl4 is
processed tgenerate soluble endodomain that is detectable at 12 hpt but not §T8hpt

et al., 2009 Abnormal Golgi accumulation of p14PA somehow may enhance the percent
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of pl14 being pocessed to generate soluble endodomain that may represent the lower

prominent band with longer incubations.

To analyze whether the interaction between p14 and Rabl1l is direct and occurs
inside cells, | developed a fluorescence resonance energy trariBEEF)(proteol using
fluorescentlytagged pl4 and Rabll proteins. FRET analysis detects ppoteain
interactions that occur over a distance ofl€bnm, the distance of stable protgiotein
interactions(Sekar and PeriasamyQ@3). EGFP was added to thet€minus of p14 or
pl4PA, and mCherry was added to thetekninus of RabllA or Rab11825N.
Fluorescenthitagged Rabl1l does not alter its endogenous cellular localization pattern
(Rzomp et al., 2003 and EGFRagged p14 still traffics to the plasma membrane and
retains fusion activity,lbeit at a reduced efficiey (Timothy Key, Dalhousie University,
personal communication). Donor and acceptor spectral 4feedgh (SBT) values and
normalized FRET (NFRET) intensities were determined using the PiIXFRET plugin for
ImageXFeige et al., 2005as described in detail in Materials and Methods. Mean NFRET
intensities were obtained from ten cells each from two independent expesrifoen
guantitative measurements (Figure 3.27B). Celldraonsfected with pl4 tagged with
EGFP (p14EGFP) and mCherry (p1#hCh) were used as a positive control (Figure 3.27),
as previous studies indicated p14 forms homomultimers that are detectible DyrisRIg
cells(Ciechonska et al., 201€orcoran et al., 201 Key and Duncan, 20}4For negative
controls, cells caransfected with free EGFP and mChelRgb11, and pHEGFP and free
mCherrywere used that provided no FRET signals (Figure 3.28). Cetlmnsfected with
mCherryRab11A and pl4EGFP emitted FRET signals at the same level asg3RP
and pl4mCherry homomultimers (Figure 3.27). In contrast, cells transfected with
mCherryRab11AS25N and pl4€GFP failed to provide any FRET signals above
background (Figure 3.27). Moreover, cells transfected with mCiiabl 1A and p14PA
EGFP also failed to provide any FRET signals (Figure 3.27) indicating that the p14 PBM
is required for pl14 intaction with Rab11l. Thesa cellula results confirmed that pl4
interacts with activated Rab11 in a PBMpendent manner, and the distance restraints of

FRET imply these two proteins interact directly with each other.
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3.3.4 Rab11 knockdown results in pldccumulation in the Golgi

Rabl1l knockdown inhibits p14 plasma membrane localization (Figure 3.21), but
does this reflect a role for Rab11 in p14 Golgi export or does Rabl1l1l mediateqgbgist
pl4 trafficking through the endosomal recycling pathway? To addids question, |
examined p14 subcellular localization in Rab11 knockdown cells. Confocal microscopy of
HelLa cells transfected with control siRNA and g32A showed the characteristic
reticular staining pattern for p14 with minimal colocalization withet P1 4 KI I I b G
marker (Figure 3.29A). In contrast, cells transfected with Rab11l siRNA an&pA4
showed concentrated perinuclear staining with extensive colocalization between p14 and
PI4KI 11 b that approached t he npldRAG2Aandf col o
PI'4KIlI 11 b (Figure 3.29). These -degesdentpld sugg
trafficking from the Golgi to the plasma membrane.

3.3.5 AP1 knockdown leads to Golgi accumulation of p14

Vesicle trafficking between the Golgi, plasma nieane, and lysosomal and
endosomal compartments requires one of several adaptor proteins (APs) that are part of the
vesicle coats. Among various AP complexes, AP1, AP3 and AP4 are known to mediate
trafficking from the Golgi to endosomes or plasma memb{@h@o, 2006Popova et al.,
2013. To determine wich of these AP complexes mediates pl4 plasma membrane
trafficking, SiRNAs targeting the gamma, delta or epsilon subunits were used to
knockdown AP1, AP3 or AP4 compl exes, respe
and AP4U adapt or c amedbysvesters blditing(Figures 3\8GBsindc o n f
3.31). Only AP1 knockdown resulted in a significant decrease (>50%) #GpAplasma
membrane expression as analyzed by flow cytometry (Figure 3.30A). When examined by
immunofluorescence confocal microscopy agduant i f i ed by Pear son
coefficients, RNAimediated knockdown of AP1 (but not AP3 or AP4) resulted in
extensive pl4 colocalization with the Gol
pl4PAG2A (Figure 3.29), AP1 knockdown resulted in concated celocalization of
pl1l4-G2A with the Golgi complex (Figure 3.32). These results imply that p14 trafficking

between the Golgi and plasma membrane is mediated bycadtéd vesicles.
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3.3.6 p14 colocalizes with AP1 and Rab11 at theans-Golgi network (TGN)

Knockdown of either Rab1l1l or AP1 results in pl4 accumulation in the Golgi,
suggesting both likely mediate p14 trafficking from the Golgi to the plasma membrane.
However, it was possible that Rabl1l and AP1 might mediate p14 transport from a post
Golgiendosomal compartment to the plasma membrane, with knockdown of Rab11 or AP1
resulting in p14 retrieval back to the Golgi. To address this issue, HelLa cells transfected
with p14-G2A were triplestained with antibodies against p14, TGN46, and Rab11 or AP1.
Confocal microscopy images showed obvious colocalization of p14 with Rab11l and AP1
at the TGN (Figure 3.33). Taken together, the above results imply that Rab11 and AP1

mediate p14 biosynthetic anterograde traffic from the Golgi to the plasma membrane.
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vV pl4 KRR RRR PA
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o-actin | |
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p14 KRR RRR PA Relative density 1.00 102 076 0.59

Figure 3.1: The p14 PBM is required for celi cell fusion.(A) Amino acid sequence of

the p14 PBM and the indicated polybasic mutants. Numbers indicate residue position in
pl4. Boundary of the TMD and location of the PBM are indicat&). QM5 cells
transfected with wt p14 or p14PA were Gierssained at 8 hpt and imaged by brigdjetd
microscopy at 200X magnificatiofC) QM5 cells transfected with p14 or the indicated
polybasic mutants (p2KRR [KRR], p14RRR [RRR], or p14PA [PA]) weranaged as in

panel B, and syncytial nuclei were quantified from five random fields. Results are mean
number of syncytial nuclei + SEM from two independent experiments performed in
triplicate. Statistical significance is indicated relative to p14 (**p < 0*®Pp < 0.005).

(D) Lysates of QM5 cells transfected with the indicated p14 constructs as in panel C were
processed for west erpnl 4bantn ariibodg Numbersét the p t
bottom indicate relative band intensity normalized to wt p14.
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Figure 3.2: The PBM is required for p14 surface expressiorfA) QM5 cells transfected

with p14 or pl4PA were surfadea b e | e dpldiestodongain Bntiserum and Alexa
647 conjugated secondary antibody, fixed, and analyzed by flow cytometry. Peetlent
surface fluorescence is indicated after background subtraction of empty-tvantfected

cells and was determined from scatter plots of relative fluorescence vs. forward scatter
(FSC) using the indicated gating (horizontal lin@) QM5 cells tranfected with p14

G2A or pl4PAG2A were fixed and permeabilized in suspension at 24 hpt. Cells were
stained with fulll e n g-pld antiserum, which recognizes both thetekninal
ectodomain and @rminal endodomain, and Alexa 64b6njugated secondary antiho

Scatter plots and percentage cell surface fluorescence are shown as in f@nh8uface
fluorescence of QM5 cells transfected with the indicated p14 constructs was quantified as
in panel A. Results are mean percent cell surface fluorescence +e&Merto wt pl14

from two independent experiments performed in triplicate. Statistical significance is
indicated relative to wt p14 (**p < 0.01; ns, not significa(@) As in panel C, except cells
were permeabilized before immunostaining to detect titwarescence of QM5 cells
transfected with p3G2A and pl4PAG2A. Results are mean percent cell fluorescence +
SEM from three independent experiments performed in triplicate. Statistical significance
is indicated relative to wt p14 (*p < 0.0%[E) As inpanel C, except cells were stained with

an antipl4 antiserum that recognizes both théehminal ectodomain and-términal
endodomain. Results are mean percent cell surface fluorescence + SD relative to wt p14
for triplicate samples from a single experimhe

69



Organelle Marker a-p14 Overlay

w
=1
=3

g, )
il — Golgi
— pl4
@
2 200
@
o
@
2
S 100
o
.
s : 04
PIAKIIB R=0.1940.09 0 100 200 300 400
> : : ' 300
— Golgi
— pl4PA
@
£ 200
s
o
0w
2
S 1004
o
0
0 100 200 300 400
5000+ — TeN
20004 — pl4PA
@
o
5 3000
8 ]
3
e
5 2000
=
fra
1000
o 0 T T il T 1
R=0.70+0.04 0 5 10 15 20 25

Distance

Figure 3.3: Absence of the PBM concentrates p14 in the Golgi compleXero cells
transfected with p:&2A or p14PAG2A were fixed and immunostained at 24 bping
Upl4 antiserum (red) and the indicated organelle markers (green) for the Golgi complex

(PIL4KI1T1b) and TGN (TGN46) . Right col umn s
Graphs show relative fluorescence intensities for organelle markers and pld ataaygge
the white Iine in the corresponding merged

are shown as the mean = SEM from 10 cells (from two independent experiments) and are
indicated on the merged images. Imagebkéntop two rows provided yhristopher Barry
(Dalhousie University).
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Figure 3.4: Endocytic pathways do not influence plasma membrane localization of
pl4PA.(A) QMS5 cells transfected with pi@2A (bottom row) or p14PAS2A (top row)

were trated for 1 h in seruffree mediumwiththe dynamin i nhibitor d
or DMSO at 24 hpt, | i-pldeectadentain antiserent a;md Adekaa i n e d
Fluor 647 conjugated secondary antibody, and cell surface fluorescence was analyzed by

flow cytometry. Percent cell surface fluoresce is indicated as in Figure 3.2/8)
Vectortransfected QM5 cells were treated with DMSO or dynasore as in panel A. Live

cells were stained using Alexa Fluor 586njugated transferrin and analyzed hbywf

cytometry to detect surfadmound transferrirPercent cell surface fluorescence is indicated

as in Figure 3.2A(C) Surface fluorescence of QM5 cells transfected with-@24 or

pl4PAG2A quantified as in panel A. Mean percent cell surface fluorescence + SEM from

three independent experiments perfodme triplicate. Statistical significance is shown

between the indicated paired samples (*p < 0.05; ns, not signifi¢@)t)ransferrin

receptor cell surface fluorescence quantified as in panel B. Mean percent cell surface
fluorescence + SEM from threedependent experiments performed in triplicate (***p <
0.005).(E) Vero cells transfected with pi@2A or pl4PAG2 A wer e i ncubated
pl4 antiserum at 24 hpt for 30 min at 37°C. Cells were then fixed and stained with Alexa

Fluor 488conjugated antibodwith (permeabilized) or without (nepermeabilized) prior

Triton X-1 00 treat ment . Scale bar, 20 & m.
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Figure 3.5: p14 PBM traffics a Golgtresident protein to the plasma membrane. (A)

Schematic diagram of the-tdrminally myetagged chimeric ERGKS3 protein containing

the ERGIC53 ectodomain, CD4 TMD, and polyalanine (polyA) cytoplasmic tail. The
glycosylated ERGIE&3 chimera has two glycosylation sites (VNATASA and D61N)
introduced into the ectodomain. The ERGIC4 and ERGIEp14PA constructs replace

the two membrangroximal endodomain arginine residues in the parental EFRS3IC

chimera with the membraf@oximal pl4 sequence containing the PBM
(KYLQKRRERRRQ) or the Alssubstituted version of this motif (KYLQAAAEAAAQ).

(B) QM5 cells stably transfectesith empty vector (V), parental ERGI&E3 chimera (E

53), glycosylated ERGK53 chimera (GlyE), ERIC-53 with the p14 PBM (814)or the
Ala-substituted PBM (P A) wer e processed f-myc watnt &rn b
antibody.(C) As in panel B, excdpQM5 cells transfected with the indicated chimeric
ERGIG53 constructs were processed for flow cytometry afterdive | | stadining -
myc antibody and Alexa 64¢onjugated secondary antibodies. Mean percent cell surface
fluorescence relative to GlyEamsduced cells + SEM from triplicate samples was
calculated from three independent experiments. Statistical significance is indicated relative

to GIyE (*p < 0.05; ***p < 0.005).
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Figure 3.6: The p14 PBM is sufficient to function as a Golgi export signaVero cells
transfected with the indicated chimeric ER@G constructs as in Figure 3.5 were
i mmunost armyed awittilbboWy (red) and the PI 4KI I

column shows merged i mages. Pear smnhés corr
merged images of each construct as the mean + SEM from nine cells (from two independent
experiments). Scale bars, 20 em.
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Figure 3.7: Three basic residues are required for maximal p14 cell surface expression.
Amino acid sequences of the p14 PRl the indicated polybasic mutants are shown on
the left. The number of positive residues in the PBM are color coded and indicated. Cell
surface fluorescence of QM5 cells transfected with the indicated pl4 constructs was
guantified by flow cytometry as deribed in Figure 3.2A. Results are mean percent cell
surface fluorescence + SEM relative to wt pl4, after background subtraction of empty
vectortransfected cells, from three or more independent experiments performed in
triplicate. Numbers on the rightdicate the number of positive residues present within
respective groups of PBMs. Om&ay ANOVA indicated no significant difference (ns)
between constructs sharing the same number of basic residues (except for PA+K,R,R in
the 3+ group). Statistical signifiace is indicated between groups (**p < 0.01; ***p <
0.005).
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Figure 3.8: Quantification of steadystate pl14 expression levels by western blotting.

(A) QMS5 cells transfected with the indicated p14 constructs were harvested aa@dhpt
wemsl 4 r aan thil-astnrantibmdyo Nunshérs aj thel
bottom indicate the number of positive residues present in the FBMVestern blots

from three independent experiments obtained as in panel A were quantifiedd®sd, and
results are presented as band density + SEM normalized to wt p14. Statistical significance
was determined using oiveay ANOVA on the indicated subgroups (ns, not significant;

processed for

** p<0.01).
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Figure 3.9: Basic residues have an additive effectn p14 Golgi export.Vero cells
transfected with p:B2A and the indicated pi@2A polybasic mutants were
i mmunost atrpnledd awmittihs e um (red) and the Pl 4KI

hpt . Right col umn shows mer dfieiahts (Rpfer gals . Pea
construct were calculated from five transfected cells and are shown as mean + SD on the
merged i mages. Scale bar, 20 &m.
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Figure 3.10: Preferential interaction of the pl4 endodomain with PI(3,4,50Pis
dependent on the PBM.The cytoplasmic endodomains of pl4 (GRl4e) or pl4PA
(GST-pl4PAe) tagged with glutathionet@nsferase (GST) were expresseé&icoli and
incubated with nitrocellulose membranes spotted with the indicated concentrations of
various phosphatidylinositollipids or phosphatidylserine (PS). Membranes were
devel op eps antsdérumgnd BIREbnjugated secondary antibody.
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Figure 3.11: PI(3,4,5)R colocalizes with p14 at the plasma membrane in regions of
cell-cell contact. HeLa cells cetransfected vth Akt-PH-GFP (green) (PH domain that
binds to PI(3,4,5)8) and p14 tagged with mCherry (red) (p2h) were fixed at 24 hpt
and imaged by confocal microscopy. Right column shows merged images. Scale bar, 20

gm.
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p14PA/92PB ..WLFKYLQAAAEAAAQLTEFQKRYLRNSYRLSEIQRF;I?KRRFRRRQSQHEYED PYEPPSRRKPPPPPYSTYVNIDNVSAI

p14PAextPB ‘..WLFKYLQAAAEAAAQLTEFQKRYLRNSYRLSEIQRPISQHEYEDPYEPFSRRKPPPPPYSTYVNIDNVSPgSK RRERRRQ

Figure 3.12: Motif arrangements in pl4and mutated pl4 constructs.The top panel
depicts motif arrangements in the fléhgth, 125residue pl14 protein, including-N
terminal myristoylation (myr), transmembrane domain (TMD) and PBM. The sequence of
the PBM and the polyalanine substitution (RA}his motif are shown. G2A and V9T are

the locations of point substitutions that eliminate the myristoylation motif (G2A) or
introduce an Ninked glycosylation site (V9T), depicted as a branched tree. These pl4
backbones (wt p14, p14PA, pGRA, and p14v9T) were used as templates for insertion

of PBMs in various locations. The lower panel depicts the sequence of the p14 cytoplasmic
endodomain. Numbers on the top of the sequence indicate-agithpositions relative to
full-length protein. Numbers belothie sequence indicate amiaoid position relative to

the first residue in the endodomain. The boundary of the TMD and location of the PBM
are indicated. The PBM was inserted in various locations in the endodomain (orange
sequences), either in a wt pl4cklbone containing the membrapeximal PBM (blue
sequences), or in a p14PA backbone containing polyalanine substitution of the PBM (green
sequences). The p14 and p14PA backbones contained either the G2A or V9T substitutions
depicted above, as specifiedtire text and figure legends.
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Figure 3.13: Membraneproximity influences the trafficking function of the p14 PBM.

(A) Percent cell surface fluorescence analysis of pl4 and pl4PAextPB (PAextPB), as
described in Figure 3.2A. Statistical significance-bgst is indicated relative to p14 (***p

< 0.005; n = 3)(B) Percent cell surface fluorescence analysis of p14 and/pI4AVIT)

as described in Figure 3.2£C) Cell lysates of QM5 cells transfected with empty vector

(V), p14-VIT or pl4PAextPBVIOT wereharvested at 24 hpt, and equal protein amounts

were left untreated or treated with endo H or PNGase F, as described in Materials and
Met hods, before w e -plt4 eantiserunh. | Glytosylatedy (*) vandt h U
nongl ycosyl ated (0G) pitl @) Varo eellsitrandfecteéh withd o n
pl4PAextPBV 9 T and i mmunost aiphdeadtiseaum (redandhtietER u s i n
mar ker PDI (green). Ri ght column shmows mel
panels B and C provided I@hristopher Barry (Dalhousigniversity).
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Figure 3.14: p14 accumulates in the ER when the PBM is membrastistal. Vero cells
transfected with p14PB or pl4PAextPB in a {32A backbone (see Figure 3.12) were
fixed and stained at 24 hpti t -pi14 dhtiserum (red) and the indicated organelle markers
(green) for the Gol gi (PIL'4KITIbBb) or the
Scale bar, 20 pm.
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Figure 3.15: An internal PBM does not alter p14 trafficking to the plasma membrane.

(A) QM5 cells transfected with pi@2A or the indicated p14 mutants in a p&2A
backbone (see Figure 3.12) were surface stained at 24 hpt as in Figure 3.2A. Percent cell
surface fluorescence relative to p14 is presented as mean + SEM from three independent
experiments in triplicate. Statistical significance by-areey ANOVA and Tukey postest

is shown relative to p14 (***p<0.005, Aot significant)(B) QM5 cells transfcted with

pl4 and the same constructs as in panel A were harvested at 8 hpt and lysates were
processed for wepsil4e rann tbil-soghrantibmdyo ru s ng U
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Figure 3.16: An internal PBM cannot function as a Golgi export signalVero cells

transfected with p14PA/75PB or p14/PA92PB in a-@RA backbone (see Figure 3.12)
were i mmunostained a4 antrserumi(rgd) and tha&indicdted u si n

organelle markers (green). Right column shows merged images. Scale bar, 20 um.
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Figure 3.17: An internal PBM does not interfere with the Golgi export function of a
membrane-proximal PBM. Vero cells transfected with p14/ 75PB or p14/92PB in a p14

G2A backbone (see Figur e -84 dn@iserumyed) and thenmu n o
indicated orgnelle markers (green) as in Figure 3.14. Right column shows merged images.
Scale bar, 20 pum.
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Figure 3.18: Membranedistal and -proximal PBMs alter ER-Golgi p14 trafficking.

(A) QM5 cells transfected with pIMOT or pl4extPB in a p2¥9T backbone (seEigure

3.12) were surface stained at 24 hpt as in Figure 3.2A. Percent cell surface fluorescence
relative to p14v9T is presented as mean £ SEM from three independent experiments in
triplicate. Statistical significance from studetést is shown relate/to p14 (***p<0.005)

(B) Endo H resistance of p14, p14PA or pl4extPB, all in a\yfIB backbone, as in Figure
3.13C. VvV, empty vect orglycoglated gl¥.\Blotpowdedably e d
Christopher Barry (Dalhousie University).
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Figure 3.19:Membrane-distal PBM dominates over membraneproximal PBM. Vero

cells were transfected with pl4extPBinapl®@ T backbone and 4 mmuno:
pl4 antiserum (red) and the indicated organelle markers (green) as in Figure 3.14. Right
column shows mergenages. Scale ba20 pum. Figure provided b@hristopher Barry

(Dalhousie University).
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Figure 3.20: pl4extPB induces ER tubulation and segregatiol.ero cells transfected

with p14 or pl4extPB, bothinapM9 T backbone were -pldmunost
antiserum (red) and the indicated organelle markers (green) as in Figure 3.14. Right column
shows merged images. Scale,[20 yum. Figure provided b@hristopher Barry (Dalhousie
University).
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Figure 3.21: Knockdown of Rab11 reduces p14 surface expressi¢A) Hela cells ce
transfected with plasmids pX32A and empty vector (Control), Rab11A, Rab1325N
(S25N)orRab11AQ70L ( Q70L) wer e splhaectodendainantiserdard h pt
and Alexa647 secondary antibody and analyzed by flow cytometry.eBeell surface
fluorescence relative to control after background subtraction is presented as mean + SEM
from three independent experiments performed in triplicate. Statistical significance by one
way ANOVA and Tukey postest is shown relative to contr¢fp<0.05, ns- not
significant).(B) HeLa cells were transfected with ntargeting SiRNA (Control) or sSIRNA
targeting Rab11A (siRab11A), Rab11B (siRab11B) or both (siRab11A+B, and 48 hpt were
co-transfected with pIG2A. Cells were stained and analyzsedrapanel A 24 h after the
cotransfection. (***p<0.001 relative to control{C) HelLa cells transfected with the
indicated Rab11 constructs were harvested at 24 hpt and analyzed by western blotting with
URa b 11 A -acimantibddiies(D) HeLa cells trasfected with the indicated siRNAs
were harvested at 48 hpt an®RabhaAyaend by
antibodies.
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Figure 3.22: Confirmation of Rabl1 overexpression and knockdown by western blot
guantification. (A) HeLa cells transfected with Rab11A, Rab1$25N (S25N), Rab11A

Q70L (Q70L) or empty vector (control) were harvested at 24 hpt and analyzed by western
bl ot t i ARgblMAiantibodyURelative density for western blots obtained from two
independent experiemts are shown as mean + SEM. Statistical significance byage
ANOVA and Tukey postest is indicated relative to empty vector transfected control
sample (*p<0.05).(B) HelLa cells transfected with siRNA for Rab11lA (siRabl1A),
Rab11B (siRab11B) or bothaR11A and B (siRab11) or control sSiRNA were harvested at
48 h, anal yzed by-Rab&léd antibody, abdlacatyzed as g pamél A h

(ns- not significant).
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Figure 3.23: Knockdown of Rab5 has no effect on p14 surface expressi¢A) HelLa

cells cotransfected with p1&2A and Rab5, RabS34N (S34N) or empty vector
(Control) were stained and analyzed by flow cytometry for cell surface fluorescence as in
Figure 3.21A (ns not significant).(B) HelLa cells transfected with Rab5 or Re®34N
(S34N) constructs were labelled with Alex&7-conjugated transferrin at 24 hpt and
analyzed by flow cytometry. Percent transferrin surface fluorescence relative toe Rab5
transfected cells is indicated as mean + SEM from three independent experiments
performed irtriplicate. Statistical significance by Studettést is indicated (*p<0.05).
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Figure 3.24: p14 colocalizes with Rablih cellula in a PBM-dependent manner.(A)

HelLa cells transfected with pXd2A (pl14) or pl4PAG2A (pl4PA) were fixed,
permeabilied and st-RBamedd Wwgrt &e t)iplddred) antserwmat24 nd U
hpt. Right, merged images. Scale bar,20BhPear sonés correl ation c
+ SEM for colocalization between Rabl1 and pl14 or p14PA calculated from twenty cells

(ten cells in each of two independent experiments). Statistical significance is indicated by
Student #test (***p<0.001).
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Figure 3.25: pl4 cammunoprecipitates preferentially with activated Rab11l in a
PBM-dependent mannerLysates of HEK cells transfesd with p14G2A (p14), p14PA

G2A (pl1l4PA) or empty vector (V) were obtai
or no treat ment an d-Rabdlhaniimogyrigcantipodiwasused wi t
as a negative control. & samples (top panel) and lysatprior to cadP (bottom three
panels) were subjectpiidt anwesRamiml fdimd tWn g
antibodies.
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Figure 3.26: p14PA is significantly degraded over timédEK cells were transfected with
P14PA or p14PAG2A, harvestedit 8 hpt or 24 hpt and analyzed by western blotting with
Up14 ant i saetinantbody.nd U
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Figure 3.27: p14 directly interacts with Rab11in cellulain a PBM-dependent manner.

(A) HelLa cells cetransfected with p14 or p14PA tagged with EGFP arfullR&r Rabl4

S25N (S25N) tagged with mCherry (mCh) were fixed at 24 hpt and imaged for sensitized
emission FRET along with donor and acceptor images. Right panel shows calculated
normalized FRET (NFRET) images. Cellsttansfected with p14 tagged with EBfp14

EGFP) and mCherry (pi#hCh) were used as a positive FRET control for a known
multimeric membrane protein. NFRET range is indicated by color gradations. Scale bar,
20 um. (B) Mean NFRET values were calculated for 20 cells (10 ten cells from each of
two independent experiments) for the indicateetranosfected samples. Boxes indicate
standard deviations, horizontal lines indicate means and whiskers indicate minimum and
maximum NFRET values. Statistical significance by-army ANOVA and Tukey post

test relative to the pl4 homomultimer control is indicated (***p<0.001, -nsot
significant).
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Figure 3.28: Negative controls for FRET microscopyHelLa cells cetransfected with
pl4EGFP and mCherry or EGFP and mR&bl1l constructs were fixed at 24 lapid
imaged for sensitized emission FRET along with donor and acceptor images. Right panel
shows calculated normalized FRET (NFRET) images. NFRET range is indicated by color
gradations. Scale Bar, 20 pm.
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