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ABSTRACT

Shiga toxin (STx)-producing bacteria including Shigella dysenteria and the
shigatoxigenic group of Escherichia coli (STEC) cause severe diarrhea that can
develop into life-threatening hemolytic uremic syndrome. STx invades cells by
binding to a cell surface receptor and undergoing endocytosis into early endosomes.
Instead of subsequent lysosomal degradation, it actively sorts into early endosomal
tubules by binding GPP130 (Golgi Phosphoprotein of 130KDa) a cis- Golgi resident
integral membrane protein that constitutively cycles between early endosomes and
Golgi. This directs the toxin to the Golgi where it continues its retrograde trafficking
to exert its cytotoxic effects. Interestingly, elevated, non-toxic levels of manganese
(Mn) protect cells from STx induced death via downregulation of GPP130. Mn binds
to GPP130 in the Golgi, causes GPP130 to oligomerize/aggregate and the
oligomerized protein gets diverted to lysosomes. Surprisingly, based on
experiments using the self-interacting FM domain, it appears generally true that
oligomerization of a Golgi protein can switch its trafficking itinerary leading to its
lysosomal degradation via a GGA1-clathrin dependent pathway. However, how this
sorting switch at the Golgi is mediated remains unknown. This has important
implications for our understanding of regulation of protein trafficking as well as
quality control pertaining to aggregated proteins in the Golgi. Here we provide
evidence that Mn-induced exit of GPP130 from the Golgi towards lysosomes is
mediated by the sorting receptor, sortilin. Sortilin was found to interact with

GPP130 in cells within a ~50 residue stretch of the GPP130 lumenal stem domain.



Interestingly, Mn induced turnover of another Golgi membrane protein, TMEM165
was also found to be sortilin-dependent. In contrast, FM-induced lysosomal
trafficking of GPP130 as well as the Golgi protein galactosyltransferase (GT) was
sortilin independent and occurred even in the absence of the native lumenal domain
of GT. Thus, sortilin-dependent as well as sortilin-independent sorting mechanisms

target aggregated Golgi membrane proteins for lysosomal degradation.
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CHAPTER 1

INTRODUCTION

This thesis addresses the question of how oligomeric proteins in the Golgi are
recognized and targeted for lysosomal degradation. Scenarios in which selective
protein degradation occurs include: steady state protein turnover, protein
regulation in cellular function and homeostasis, and protein quality control (Vogel
and Marcotte 2012; Goldberg 2003; Rothman 2010). Although conceptually distinct,
these scenarios can overlap in their degradation machinery. Protein quality control
can be defined as accelerated turnover of proteins with the end goal of maintaining
only proteins that are properly folded and assembled. Persistently misfolded,
transiently unfolded or inefficiently folding proteins are recognized primarily via
their exposed hydrophobic patches by the quality control machinery and targeted
for degradation (Bukau, Weissman, and Horwich 2006; Shao and Hegde 2016). This
cellular process is vital to minimize accumulation of aberrant, non-functional
proteins that can eventually disrupt protein homeostasis and cause cell death.
Inefficient quality control machinery is therefore associated with aging and various
neurodegenerative disorders (Koga, Kaushik, and Cuervo 2011; Hol and Scheper
2008). Protein quality control occurs in various cellular compartments. One of the
most well-studied quality control pathways is the endoplasmic reticulum (ER)
quality control (Vembar and Brodsky 2008; Brodsky and Skach 2011). Although, it
is a stringent process, some aberrant proteins are known to escape recognition and

become substrates of post-ER quality control. Additionally, post-ER quality control



substrates may arise if they pass the ER checkpoint and subsequently acquire
aberrant features. The evidence for post ER quality control is compelling but the
examples are few and a clear mechanistic understanding is lacking (Arvan et al.
2002; Hammond and Helenius 1995). In particular, quality control at the Golgi is an
important, yet understudied, process. Here we define Golgi quality control as a
process where the initial recognition event takes place in the Golgi presumably
marking the protein substrates somehow to cause their degradation. These
substrates must escape ER quality control but possess aberrant features that are
recognized at the Golgi. This can include misfolded proteins with exposed
hydrophobic patches, transmembrane proteins containing charged residues in their
TMDs or aggregated proteins. A lot remains to be discovered regarding the
molecular players and regulatory processes operating in Golgi quality control,
especially in mammalian cells. The degradation pathways known to operate on
substrates at the Golgi that escape ER quality control include the canonical Golgi to
lysosome pathway, autophagy, and proteasomal degradation. Additionally, ER
retrieval and subsequent ERAD (ER-associated degradation) of substrates that
escape to the Golgi has been observed. This chapter summarizes our current
knowledge on substrates that escape ER quality control and undergo degradation
initiated at the Golgi in an attempt to extract insights as to how this process
operates. We start with the predominant pathway, lysosomal degradation as a
means of Golgi quality control (1.1). We then briefly touch on autophagy (1.2) and

proteasomal degradation (1.3) that operate in a minor capacity in Golgi quality



control before concluding with the outstanding questions in the field and the

specific questions that we aimed to address (1.4).

1.1 LYSOSOMAL DEGRADATION AS A MEANS OF GOLGI QUALITY CONTROL

There are a number of examples of proteins that escape ER quality control and
reach the Golgi and are then targeted for lysosomal degradation. How these
defective proteins escape ERAD and what key molecular players at the Golgi
recognize and traffic these substrates to the lysosome remains unclear. It is possible
that the nature of the defects in these proteins plays a role in their escape from
ERAD, but this has not been established. This pathway is best studied in yeast. The
sections below, divided by the type of quality control substrate, briefly describe

examples of this pathway in both yeast and mammalian systems.

1.1.1 Integral membrane proteins

Initial hints of the existence of a Golgi quality control pathway in yeast stemmed
from studies characterizing a class of mutations in the plasma membrane ATPase
encoding gene, Pmal (Pizzirusso and Chang 2004). This multi-pass transmembrane
protein having a half-life of ~11h, functions to regulate cytoplasmic pH and drives
nutrient uptake (Chang and Fink 1995). When two residues on its cytoplasmic
segment are mutated (P434A and G789S), this temperature sensitive protein
(termed Pma1l-7) undergoes ubiquitination and consequently vacuolar degradation
with a half-life of 20min. The Rsp5-Bull-Bul2 ligase complex mediates its

ubiquitination, and in Rsp5 deficient cells, Pmal-7 is stable and cell surface
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localized. It is interesting that Pmal-7 escapes ER quality control in contrast to
some other Pmal mutants (Wang and Ng 2010). What features in Pma1l-7 allow its
detection as a potentially misfolded protein in the Golgi and how this triggers its

ubiquitination remains unclear.

Wsclp is another membrane protein that, when mutated, escapes ER quality control
and undergoes vacuolar degradation (Wang and Ng 2010). A non-essential single-
pass type I transmembrane protein, it functions in plasma membrane integrity
signaling. Wsc1p lacks N-linked glycans so it is not considered a conventional ERAD
substrate. The tested mutated versions included a single non-conservative point
mutation. Both fail to bind the ERAD chaperone Kar2p. Interestingly, their escape of
ERAD may be due to a dominant ER exit signal. Deletion of this signal causes a
Wsclp variant to become an ERAD substrate. Support for this view comes from the
misfolded ERAD substrate CPY*. CPY* with an appended ER exit signal escapes ER
quality control and undergoes vacuolar degradation. Additionally, over expression
of CPY* causes excess CPY* to traffic to the vacuole for degradation indicating that
although Golgi quality control operates for substrates not recognized by ERAD, it

can also kick in when ERAD is saturated (Spear and Ng 2003).

Another feature that may predispose membrane proteins to Golgi quality control is
the presence of mutations that introduce polar or charged residues in a
transmembrane domain (TMD). An example is the yeast syntaxin-like SNARE, Pep12

that normally functions in late endosomes. An L->D mutation within its
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transmembrane domain causes it to be targeted from the Golgi to the MVB for
vacuolar degradation but its ER exit is unperturbed. Polar residues do not present a
problem for membrane insertion as long as the remainder of the TMD is sufficiently
hydrophobic. Tullp, a Golgi-localized integral membrane ubiquitin ligase, was
shown to recognize the Pep12 mutant protein (Fulvio Reggiori and Pelham 2002).
The RING domain of Tullp binds the ubiquitin donor Ubc4 and facilitates ubiquitin
transfer onto the cytoplasmic portion of Pep12. Interestingly, Tullp also mediates
ubiquitination of CPS1 (carboxy peptidase S) and Phm5 (polyphosphate
phosphatase), two proteins with moderately polar transmembrane domains, which

naturally undergo MVB sorting.

How does Tullp recognize polar TMDs? More than 50% of single pass proteins in
the yeast proteome contain ~ 3-5 polar residues in their TMD, ~30% contain 1-2
strongly polar residues while ~ 25% contain one charged residue. The human single
pass transmembrane proteome shows a much lower fraction polar/charged
residues in their TMDs (Worch et al. 2010). This raises the question of how does
Tullp selectively recognize mutated Pep12, CPS1 or Phm5? Tullp is comprised of
seven TMDs that contain multiple polar residues. Perhaps these residues form a
polar patch that recognizes exposed polar residues in the substrate (Fulvio Reggiori
and Pelham 2002). An additional possibility might have been that Tullp recognizes
an aggregated state of its targets. This is ruled out, at least for non-mutated
substrates such as Cps1 and Phm5 because they do not appear to form oligomers

(Fulvio Reggiori and Pelham 2002; F Reggiori, Black, and Pelham 2000). Clearly,
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more work is needed. It is not even known whether Tullp substrate recognition is

direct or indirect.

There is also another pathway involving recognition of polar transmembrane
domains. The integral membrane protein Bsd2 binds the ubiquitin ligase Rsp5 and
ensures efficient ubiquitination and sorting of CPS1 and Phm5 (Hettema, Valdez-
Taubas, and Pelham 2004). The recognition of CPS1 and Phm5 depends on polar
residues in their transmembrane domains. Bsd2 is also implicated in ubiquitination
and targeting of the yeast Mn*? transporter Smflp for vacuolar degradation under
physiological levels of Mn*2. This appears Mn*2-dependent because in Mn*2 deficient
conditions, Smflp is localized at the cell surface (Liu and Culotta 1999). Thus,
studies in yeast have identified at least two transmembrane proteins, Tullp and
Bsd2, that recognize and play a role in the ubiquitination of transmembrane
proteins containing polar TMDs for lysosomal degradation (Zaliauskiene et al.

2000).

Golgi to lysosome targeting of misfolded membrane proteins has also been observed
in mammalian cells. The first studies on the cell surface localized T cell receptor
complex showed that excess free subunits or partially assembled subunits are
targeted for lysosomal degradation before they reach the surface (Minami et al.
1987). Also, insertion of two positively charged residues into the alpha helical TMD
of influenza hemagglutinin (HA**) causes a fraction of the mutated population to

undergo lysosomal degradation (Fayadat and Kopito 2003). Whether the pathway is
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direct from the Golgi is not established. Whether there is an ubiquitin ligase similar
to Tullp in this pathway is also not known. Another example is the plasma
membrane localized Aquaporin 2 water channel that, when mutated in its
cytoplasmic domain (E258K), is rerouted from the Golgi to the MVBs for
degradation (E. J. Kamsteeg et al. 1999; E.-]. Kamsteeg et al. 2008). The E258K
mutation is dominant and causes nephrogenic diabetes insipidus because it
trimerizes with the functional wildtype protein causing degradation of the whole
complex leading to a deficit in surface levels of functional monomeric wild type
protein. Another example is the corona virus E1 membrane protein for which
certain mutations cause its trafficking from the Golgi to lysosomes (Armstrong,
Patel, and Riddle 1990). A final example is the R142W mutant version of the gap
junction plasma membrane protein, Connexin32. This mutation lies within the third
transmembrane domain of Cx32 that is occupied by a basic residue in members of
the connexin family and is predicted to contribute to the gap junction channel pore.
In PC12 cells, it exits the ER and undergoes lysosomal degradation within ~ 3h.
However, other transmembrane residue mutations cause ER retention (VanSlyke,
Deschenes, and Musil 2000; Musil and Goodenough 1993). It is unknown why some
mutations cause ER retention and others lead to ER exit and lysosomal degradation.
In fact, the machinery involved in recognition of integral membrane quality control

substrates in the mammalian Golgi is entirely unknown.
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1.1.2 Soluble proteins

Golgi quality control has been observed for a variety of soluble proteins in the yeast
secretory pathway that are either poorly secreted or unstable/misfolded. A number
of these proteins are dependent on Vps10p (Vacuolar Protein Sorting) for their
vacuolar sorting. Vps10p is a type I, Golgi localized integral membrane protein that
transports soluble lysosomal hydrolases to the lysosomes by binding them via its
large, ten-bladed beta-propeller lumenal domain (Hermey 2009; Quistgaard et al.
2009). The human homologue of VpslOp, sortilin performs a similar function
(Canuel, Libin, and Morales 2009). One of the first insights into the Golgi quality
control of misfolded soluble proteins was obtained by studying fusions of lambda
repressor variants to the secreted protein invertase. Chimeras containing the
wildtype repressor are secreted to the cell surface. However, mutations that
decrease the thermodynamic stability of the repressor, cause vacuole targeting of
the chimera that is Vps10p-dependent and saturable (Hong, Davidson, and Kaiser
1996). Similarly, beta lactamase is poorly secreted in yeast because it is misfolded as
it exits the ER causing it to be directed from the Golgi to the vacuole via a Vps10p-

dependent trafficking pathway (Holkeri and Makarow 1998).

Another relevant example is quality control of the soluble protein, alpha 1
antitrypsin (AT). The misfolded variant Z (ATZ) is a classic ERAD substrate. ATZ
retrotranslocates from the ER and subsequently undergoes proteasomal
degradation. However, when overexpressed, excess ATZ exits the ER and transits

the Golgi to be sorted for vacuolar degradation via a Vps10p-dependent pathway
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(Kruse, Brodsky, and McCracken 2005; Gelling et al. 2012). Interestingly, if ATZ is
overexpressed, ATZ is now secreted indicating the pathway is saturable. Also,
Vps10p deletion increases AT wildtype protein secretion and, in mammalian cells,
overexpression of sortilin, the Vps10p mammalian homolog, decreases secretion. It
is possible that Vps10p acts on the unfolded variants of AT that can potentially exist
in dynamic equilibrium with folded AT and escape ER quality control. Given these
findings, there seems to be an important role of Vpsl0Op/sortilin as a generic

mediator of Golgi quality control.

Bovine pancreatic trypsin inhibitor is a 58 amino acid soluble protein that is
secreted when expressed in yeast. However, when mutated (Y35L), it is unstable yet
escapes ERAD and is degraded in the vacuole (Coughlan et al. 2004). Interestingly,
this degradation is independent of Vps1lOp suggesting that there are other
recognition mechanisms for exogenously expressed unstable proteins that escape

ER quality control.

At least one study also hints at the existence of Golgi quality control for misfolded
soluble proteins in mammalian cells. The lipoprotein lipase is usually secreted.
However, the mutation G142E dramatically reduces its secretion. This mutant
version exits the ER and is sorted from the Golgi to lysosomes for degradation
(Busca et al. 1996). The role of sortilin in this process remains to be explored. In

conclusion, although recognition and targeting of misfolded proteins is well
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documented, the mechanistic details governing specific substrate recognition and

the molecular players orchestrating this quality control remain to be unraveled

1.1.3 Induced Oligomers

High-order oligomeric protein assemblies are another class of substrates subject to
Golgi quality control via degradation in lysosomes. One of the first links between
oligomerization and lysosomal targeting came from the study of the transmembrane
mammalian endopeptidase, furin. Furin was found to naturally assemble into large
oligomers in the trans Golgi network (TGN) which are then targeted to lysosomes
for degradation (Wolins et al. 1997). The purpose of these large aggregates is not
known. This lysosomal targeting was mediated via the furin lumenal domain

implying that cytoplasmic ubiquitination of furin is not involved.

Another example is the clearance of a-synuclein oligomeric intermediates. Proposed
to function in synaptic transmission and neuronal plasticity, a-Synuclein is highly
expressed in the brain in two forms. One is membrane-associated and the other is
cytosolic (Perrin et al. 2000; McLean et al. 2000)., The formation of fibrillar a-
synuclein aggregates is linked to pathogenicity in neurodegenerative disorders such
as Parkinson’s disease (Kelly A. Conway, Harper, and Lansbury 1998). The
membrane-associated fraction moving through the Golgi has been shown to have a
greater propensity to aggregate and in fact, seeds aggregation of the cytosolic form
(Lee, Choi, and Lee 2002). During assembly of the pathogenic fibrillar aggregates

there are non-toxic intermediates that are targeted for lysosomal degradation (Lee
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et al. 2004). Blocking the lysosomal pathway causes a buildup of these aggregates,
which eventually became pathogenic causing cytotoxicity in neuronal cells (Kelly A.
Conway, Harper, and Lansbury 1998; K A Conway et al. 2000). Surprisingly,
pathogenic aggregates are not cleared via the lysosomal pathway. Since non-toxic
aggregates serve as intermediates to toxic aggregates one can speculate that
investigating the recognition machinery in this quality control pathway could yield

an important therapeutic avenue for neurodegenerative disorders.

Prion protein, which is normally a cell surface GPI anchored protein provides
another example. Its aberrant version forms aggregates at the plasma membrane
that cause fatal and transmissible neurodegenerative disorders (Ashok and Hegde
2009). It was found that the chemical compound Suramin induces the wildtype
protein to form non-infectious aggregates in the Golgi that are then rerouted to the
lysosome for degradation. Significantly, this process interfered with prion

propagation in cell culture and infected mice (Gilch et al. 2001).

Perhaps the most well-studied example is manganese (Mn) induced oligomerization
and lysosomal degradation of the membrane protein, GPP130. Rather than quality
control, this is more likely to be an example of protein downregulation as a part of
cellular Mn response. Nevertheless, work on this reaction led to an important
example of Golgi quality control for aggregated proteins. GPP130 is a type II, cis-
Golgi localized membrane protein with a half-life of ~18h that constitutively cycles

between the Golgi and early endosomes (Linstedt et al. 1997). Exposure to low
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doses of extracellular Mn cause rapid redistribution of GPP130 to MVBs within ~1h,
and complete degradation in ~8h (Mukhopadhyay et al. 2010). The Mn response of
GPP130 requires the activity of the Golgi localized Ca2+/Mn2+ pump SPCA1,
indicating that increased intra-Golgi Mn levels cause its lysosomal rerouting

(Mukhopadhyay and Linstedt 2011). Consistent with the role of intra-Golgi Mn, the
coiled-coil domain of GPP130 within the Golgi lumen is required for Mn
responsiveness. Subsequent studies found that the main trigger for lysosomal
targeting is Mn-induced oligomerization of GPP130. Upon an increase in intra-Golgi
Mn levels, Mn binds GPP130, causes it to oligomerize and this oligomerization
targets the protein to lysosomes for degradation (Figure 1.1) (Ritika Tewari, Jarvela,

and Linstedt 2014).
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Figure 1.1 Mn-induced trafficking of GPP130: In its native state, GPP130 is a steady-state Golgi
resident protein that constitutively cycles between the Golgi and early endosomes. Upon increase in
intra-Golgi Mn (green) levels, Mn binds to the coiled-coil domain of GPP130 (blue), causes it to
oligomerize and this oligomerization targets the protein to lysosomes for degradation
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Mn-induced trafficking from the Golgi to lysosomes is direct because it is Rab-7-
dependent and does not involve either early endosomes or the plasma membrane.
Mapping and mutational analyses identified four critical residues in the coiled-coil
domain (g8sDFLVo ) that are required for Mn binding and oligomerization (Ritika

Tewari, Jarvela, and Linstedt 2014).

Significantly, oligomerization was found to be sufficient to target several unrelated
Golgi proteins for lysosomal degradation, suggesting the presence of a quality
control pathway in the Golgi for aggregated proteins (R. Tewari, Bachert, and
Linstedt 2015). These results were obtained by appending an array of three copies
of a modified version (phenylalanine was mutated to methionine i.e. F3¢M) of the
FKBP12 domain, termed an FM domain (Rizzo et al. 2013; Rivera et al. 2000), to the
lumenal domain of type-II Golgi membrane proteins. The FM domain self-interacts
but this can be prevented by incubating cells with AP12998 (AP), a modified version
of FK506 that is a competitive inhibitor of the interaction (Rivera et al. 2000). Three
different type-II Golgi resident proteins, GPP130, mannosidase-I and beta 1,4-
galactosyltransferase appended to FM domains, redistributed to lysosomes within

30mins of aggregation and complete protein degradation occurred within ~ 4h.

Studies to unravel the molecular players involved in this pathway revealed that
lysosomal targeting of both Mn-induced GPP130 oligomers and FM-induced
oligomers is GGA1 and clathrin dependent (Figure 1.2). Further, the redistribution is

independent of an intact microtubule network showing that it does not require an
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intact Golgi ribbon because the Golgi ribbon unlinks in the absence of microtubules
(Mukhopadhyay et al. 2010). Neither Mn-induced nor FM-induced oligomers are
likely to be misfolded and, consistent with this, their aggregation did not activate the
UPR pathway (R. Tewari, Bachert, and Linstedt 2015). Also, targeting in both these
processes occurs independently of the cytoplasmic domains making ubiquitination,
as a mode of targeting, unlikely. However, it should be noted that an indirect role for
ubiquitination is still possible, wherein some other protein with an ubiquinated
cytoplasmic domain associates with the aggregates. Interestingly, Bsd2 serves a
somewhat related function in yeast where its self-ubiquitination and association
with the Mn*? transporter Smflp regulates the transporter’s levels at the Golgi (Liu

and Culotta 1999).

LE / Lysosome

ﬁ Coat Clathrin

Adapt01 GGA1
Sorting
receptor

Mn/FM

Figure 1.2 Lysosomal trafficking of GPP130 and FM-induced oligomers. Mn-induced trafficking
of GPP130 as well as lysosomal trafficking of FM-induced oligomers is GGA1-clathrin dependent. A
transmembrane sorting receptor could be mediating this process selectively for oligomeric proteins.

What is the mechanism underlying preferential redistribution of higher order
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oligomers to lysosomes as opposed to their non-oligomeric counterparts? There are
multiple possibilities, one of them being avidity. Avidity refers to the increased
overall affinity of an interaction due to multiple parallel contacts such as an
oligomer binding simultaneously to multiple binding sites on a receptor. Another
possibility is that oligomers might simply be more efficiently transported to the
lysosome compared to native molecules due to each receptor/cargo interaction
capturing more cargo when the cargo is oligomerized. Another mechanism that
might partially explain lysosomal targeting of integral membrane proteins is a
hydrophobic mismatch. A hydrophobic mismatch refers to a disparity between
membrane thickness and transmembrane domain length. Tilting of a long
transmembrane domain is a strategy to maximize hydrophobic contact in a thinner
membrane but this strategy may fail for a higher-order oligomer because it requires
significant displacement of the transmembrane domains relative to one another.
Thus, a protein that has a relatively long transmembrane domain might move to
thicker membrane domains upon oligomerization (Lin and London 2013). However,
it is unknown how this mechanism would mediate specific targeting to lysosomes
or, more specifically, how GGA1 and clathrin would recognize the thicker membrane
domains. Also, hydrophobic mismatch would not explain sorting of membrane

associated induced oligomers, such as GPI-anchored proteins.

In summary, protein substrates escape the ER quality control pathway and are
targeted from the Golgi for degradation if A) the substrate has a strong ER export

signal, B) the ER quality control pathway is saturated, C) the substrate oligomerizes
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in the Golgi environment to form large aggregates, or D) the substrate exhibits rapid
reversibility between its folded and unfolded states. Additionally, another category
might be subtle folding defects, such as those that may arise from a non-debilitating
point mutation. The predominant mechanism of lysosomal targeting appears to be
ubiquitin mediated. The ubiquitin ligases Rsp5, Bsd2 and Tullp play an important
role in targeting many misfolded and polar TMD containing substrates for lysosomal
degradation in yeast. This machinery may or may not work in conjunction with
Vps10p/sortilin, which is an important receptor for misfolded proteins that are
soluble in the lumen. Despite these insights, how the quality control machinery
selectively recognizes its mutated, misfolded and/or unnaturally oligomerized

substrates is a significant avenue for future research.

1.2 AUTOPHAGY AS A MEANS OF GOLGI QUALITY CONTROL

Autophagy is a lysosome-dependent protein and membrane degradation system
operational in eukaryotic cells (Boya, Reggiori, and Codogno 2013). Usually
considered as a non-specific bulk degradative process, it is now being recognized as
a highly selective quality control mechanism to turnover substrates that include
aggregated/misfolded proteins, damaged/excess membranes and pathogens

(Kraft, Peter, and Hofmann 2010; Alexandra Stolz, Andreas Ernst, and Ivan Dikic
2014). This helps mount an appropriate response under stress conditions in order
to maintain cellular homeostasis. However selective autophagic clearance implies
specific recognition of the cargo to be degraded and examples of this are few and far

between, especially for Golgi localized cargo.
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One example of selective autophagy of aggregated cargo at the Golgi is the
degradation of modified apolipoprotein B (apoB). ApoB is synthesized and secreted
primarily by hepatocytes and intestinal cells. Regulation of its secretion is critical
since apoB is an essential component of atherogenic lipoproteins and dysregulation
of its secretion can trigger atherosclerosis, a major health concern worldwide. As
one means of regulation, a significant amount of apoB is degraded via the ER-
associated degradation (ERAD) pathway (Fisher et al. 2001). Interestingly, in
hepatocytes, autophagy also regulates the amount of apoB that is available for
secretion. The pathway is induced by reactive oxygen species (ROS) generated by (-
3 fatty acids. In the presence of ROS, when apoB exits the ER, it undergoes oxidation
dependent aggregation. Upon leaving the Golgi, apoB converts into larger aggregates
that fail to be secreted. These aggregates undergo autophagy, which involves PI3K
signaling (Fisher et al. 2001; Pan et al. 2008). This pathway, therefore, is a late Golgi
quality control process that plays a role in secretory regulation, independent of
ERAD. Although this is an instance of selective cargo destruction, how large apoB

aggregates are recognized and targeted for degradation remains to be investigated.

Non-specific protein degradation at the Golgi also has also been shown to occur via
an alternative autophagic pathway, known as GOMED (Golgi membrane-associated
degradation), that is conserved from yeast to mammals (Nishida et al. 2009;
Yamaguchi et al. 2016). This pathway operates independently of Atg5/Atg7 but is

otherwise similar to conventional autophagy. It predominates in cells lacking the
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canonical autophagy process but can also operate in wildtype cells to play a
subsidiary function. The membranes of autophagic structures formed via this
process are primarily Golgi derived. In mammals, molecular players that orchestrate
alternative autophagy include Unc-51 like kinase (Ulk1), Beclinl and Rab9, while
Atg9, Atg5, Atg7, and LC3 are not required (Shimizu, Arakawa, and Nishida 2010). In
yeast, factors that disrupt anterograde trafficking such as reduced Golgi PI4P levels,
arfaptin 1 silencing or GGA1/GGA2 knockout are sufficient to trigger this process
(Yamaguchi et al. 2016). Overall, alternative autophagy is a non-specific but highly
regulated quality control mechanism that can function to degrade unused or

undelivered proteins that accumulate at the Golgi apparatus.

In general, recognition for engulfment into autophagosomes can be primarily
attributed to ubiquitination, regardless of whether the cargo is secretory cargo in
vesicles or cytoplasmic proteins or organelles (Fulvio Reggiori et al. 2012).
Autophagic adaptors such as p62, NBR1, OPTN and NDP53 link the cargo of interest
to the autophagosome by simultaneously binding the autophagosomal membrane
protein LC3 on one end and the ubiquitinated cargo on the other end (Kraft, Peter,
and Hofmann 2010; Alexandra Stolz, Andreas Ernst, and Ivan Dikic 2014). In the
case of ubiquitinated Golgi proteins, however, they can also be recognized and
degraded via the ubiquitin-proteasome system (UPS) or the MVB dependent
lysosomal pathway. The control of this interplay between multiple quality control

pathways at the Golgi remains to be discerned.
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1.3 PROTEASOMAL DEGRADATION AS A MEANS OF GOLGI QUALITY CONTROL

Although not common, proteasomal degradation is another route of Golgi protein
quality control. An example is apoB-100, which is an isoform of apoB synthesized
exclusively in liver cells. The amount of apoB-100 secretion is tightly regulated in
liver cells primarily via control over the amount degraded before secretion. ApoB-
100 exists in a transmembrane form as well as a soluble form in HepG2 cells
(Shelness, Morris-Rogers, and Ingram 1994; Shelness et al. 1999). The
transmembrane form exits the ER and is transported to the Golgi where it
undergoes ubiquitin-independent proteasomal degradation (Liao et al. 2003;
Shelness et al. 1999). The soluble form, however, is subject to ER quality control
and undergoes ubiquitin-dependent proteasomal degradation. Why different quality
control mechanisms are at work to regulate these two versions of apoB-100 is
unclear. Proteasomal degradation at the Golgi also operates in yeast. Yeast strains
deficient in key ERAD components are still competent to efficiently degrade the
ERAD substrate CPY*, a misfolded form of CPY. The degradation is mediated via an
ubiquitin-dependent proteasome pathway but it requires CPY* trafficking to the
Golgi (Haynes, Caldwell, and Cooper 2002). This pathway requires a functional
Unfolded Protein Response (UPR) possibly to handle increased levels of misfolded
ERAD substrates, while the ERAD pathway itself is sufficient under lower substrate
loads. Interestingly, the pathway involves the cytoplasmic ubiquitin ligase Rsp5p
but how CPY*, which is lumenal, gains access to Rsp5p remains to be determined. In

summary, proteasomal degradation of proteins that have reached the Golgi takes
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place via both ubiquitin-dependent and independent mechanisms, but how they are

specifically recognized remains unknown.

1.4 CONCLUSION

In summary, we have little understanding of how Golgi quality control operates on a
mechanistic level. This leaves many important questions to be addressed. How are
the substrates selectively recognized? How are they sorted into appropriate TGN-
exit domains? What regulatory controls exist governing the process? The work
present in this thesis focuses on addressing these questions in the context of higher-
order oligomeric protein substrates. Mn-induced oligomerization of the Golgi
protein GPP130 provides us with a unique, controlled and well studied system to
understand how higher-order oligomers can be recognized and sorted at the TGN.
GPP130 is the endosome-to-Golgi host cell trafficking receptor for Shiga toxin.
Therefore, this study is relevant not only to Golgi quality control but also towards
understanding how a GPP130-directed therapy might protect cells against Shiga
toxin induced death. GPP130 binds Mn at the Golgi and undergoes oligomerization-
dependent lysosomal sorting. As mentioned, this sorting is GGA1 and clathrin
dependent. But, how are GPP130 oligomers selectively recognized and partitioned
into membrane domains coated with GGA1 and clathrin? Is there a membrane
sorting receptor that binds GPP130 to alter its sorting? If there is a GPP130
receptor, does it also sort other Mn-sensitive proteins at the Golgi? Indeed, might it
be even more general and also mediate sorting of the aforementioned FM-induced

Golgi oligomers? These questions are experimentally addressed in Chapter 2.
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Briefly, the results reveal that the sorting receptor sortilin binds GPP130 and is
required for its Mn-induced trafficking as well as that of another Mn-sensitive Golgi
protein. However, sortilin is not required for FM-induced lysosomal targeting. Thus,
Golgi quality control can be mediated by both sortilin-dependent and sortilin-
independent mechanisms to target aggregated Golgi proteins for lysosomal

degradation.
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CHAPTER 2

MANGANESE-INDUCED TRAFFICKING AND
TURNOVER OF GPP130 IS MEDIATED BY
SORTILIN

2.1 ABSTRACT

Elevated, non-toxic doses of manganese (Mn) protect against Shiga toxin-1 induced
cell death via down regulation of GPP130, a cycling Golgi membrane protein that
serves as an endosome-to-Golgi trafficking receptor for the toxin. Mn binds to
GPP130 in the Golgi, causes GPP130 to oligomerize/aggregate and the complexes
are diverted to lysosomes. In fact, based on experiments using the self-interacting
FM domain, it appears generally true that aggregation of a Golgi protein leads to its
lysosomal degradation. How such oligomers are selectively sorted out of the Golgi is
unknown. Here we provide evidence that Mn-induced exit of GPP130 from the trans
Golgi network (TGN) towards lysosomes is mediated by the sorting receptor sortilin
interacting with the lumenal stem domain of GPP130. In contrast, FM-induced
lysosomal trafficking of the Golgi protein galactosyltransferase was sortilin
independent and occurred even in the absence of its native lumenal domain. Thus,
sortilin-dependent as well as sortilin-independent sorting mechanisms target

aggregated Golgi membrane proteins for lysosomal degradation.
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2.2 INTRODUCTION

Over a million deaths occur annually due to Shiga toxin (STx)-producing bacteria,
which include Shigella dysenteriae and the Shiga toxigenic group of Escherichia coli
(Beddoe et al.,, 2010). Shiga toxins invade cells by binding to a cell surface glycolipid
followed by endocytosis to early endosomes (Mallard and Johannes, 2003). There,
they evade lysosomal degradation by actively sorting into membrane tubules
destined for the Golgi complex, a key step in their retrograde trafficking to exert
cytotoxicity (Johannes and Wunder, 2011; Mukhopadhyay and Linstedt, 2013).
Significantly, for two toxin types, STx and STx1, this sorting is blocked in cells that
have had prior exposure to elevated extracellular manganese (Mn). Indeed, non-
toxic doses of Mn protect cultured cells and mice from STx1-induced death

(Mukhopadhyay and Linstedt, 2012).

Mn-sensitivity of STx/STx1 arises because Mn downregulates GPP130, which serves
as a host-cell trafficking receptor for these toxins (Mukhopadhyay and Linstedt,
2012). GPP130 is a cis-Golgi localized integral membrane protein that constitutively
cycles between early endosomes and the Golgi (Linstedt et al., 1997). A surface loop
present in the STx/STx1 pentameric B subunit binds at or near a seven-residue
stretch in the coiled-coil lumenal stem domain of GPP130 allowing the toxin to
“piggyback” its way to the Golgi (Mukhopadhyay et al., 2013). In the absence of
GPP130, the toxins are degraded because instead of gaining access to Golgi-directed

membrane tubules, they remain in the central cavity of endosomes, which then

30



mature into multivesicular bodies (MVBs) and lysosomes (Mukhopadhyay and

Linstedt, 2012).

GPP130 downregulation by Mn may relate to homeostatic control of cellular Mn.
While Mn is essential, high cytoplasmic levels are toxic (Missiaen et al, 2004;
Olanow, 2004; Bouchard et al, 2007). The Mn transporter SPCA1 is Golgi-localized
and required for GPP130 downregulation (Mukhopadhyay and Linstedt, 2011). Loss
of SPCA1 sensitizes cells to Mn exposure and a hyperactive mutation of SPCA1
protects against toxic Mn levels (Culotta et al, 2005; Leitch et al, 2010;
Mukhopadhyay and Linstedt, 2011). It is thought that active transport of Mn by
SPCA1 reduces cytoplasmic Mn concentrations allowing Mn to be expelled by

exocytosis.

The mechanism of Mn-induced GPP130 downregulation is beginning to emerge.
Upon Mn treatment, GPP130 leaves its Golgi-endosome recycling route and instead
is diverted from the TGN to MVBs and then to lysosomes, where it is degraded
(Mukhopadhyay et al,, 2010). Redistribution is via the canonical TGN-to-lysosome
pathway as it requires the clathrin vesicle coat complex and its y-adaptin
homologous ARF-interacting protein 1 (GGA1) adaptor (Tewari et al, 2015). The
trafficking depends on the late endosome GTPase Rab7 but not its early endosome
counterpart Rab5 (Mukhopadhyay et al, 2010). The trigger appears to be Mn-
induced clustering of GPP130 dimers into higher order oligomers. Mn directly binds

the GPP130 lumenal stem domain and the binding causes reversible formation of
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higher-order oligomers (Tewari et al., 2014). Clustering occurs in the Golgi and,
critically, Mn-induced oligomerization is both required and sufficient for GPP130

redistribution to lysosomes (Tewari et al., 2014).

Rather than being unique to GPP130, oligomerization may be a general trigger of
Golgi protein exit and lysosomal degradation, possibly used for Golgi quality control
(Tewari et al, 2015). That the region of GPP130 that binds Mn and oligomerizes
contains a transferable activity suggests that other Golgi proteins contain the
potential for this trafficking behavior if forced to form higher order oligomers
(Tewari et al, 2014). Indeed, the placement of an array of self-interacting FM
domains on the lumenal domain of a number of Golgi proteins causes their
oligomerization-induced degradation in lysosomes (Tewari et al, 2015). Similar to
Mn-induced GPP130 redistribution, FM-induced Golgi protein redistribution is
clathrin and GGA1 dependent (Tewari et al.,, 2015). Also, another Mn-sensitive Golgi
protein was recently identified. Although the role of oligomerization was not tested,
TMEM165 moves to lysosomes in Mn-treated cells in a fashion analogous to GPP130
(Potelle et al, 2017). Additionally, the TGN-localized protease furin forms
aggregates correlating with its exit from the Golgi and degradation in lysosomes

(Wolins et al.,, 1997).

This apparent generality raises a significant question. If formation of higher-order
oligomers is sufficient to alter trafficking of unrelated Golgi proteins, how are they

selectively recognized and partitioned into membrane domains coated with GGA1
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and clathrin? GPP130 redistribution occurs in the absence of its cytoplasmic domain
suggesting participation of a membrane spanning sorting receptor. Here, we tested
the role of sortilin because it is a known TGN-to-lysosome sorting receptor with a
lumenal domain capable of binding diverse cargo and a cytoplasmic domain that
engages GGA1 and clathrin (Lefrancois et al., 2003; Canuel et al., 2008; Canuel et al.,
2009; Campbell et al., 2016). We provide evidence that sortilin binds GPP130 and is
required for its Mn-induced trafficking. Mn-induced redistribution of TMEM165 was
also sortilin dependent. Intriguingly, however, sortilin was not required for FM-
induced lysosomal targeting and this occurred even when lumenal sequences were
deleted. Thus, there are both sortilin-dependent and sortilin-independent

mechanisms to target aggregated Golgi proteins for lysosomal degradation.

2.3 RESULTS

Sortilin is required for Mn induced redistribution of GPP130 to lysosomes

We focused on sortilin because it mediates TGN sorting towards lysosomes for a
diverse set of cargo using the clathrin coat complex and the GGA1 adaptor. HeLa
cells were transfected with 20 nM sortilin siRNA and assessed for knockdown 48 h
post transfection by immunoblotting (Figure 2.1A). Sortilin levels dropped to ~20%
of the controls at 48 h post transfection. This time point was used for subsequent

experiments.

By immunofluorescence microscopy, the steady-state localization of GPP130 and the

Golgi marker giantin were unaffected by the knockdown treatment (Figure 2.1B,
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Figure 2.1 Normal GPP130 Golgi localization and redistribution to endosomes in sortilin
knockdown cells. (A) To assess knockdown, HeLa cells were untreated or sortilin siRNA-transfected
and lysed after 48 h followed by immunoblotting with anti-sortilin and anti-tubulin antibodies.
Quantification shows average values normalized to control cells (+SEM, n=3). (B) Control and sortilin
siRNA transfected cells were left untreated (upper rows) or treated with 10pM monensin for 1h
(lower rows) and stained with anti-giantin (green) or anti-GPP130 (red) antibodies. Merged and
thresholded (GPP130 only) images are shown to better visualize the extent of redistribution of
GPP130 into endosomal punctae. Bar=5pum. (C) Quantified appearance of GPP130 in peripheral
punctae of cells that were either control or sortilin siRNA-transfected before or after monensin
(Mon) treatment (mean+SEM, n=3, >15 cells per experiment).

untreated). To ensure that sortilin knockdown did not disrupt the Golgi exit of
GPP130 along its normal cycling path to endosomes, we treated the cells with
monensin, which is a proton ionophore that neutralizes acidic compartments
(Tartakoff, 1983). Monensin has no effect on TGN exit of GPP130 but it blocks its
retrieval thereby trapping the protein in early endosomes (Bachert et al., 2001; Puri
et al, 2002). In our experiment, a 1 h monensin treatment trapped a fraction of

GPP130 in punctae and this was equally evident for the sortilin knockdown cells
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(Figure 2.1B, monensin). As expected, giantin in both control and knockdown cells
remained Golgi localized. Thresholded images of the GPP130 channel are also
shown to better visualize the punctae. Quantification of the GPP130 appearance in
punctae for independent trials confirmed the lack of effect of sortilin knockdown
(Figure 2.1C). Thus, TGN exit of GPP130 under the conditions of the monensin

treatment was unaffected by sortilin knockdown.

Next, control and sortilin knockdown cells were subjected to Mn treatment. As
expected, after 1 or 2 h exposures to 500 uM MnCl, control cells showed a fraction
of GPP130 redistributed to punctate structures (Figure 2.2A, Ctrl) previously
identified as pre-lysosomes or lysosomes based on colocalization with Rab7-GFP
among other measures (Mukhopadhyay et al, 2010; Tewari et al, 2015).
Colocalization with Rab7-GFP was also confirmed for the present experiments
(Figure 2.3). In striking contrast, sortilin knockdown cells showed little if any
GPP130 redistribution (Figure 2.2A, siSort). Note that giantin staining was
unperturbed under these conditions and that the GPP130 channel is again shown
after thresholding to better detect faint punctae. Immunoblotting of independent
trials confirmed knockdown while quantification of the peripheral punctae clearly

supported a strong inhibitory effect of sortilin knockdown (Figure 2.2B).
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Figure 2.2 Knockdown and rescue of sortilin dependent, Mn induced GPP130 redistribution to
lysosomes (A) Control and sortilin knockdown cells were subjected to a 0, 1 or 2 h Mn treatment
(500uM) and fixed and stained using anti-GPP130 (red) and anti-giantin (green) antibodies. Merged
and thresholded (GPP130 only) images are also shown for visualization of GPP130 punctae.
Bar=5pum. (B) Quantification shows the number of GPP130 punctae at each time point of Mn
treatment (n=3+SEM, >15 cells per experiment, *p<0.0006). (C) To assess rescue, control and sortilin
knockdown cells were transfected with a siRNA immune version of the sortilin-myc plasmid or an
empty vector. The cells were treated 24 h post plasmid transfection with 2 h of Mn treatment and
then were stained using anti-GPP130 (red) and anti-myc (green) antibodies. Bar=5um. (D) The
average number of punctae after the 2 h Mn treatment is quantified for control and knockdown cells
(+SEM, n=3, >10 cells per experiment, *p<0.002).
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GPP130 Rab7-GFP Merge

Mn (2h)

Figure 2.3 Colocalization of GPP130 punctae with Rab7-GFP. Cells were transiently transfected to
express Rab7-GFP and after 48 h they were subjected to a 2h Mn exposure followed by staining with
anti-GPP130 antibodies (red) and visualization of GFP fluorescence (green). Arrowheads indicate
colocalization in punctae. Bar=5um.

Rescue with a siRNA immune version of sortilin was used to control against off-
target effects. Expression of the myc epitope tagged rescue construct, sortilin-myec,
in control cells had no effect on Mn-induced GPP130 redistribution because the
redistribution occurred equally in cells transfected with either an empty vector or
the same vector containing sortilin-myc (Figure 2.2C, Ctrl). In contrast, the sortilin-
myc construct rescued in that sortilin knockdown blocked redistribution in cells
transfected with the empty vector, but the redistribution was restored in cells
expressing sortilin-myc (Figure 2.2C, Sort siRNA). Rescue (210 punctae/cell) was
observed in 93+7% of cells expressing sortilin-myc (identified by anti-myc staining
of the Golgi) compared to a background of 6+3% for all of the control transfected
cells. Quantification of GPP130 punctae for independent trials also confirmed the
rescue (Figure 2.2D) showing that the block of the Mn-induced GPP130

redistribution was a specific effect of sortilin absence.
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Previous studies have shown that it takes 4 to 8 h of Mn treatment to cause
complete redistribution of GPP130 from the Golgi and its loss of staining due to
degradation in lysosomes (Mukhopadhyay et al, 2010). Therefore, we extended the
Mn treatment in control and sortilin knockdown cells. As expected, control cells
showed a significant loss at 4 h and a nearly complete loss at 8 h (Figure 2.4A, Ctrl).
In contrast, the knockdown cells showed a markedly attenuated response (Figure
2.4A, Sort siRNA). Quantification revealed that the 25% remaining at 4 h was
increased to 75% and that the 5% remaining at 8 h was increased to 45% (Figure
2.4B). Giantin levels remained stable. That this was a reduction and not a block is
typical for membrane trafficking in which cargo gain access to alternate routes or
may simply be due to incomplete knockdown. Thus, overall, Mn-induced
redistribution and degradation of GPP130 in lysosomes is strongly sortilin
dependent. Interestingly, whereas Mn treatment resulted in progressive loss of
GPP130 over time, sortilin remained stable (Figure 2.5A-B). Thus, if sortilin binds
and sorts GPP130 during TGN exit, it is likely that the complex subsequently

dissociates so that sortilin can recycle.

Sortilin binds GPP130

To test whether sortilin interacts with GPP130 we used co-immunoprecipitation
from cell lysates generated using RIPA lysis buffer, which is non-denaturing but
stringent (Seddon et al, 2004). HeLa cells were transfected with GPP130-GFP and
the sortilin-myc plasmid. Both transfected constructs were primarily Golgi localized.

Immunoprecipitation with anti-myc antibodies yielded a clear recovery of GPP130-
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Figure 2.4 Sortilin knockdown attenuates Mn-induced GPP130 degradation. (A) Control and
sortilin knockdown cells were subjected to Mn treatment (500uM) for 0, 4 and 8 h and then stained
for GPP130 (red) and giantin (green). Note attenuated decrease of Golgi GPP130 after sortilin
knockdown. Bar=5um. (B) Average fluorescence of Golgi localized GPP130 was quantified at each
time point of Mn treatment (+SEM, n=3, >15 cells per experiment, *p<0.004).
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Figure 2.5 Sortilin levels remain stable in Mn treated cells. (A) Cells were subjected to Mn
treatment (500uM) for 0, 4 and 8 h and then immunoblotted to detect sortilin, GPP130 and the
loading control GAPDH. (B) Average levels of sortilin and GPP130 were determined after
normalization to GAPDH (mean*SEM, n=3, *p<0.004).

GFP from both untreated and Mn treated cells (Figure 2.6A). In contrast, there was
no recovery of GPP130-GFP from cells transfected with the control empty myc
vector or in cells not expressing GPP130-GFP. As a further evidence of specificity,
co-transfection of sortilin with the GPP130-related Golgi protein GP73 (Kladney et
al, 2000) yielded little GP73-GFP recovery with sortilin-myc under the identical
conditions (Figure 2.6C, lane 1). There was also little or no interaction detected for
endogenous GPP130 presumably because of its low level relative to transfected
GPP130-GFP. The interaction is likely direct because, for it to be indirect, the

endogenous level of the hypothetical linking component would have to be
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unexpectedly high relative to endogenous GPP130. It was interesting that sortilin
bound GPP130 in untreated cells and that there was no enhancement for Mn treated
cells. This was also the case when 1mM Mn was added to the lysis buffer in an
attempt to preserve oligomerized GPP130 complexes. We interpreted this to mean
that GPP130 can form complexes with sortilin even when not oligomerized by Mn
but how Mn enhances sortilin-dependent trafficking remains unclear (see

Discussion).

To validate the interaction we attempted the reciprocal co-immunoprecipitation.
Lysates from cells that were not Mn treated were subjected to immunoprecipitation
using anti-GPP130 antibodies and anti-myc immunoblotting was used to test for
association of sortilin-myc. As shown, there was clear recovery of sortilin-myc only
if both GFP-GPP130 and sortilin-myc were present (Figure 2.6B). Together, the anti-
myc and anti-GFP co-precipitation experiments provide strong evidence that the
sorting receptor sortilin and its putative cargo GPP130 form reasonably stable

complexes when co-expressed, even in the absence of Mn treatment.

Next, we attempted to identify a sequence stretch responsible for the interaction.
Our focus was on the GPP130 lumenal stem domain because it mediates Mn-induced
trafficking of GPP130 (Mukhopadhyay et al, 2010). To investigate whether the
lumenal stem domain of GPP130 (residues 36-247) contains a sortilin binding site,
we used a previously generated construct in which the lumenal domain is appended

to GP73 (Bachert et al, 2007; Mukhopadhyay et al, 2010). GP73 itself does not
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undergo Mn-induced redistribution to lysosomes but this behavior is conferred by
the addition of the GPP130 stem domain (Mukhopadhyay et al, 2010). Significantly,
while GP73 itself yielded only weak recovery, co-expression of GP73-GPP13036-247-
GFP with sortilin-myc yielded a strong interaction as indicated by

immunoprecipitation with anti-myc antibodies (Figure 2.6C). To refine the
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Figure 2.6 GPP130 co-precipitates with sortilin. (A) HeLa cells were transfected with GPP130-
GFP, sortilin-myc, or an empty myc plasmid as indicated and then left untreated or Mn-treated (2h)
before lysis and immunoprecipitation using anti-myc antibodies. The immunoblot shown was
obtained using anti-GPP130 and anti-myc antibodies and is representative of 3 trials. Where shown,
the 5% total is directly comparable to its corresponding bound fraction, which analyzed in its
entirety. The exposures were identical. (B) The reciprocal experiment was identical except that anti-
GPP130 was used for the co-immunoprecipitation (n=3). (C) Cells were transfected with sortilin-myc
and GP73, GP73-GPP13036.247, or GP73-GPP13036.175 and immunoprecipitation was carried out using
anti-myc followed by immunoblotting with anti-GFP or anti-myc (n=2). (D) Cells were transfected
with sortilin-myc or GP73-GPP1303¢.g7 as indicated immunoprecipitation was with anti-myc

interacting domain, we carried out the same experiment for two additional chimeric
constructs, GP73-GPP13036.175-GFP and GP73-GPP13036-87. Each construct was
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recovered in the presence of sortilin-myc indicating that the sortilin-binding site in
GPP130 likely resides in residues 36-87 (Figure 2.6C-D). Interestingly, while GP73-
GPP13036-175-GFP retains sensitivity to Mn, GP73-GPP13036.37 is not responsive
(Mukhopadhyay et al., 2010) presumably because this construct lacks the residues
88-91 implicated in Mn binding (Tewari et al., 2014). That the sortilin-binding site
in GPP130 remains binding competent when separated from the putative Mn-
binding site supports the conclusion that sortilin binds GPP130 even in the absence

of Mn-induced oligomerization of GPP130.

Mn-induced redistribution of TMEM165 is sortilin dependent

TMEM165 is a conserved, multi-pass H*/Ca?* exchanger in the Golgi (Demaegd et al,,
2013; Colinet et al, 2016; Potelle et al, 2016). Similar to GPP130, elevated Mn
causes TMEM165 to redistribute to lysosomes where it is degraded (Potelle et al,
2017). Therefore, we asked whether TMEM165 redistribution also depends on
sortilin. TMEM165 was Golgi localized in untreated cells and then partially
redistributed to peripheral punctae after a 2Zh Mn exposure (Figure 2.7A, Ctrl). The
kinetics and pattern of the redistribution were similar to GPP130. Whereas sortilin
knockdown itself had no effect on TMEM165 targeting to the Golgi, it profoundly
blocked TMEM165 appearance in punctae after Mn treatment (Figure 2.7A, siSort).
The dependence of TMEM165 redistribution on sortilin was confirmed by
quantification of both TMEM165 appearance in punctae (Figure 2.7B) and

TMEM165 loss from the Golgi (Figure 2.7C).
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Figure 2.7 TMEM165 redistribution depends on sortilin. (A) Control and sortilin knockdown cells
were subjected to a 0 or 2 h Mn treatment (500puM) and fixed and stained using anti-TMEM165
(green) and anti-giantin (red) antibodies. Merged and thresholded (TMEM165 only) images are also
shown. Bar=5pm. (B) Quantification shows the average number of TMEM165 punctae at each time
point (+SEM, n=3, >15 cells per experiment, *p<0.0003). (C) Control and sortilin knockdown cells
were subjected to Mn treatment (500uM) for 0, 2, 4 and 8 h and then stained for TMEM165 and
giantin. Average fluorescence of Golgi localized TMEM165 was quantified (+SEM, n=3, >15 cells per
experiment, *p<0.003).

Sortilin is not required for redistribution of an FM-induced oligomer

Previous work showed that induced oligomerization of several different Golgi

resident proteins causes their lysosomal degradation in a manner similar to Mn-

44



induced GPP130 degradation (Tewari et al., 2015). These results were obtained by
appending an array of three copies of a modified version of the FKBP12 domain,
termed an FM domain, to the lumenal domain of the type 2 Golgi membrane
proteins (Rizzo et al., 2013). The FM domain self-interacts but this can be prevented
by incubating cells with AP12998 (AP), a modified version of FK506 that is a
competitive inhibitor of the interaction (Rivera et al., 2000). Thus AP washout leads
to oligomerization and then redistribution from the Golgi to lysosomes. We used an
FM-tagged construct based on the Golgi enzyme beta 1, 4 galactosyltransferase (GT),
to test if its redistribution depended on sortilin (Tewari et al., 2015). Control and
sortilin knockdown cells were transfected with GT-FM-GFP and cultured in the
presence of AP. The construct was Golgi localized and the sortilin knockdown was
confirmed by immunoblot. After 24 h, the AP was removed and redistribution of the
construct was assayed over time. Redistribution was clearly evident at the 1 and 2 h
time points in the control cells and equally evident in the sortilin knockdown cells
(Figure 2.8A). As expected the Golgi marker giantin remained Golgi localized.
Thresholded images of the GT-FM-GFP channel substantiated its presence in
peripheral punctae. Quantification of such images for independent trials further
validated the lack of effect of sortilin knockdown on redistribution of GT-FM-GFP
(Figure 2.8B). We also tested a version of GPP130 containing FM domains that was

previously shown to redistribute upon AP washout (Tewari et al,, 2014). In both
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Figure 2.8 FM-induced oligomers redistribute to lysosomes independent of sortilin. (A) Control
and sortilin knockdown cells were transfected with GT-FM-GFP and, after 24 h, were subjected to AP
washout for 0, 1 or 2 h before staining with anti-giantin antibodies (red) and visualization of GFP
fluorescence (green). Merged and thresholded (GFP only) images are also shown. Bar=5um. (B)
Quantification shows the number of GT-FM-GFP punctae at each time point (mean+SEM, n=3, >12
cells per experiment, p=0.1).

control and sortilin-knockdown cells, the construct robustly redistributed to
punctae after AP washout (Figure 2.9) showing that a GPP130 construct can
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redistribute independent of sortilin if oligomerized by FM domains. Unfortunately,
insolubility of the FM constructs in lysis buffers that preserve the GPP130/sortilin
interaction prevented us from testing their ability to bind sortilin. Nevertheless,
these findings suggest the presence of a predominant, sortilin-independent
mechanism for degradation of Golgi proteins after forced oligomerization by

appended FM domains.

Given the sortilin independence and the lack of any obvious sequence similarity
among the Golgi proteins that undergo FM-induced degradation (Tewari et al,
2015) we wondered whether the mechanism might be independent of any sequence
requirement, at least for the lumenal domains of the Golgi proteins. As a test, we
removed all remaining GT lumenal sequence from GT-FM-GFP to yield GTaum-FM-
GFP. With its cytoplasmic and transmembrane domain left intact to mediate its Golgi
targeting, and in the continued presence of AP to prevent its oligomerization, the
construct was Golgi localized (Figure 2.10A, Oh). However, upon AP washout, it
redistributed to lysosomes in a manner indistinguishable from GT-FM-GFP (Figure
2.10A, 1-2h). The result was confirmed by quantifying the punctae present for
independent trials (Figure 2.10B). Thus, while Mn-induced GPP130 oligomerization
and FM-induced Golgi protein oligomerization are similar in certain respects, the
former requires a lumenal sequence stretch and binding to sortilin while the latter

requires neither.
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Figure 2.9 GPP130-FM redistributes to lysosomes independent of sortilin. (A) Control and
sortilin knockdown cells were transfected with GPP130-FM-GFP and, after 24 h, were subjected to
AP washout for 0, 1 or 2 h before staining with anti-giantin antibodies (red) and visualization of GFP
fluorescence (green). Merged and thresholded (GFP only) images are also shown. Bar=5um. (B)
Quantification shows the number of GPP130-FM-GFP punctae at each time point (mean+SEM, n=3,
>10 cells per experiment, n.s.=p>0.8).

48



Threshold
A Giantin GFP Merge (GFP)

AP w/o Oh
GT

Alum

AP w/o 1h

AP w/o 2h

——GT-FM-GFP

GFP punctae/cell
B
o

=~ GTAlum-FM-GFP

1
AP washout (h)

Figure 2.10 Lysosomal redistribution of GTaum-FM-GFP. (A) Cells were transfected with either
GT-FM-GFP or GTAlum-FM-GFP (all GT lumenal sequence removed) and subjected to an AP washout
for 0, 1 or 2 h prior to staining for giantin and visualization of GFP. Merged and thresholded (GFP
only) images are also shown. (B) Quantification shows the number of GFP punctae for the constructs
at each time point (mean+SEM, n=3, >12 cells per experiment, p=0.3).
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2.4 DISCUSSION

This study identifies the trafficking receptor sortilin as a key mediator of Mn-
induced lysosomal transport and turnover of GPP130. Sortilin knockdown
selectively blocked Mn-induced GPP130 trafficking and this was confirmed by
rescue. Sortilin bound GPP130 and the interaction involved a segment of the
GPP130 lumenal domain that is required for GPP130 sensitivity to Mn. Because
sortilin bound GPP130 even in untreated cells we speculate that the interaction is
normally occurring to mediate turnover of GPP130 and that Mn enhances sorting
into this pathway. Interestingly, whereas lysosomal redistribution of TMEM165 was
also sortilin dependent, the redistribution FM-induced oligomers of either GPP130
or GT did not depend on sortilin and even occurred without any of the GT lumenal

sequence.

At the outset we entertained several ideas for how Mn-induced oligomerization
might switch GPP130 sorting away from its normal retrieval and early endosome
pathways and into the lysosomal pathway. One was hydrophobic mismatch,
referring to a disparity between membrane thickness and transmembrane domain
length (Destainville et al., 2016). Tilting of a long transmembrane is a strategy to
maximize hydrophobic contact in a thinner membrane but this strategy may fail for
a higher-order oligomer because it requires significant displacement of the
transmembrane domains relative to one another. Thus, to minimize hydrophobic
mismatch of its transmembrane domain, GPP130 might segregate into thicker

membrane domains upon oligomerization. The GPP130 transmembrane domain
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comprises 22 residues, which is relatively long for a Golgi protein. Another idea was
avidity in which the overall affinity of an interaction is increased due to multiple
parallel contacts. To achieve avidity-based sorting, a GPP130 oligomer could
conceivably engage multiple sites on a putative multivalent receptor. The
involvement of sortilin favors the avidity model, especially because sortilin has a
ten-bladed beta-propeller lumenal domain suggestive of multivalency (Quistgaard et
al, 2009). However, this model predicts increased recovery of GPP130 with sortilin

in Mn treated cells, which was not observed (Figure 2.6A).

Currently, we favor the idea that the switch from normal cycling to degradation is
the result of accelerated access to a normal, sortilin-mediated, turnover pathway.
This might be attributed to two effects of oligomerization: steric exclusion from the
other pathways and greater efficiency of the sortilin pathway due to the increased
GPP130 in each sorting complex. Exclusion of large proteins or protein complexes
from small vesicles, such as Golgi retrieval vesicles, has been observed (Rivera et al,,
2000; Rizzo et al, 2013). In a similar manner, oligomerized GPP130 may be
excluded from the Golgi retrieval and endosomal recycling pathways. Clearly, it is
not excluded from the lysosomal pathway implying that this clathrin/GGA1-
mediated pathway has the flexibility to accommodate large complexes. Anterograde
transport of large cargo, including collagen, is well documented and takes place
using alternative mechanisms and/or unexpected geometric flexibility in vesicle
coat complexes (Malhotra and Erlmann, 2015; Saito and Katada, 2015; Gorur et al.,

2017). At the same time, if access of GPP130 to the canonical lysosomal pathway is
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governed by binding to sortilin and sortilin is limiting (as might well be expected)
then oligomers will be more efficiently sorted than dimers. That is, each sortilin-
GPP130 interaction would capture many more GPP130 molecules when GPP130 is
oligomerized. The size range of the GPP130 oligomers is not known so the
stoichiometry cannot be estimated. Also, these stoichiometrically unbalanced
sortilin-GPP130 complexes likely disassemble upon cell lysis leaving each sortilin
bound only to the GPP130 dimer it directly contacted because the Mn-dependent
contacts between GPP130 dimers are rapidly reversible upon chelation or dilution
of Mn (Tewari et al, 2014). This would explain the equal recovery of GPP130 by
sortilin immunoprecipitation from untreated and Mn-treated cells (Figure 2.6A),
although it is confounding that such dissociation, if present, was not counteracted by
supplementing the lysis buffer with Mn. In any case, the binding of GPP130 to
sortilin in untreated cells can be explained as mediating normal turnover of GPP130,
which exhibits a half-life of roughly 18 h (Linstedt et al, 1997). While constitutive, it
would normally account for only a small fraction of GPP130 due to competition from
the retrieval and recycling pathways. Then, upon oligomerization by Golgi Mn, the
GPP130 clusters would bind sortilin with higher stoichiometry while

simultaneously failing to enter the other routes because of steric exclusion.

Because FM-induced oligomers are sortilin independent and require neither
cytosolic (Tewari et al, 2015) nor lumenal sequence, their sorting mechanism might
be quite novel. If it requires some shared aspect of the transmembrane domains it

could be receptor-mediated or perhaps involve hydrophobic mismatch. While
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hydrophobic mismatch could explain segregation of the oligomerized clusters in the
membrane it would still require an explanation for how clathrin and GGA1l
recognize this patch. Candidate receptors might include sortilin-related receptor
proteins SorLA and SorCS or either of the mannose-6-phosphate receptors but each
of these is known for binding lumenal cargo not transmembrane domains (Ghosh et
al, 2003; Willnow et al., 2008; Braulke and Bonifacino, 2009; Hermey, 2009). Also,
hydrophobic mismatch should depend on transmembrane domain length and
shortening the transmembrane domain of an FM-containing construct by deleting
five residues did not prevent lysosomal redistribution (our unpublished
observations). It is notable that while Mn induced GPP130 degradation occurs over
a period of ~8 h, rapid and almost complete loss of FM induced oligomers from the
Golgi is achieved in ~4 h (Mukhopadhyay et al, 2010; Tewari et al, 2015). We
expect the FM-induced oligomeric units to be more stable and perhaps much larger
than Mn-induced GPP130 oligomers. They may also impart strong effects on
membrane curvature because FM domains interact in an anti-parallel orientation
that can zipper together opposed membranes (Rivera et al, 2000; Rizzo et al.,, 2013).
Perhaps their sorting is simply the consequence of strong exclusion from any other
pathway except towards lysosomes. This possibility highlights the significance of

understanding the mechanism of size flexibility in the clathrin/GGA1 pathway.

In conclusion, this work shows that sortilin binds to the coiled coil lumenal domain
of GPP130 and mediates its lysosomal trafficking and turnover under elevated Mn

conditions. Lysosomal targeting of FM induced oligomers is sortilin independent
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and indicates that there exists an alternate, possibly sequence-independent, quality
control pathway operating at the Golgi that mediates their clearance. Future studies
will aim to test for direct interaction between sortilin and GPP130, and map GPP130
residues required for this binding in order to elucidate the underlying interaction

mechanism.

2.5 MATERIALS AND METHODS

Antibodies and general reagents. Monoclonal antibodies were against GPP130
(Linstedt et al,, 1997), myc (Evan et al., 1985; Jesch et al., 2001), HA (H3663, Clone
HA-7, Sigma), giantin (Linstedt and Hauri, 1993), GFP (SAB2702197, clone GT859,
Sigma), sortilin (Cat# 612100, clone 48/Neurotensin, BD Biosciences), and tubulin
(T6557, clone GTU-88, Sigma). Polyclonal antibodies were against GPP130 (Puri et
al, 2002), TMEM165 (NBP1-90651, Novus Biologicals), GAPDH (14C10, Cell
Signaling Technology) and sortilin (a kind gift from Dr. Claus M. Petersen, Aarhus
University (Petersen et al, 1997)). Secondary antibodies were: Alexa 488 anti-
mouse (Cat#A28175, Thermo Fisher Scientific), Alexa 488 anti-rabbit (Cat#A27034,
Thermo Fisher Scientific), Alexa 555 anti-rabbit (Cat#A27039, Thermo Fisher
Scientific), Alexa 555 anti-mouse (Cat#A28180, Thermo Fisher Scientific), and horse
radish peroxidase-conjugated goat anti-mouse (Cat#170-6516, Sigma) and goat
anti-rabbit antibodies (Cat#170-6515, Sigma). AP12998 was from Clontech (called
D/D solubilizer, Cat#635054). Cycloheximide (Cat#C7698) and monensin

(Cat#M5273) were from Sigma. ECL blotting substrate (Cat#32209) and MnCl,

(Cat#M87-500) were from Thermo Fisher Scientific.
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Constructs and transfection reagents. Primers were purchased from Integrated
DNA Technologies. The sortilin-myc construct was a kind gift from Dr. Stephane
Lefrancois, McGill University (Lefrancois et al., 2003). Silent mutations to confer
siRNA resistance were introduced using the Phusion DNA polymerase (F530S,
Thermo Fisher Scientific) as per manufacturer’s protocols (forward primer 5’-
CCTCCGTGGGACAGGAACAATTTTACTCTATTCTGGCAGCAAAT-3’" with mutations
highlighted). The construct was verified by sequencing. GT-FM-GFP and GPP130-
FM-GFP are previously described (Rizzo et al, 2013; Tewari et al., 2015). To create
GTalum-FM-GFP, the remaining 20 amino acid lumenal domain of GT from the GT-
FM-GFP plasmid was looped out (forward primer 5’-GGATCCGAGCTCGGTGAAGC-3")
using Pfu Turbo DNA polymerase (Cat#600250, Agilent Technologies). The
construct was verified by sequencing. The constructs Rab7-GFP, GP73-GPP13036-247,
GP73-GPP1303¢.87, and  GP73-GPP130gs247 are  previously described
(Mukhopadhyay et al., 2010). Control siRNA (5'-GACCAGCCAUCGUAGUACUtt-3) and
sortilin siRNA (SORT1HSS109429, Catalog#:1299001) were purchased from
Thermo Fisher Scientific. DNA and siRNA transfections were carried out using JetPEI
(Cat#101-40N, Polypus-transfection) and JetPRIME (Cat#114-07, Polypus-

transfection), respectively, as per the manufacturer’s protocols.

Cell culture and experimental treatments. HelLa cells (Cat#ATCC-CCL-2,
CVCL_0030) were grown in Minimum Essential Medium (Cat#10-010-CV, Corning)
containing 10% Fetal Bovine Serum (FBS, Cat#S5111150, Atlanta Biologicals) at

37°C, 5% COz2. All cell lines were verified mycoplasma free every two months using
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Hoechst staining. For immunofluorescence experiments, cells were plated on 12mm
coverslips in 35mm or 24-well plates and, after 16 h, each plate (~50% confluent)
was transfected with control or sortilin siRNA at a final concentration of 20nM. After

48 h, the media was replaced with fresh media alone or with 500 x M MnCl, or

10pM monensin for the indicated times. The coverslips were then collected and
analyzed by immunofluorescence while the cells remaining behind in the 35mm
plates were analyzed by immunoblot to determine knockdown efficiency. For rescue
experiments, the cells were siRNA-transfected (20nM) at 80% confluence and then
grown 24 h before being transfected with plasmid. Fresh media was substituted
after 8h and then, after 24 h, 500uM MnCl, was added for the indicated times.
Analysis was restricted to cells with moderate expression. Controlled
polymerization experiments were essentially as described (Tewari et al, 2015).
Cells at 80% confluence were siRNA-transfected (20nM), then after 24 h they were
plasmid-transfected and allowed to recover another 8 h. They were then cultured 16

h in fresh media containing 1 © M AP with the last 30 min containing both AP and

cycloheximide. At this point the AP washout began for the indicated times and in
the continued presence of cycloheximide. To determine sortilin stability, Hela cells
grown in 35 mm plates to 80% confluency were treated as indicated then washed
twice with PBS and lysed in reducing sample buffer (156mM Tris pH 6.8, 10% SDS,
50% glycerol, 5% B- mercaptoethanol, 0.1% bromophenol blue, 6M urea) prior to
immunoblotting. For other immunoblotting experiments, cells at 50% confluence
were siRNA-transfected (20nM) and allowed to recover for 2 days before treatment

with 500pM MnCl, for the indicated times. For immunoprecipitation, HeLa cells
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were grown in 10cm plates to ~70% confluency and transfected with the indicated
pairs of plasmids. Fresh media was substituted after 8h and then, after 16h the

media was left alone or adjusted to 500 © M MnCl; for the final 2 h of incubation.

Immunofluorescence. Generally, cells were fixed with 3% paraformaldehyde for
15 min, washed 5x with PBS (137mM NaCl, 2.7mM KCl, 6.5mM Na;HPO,4, 1.5mM
KH2P04) permeabilized for 30 min with block solution (PBS containing 0.1% Triton

X-100, 5% FBS and 0.2 M glycine) and then incubated in ~150 1 primary antibody

solution (diluted in block) on a shaker at room temperature (RT) for 1 h. GPP130
and/or giantin were detected using a polyclonal anti-GPP130 and monoclonal anti-
giantin respectively at 1:1000 dilution. After 5 washes with PBS, the coverslips were
incubated with secondary antibodies at a 1:1000 dilution in block solution for 30
min at RT on a shaker. Following 5 final washes with PBS, the coverslips were
attached to glass slides using Gelvatol mounting medium (10.5% polyvinyl alcohol
and 21% glycerol in 100 mM Tris, pH 8.5) and observed under a spinning disc
confocal microscope as previously described (Tewari et al, 2014). Staining for
TMEM165 was exactly the same except that fixation was with 0.5 ml methanol at -
20°C for 20 min and the antibody was used at a 1:500 dilution. Images were
analyzed using Image] (Version 1.50i, http://imagej.nih.gov/ij). To measure mean
Golgi fluorescence, background subtraction was carried out on average value
projections generated from individual z-sections of each image. Mean GPP130 or
TMEM165 fluorescence in the Golgi was measured via the measure plugin of Image],

using giantin as a mask. Analysis of cytoplasmic punctae was performed as
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previously described (Tewari et al., 2014). Briefly, maximum value projections were
generated from individual z-stacks of an image. These projections were background
subtracted and uniformly thresholded to visualize punctae (Mukhopadhyay et al,

2010).

Immunoprecipitation. Cells (10 cm plate) were washed 2X with PBS then lysed
with 0.5 ml RIPA buffer (25mM Tris pH 6.8, 150mM NacCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1%SDS, 1mM PMSF) and ~15 passes through a 25-gauge needle
followed by centrifugation at 14000xg to remove insoluble material. Aliquots (5%
input) of the supernatants were set aside and the remainders were pre-cleared by
rotating with 10ul Protein G beads (17-0618-01, GE Healthcare) at 4°C for 30 min
followed by brief centrifugation for 1 min at 14,000xg. The pre-cleared lysates were
then incubated for 1 h at 4°C with antibody (3pl anti-myc monoclonal or 5ul anti-
GPP130 monoclonal) followed by a 1h rotation with 10pl of Protein G beads (50%
slurry). The beads were washed 3 x 2 min in 1 ml RIPA buffer at 4°C with rotation.
The washed bead and input fractions were then boiled 10 min in reducing sample

buffer prior to immunoblotting.

Immunoblotting. Samples were run alongside a molecular weight ladder
(Cat#26619, Thermo Fisher Scientific) on 7% SDS PAGE gels and then transferred to
nitrocellulose membranes (Cat#10600002, GE Healthcare) at 0.3A for 2 h. The
membrane was blocked with 5% non-fat dry milk powder in PBST (PBS+ 0.1%

Tween-20) for 15 min and then incubated in the same buffer containing the primary
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antibody 1-18 h on a shaker. Polyclonal anti-GPP130 (1:1000), monoclonal anti-myc
(1:500) and monoclonal anti-GFP (1:2000) was used to detect GPP130, sortilin-myc
and GFP tagged GP73-GPP130 chimeric constructs respectively. Also used were
monoclonal (1:500), and polyclonal anti-sortilin (1:2000), polyclonal anti-GAPDH
and monoclonal anti-tubulin (1:3000) antibodies. The membrane was washed 10 x
6 min in PBS-T, followed by incubation with HRP-conjugated secondary antibody
(1:2000) for 1 h and then another 10 x 6 min washes. The blots were soaked with
the ECL substrate and imaged using ChemiDoc Touch Imaging System followed by

analysis with Image Lab software (Version 5.2.1, Bio-Rad).

Statistical analyses. All findings presented were replicated in three or more
independent experiments. Comparisons between two groups were performed using
two-tailed Student’s t test assuming equal variances. In general, p < 0.05 was
considered significant, and the determined p values are provided in the figure
legends. Asterisks in graphs, wherever present, denote statistically significant

differences.
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CHAPTER 3

CONCLUSIONS AND FUTURE DIRECTIONS

3.1 CONCLUSIONS

This study aims to investigate how the switch in trafficking itinerary between
oligomerized GPP130 and its non-oligomerized counterpart is mediated at the Golgi
and whether this mechanism can be generalized to any oligomerized Golgi protein.
We found sortilin, a type 1 Golgi localized membrane protein to be a key mediator of
this process. Sortilin is a GGA1 binding receptor that functions similar to the
mannose-6-phosphate receptor to bind lysosomal hydrolases and other soluble
cargo at the TGN and transport it to lysosomes (Canuel, Libin, and Morales 2009;
Braulke and Bonifacino 2009). Sortilin knockdown in HeLa cells significantly
blocked TGN exit/lysosomal redistribution of Mn bound oligomerized GPP130.
Transfecting a siRNA immune version of sortilin in knockdown cells restored TGN
exit. Additionally, control cells showed a significant loss of GPP130 Golgi
fluorescence upon prolonged Mn treatment as compared to sortilin knockdown
cells. Sortilin levels (unlike GPP130) remain relatively stable in cells subject to
prolonged Mn treatment. This suggests that sortilin recycles back efficiently after
concentrating and transporting GPP130 in GGA1l-clathrin vesicles to late

endosomes/lysosomes.
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This led to the question of whether sortilin interacts with GPP130 at the TGN in the
presence of Mn to traffic GPP130 to the Ilysosomes. Intriguingly, co-
immunoprecipitation assays of HeLa cells transfected with GPP130 and sortilin
showed a robust interaction between the two proteins even in the absence of Mn.
The interaction is likely direct but this remains to be shown. In any case, these
observations are the first evidence of a transmembrane cargo being trafficked by
sortilin. GPP130 has a half-life of 18h (Linstedt et al. 1997). It is not known how its
gradual turnover at the Golgi is mediated. That sortilin binds GPP130 in the absence
of added Mn suggests that sortilin mediates the normal turnover of GPP130. How
then is degradation enhanced by Mn-induced oligomerization? One straightforward
consequence of oligomerization is that when sortilin binds GPP130 it will be
engaging a complex of several GPP130 molecules. Thus, each sortilin could traffic a
larger fraction of GPP130 molecules to lysosomes per unit time. Based on this, we
expected enhanced GPP130 recovery upon sortilin immunoprecipitation but it is
possible that we were unable to preserve the oligomeric GPP130 complexes.
Further evidence will be required to validate the model that Mn-induced GPP130
oligomerization allows each sortilin to engage more GPP10 (see below in future

directions)

Attempts to define the GPP130 region that binds sortilin, yielded a stretch of ~50
residues in the GPP130 lumenal coiled-coil domain. This stretch, residues 36-87,
does not contain the residues gsDFLVo1 required for Mn binding to GPP130,

supporting the finding that the GPP130-sortilin interaction is Mn independent.

61



Additionally, deletion of residues 36-87 significantly blocks Mn-induced
redistribution of GPP130 supporting the proposed role of the sortilin-GPP130
interaction. It should be noted, however, that it is not yet known whether GPP130

lacking residues 36-87 remains oligomerization competent.

In order to test the generality of this finding, redistribution of another Mn sensitive
protein TMEM165, was tested for sortilin dependence. TMEM165 is a multipass
transmembrane H*/Ca?* exchanger localized at the Golgi that undergoes lysosomal
trafficking upon Mn treatment (Potelle et al. 2017). Sortilin knockdown significantly
blocked Mn induced TGN exit and loss of TMEM165 Golgi fluorescence. Unlike
GPP130, which has a large lumenal coiled-coil domain, TMEM165 has very short
lumenal stretches. Hence a direct interaction between TMEM165 and sortilin via
their lumenal domains seems unlikely. Additionally, whether TMEM165
oligomerizes upon Mn treatment is not known. It is interesting that Mn-induced
trafficking of TMEM165 is independent of SPCA1, the major transporter of Mn into
the Golgi, while Mn-induced trafficking of GPP130 is SPCA1 dependent
(Mukhopadhyay and Linstedt 2011; Potelle et al. 2017). It is possible that
cytoplasmic, not lumenal Mn acts on TMEM165. While we considered the possibility
that sortilin knockdown might indirectly affect GPP130 through an unexpected
effect on SPCA1, this cannot be the case for TMEM165. Thus it is more likely that
sortilin acts directly in sorting both of these Golgi proteins rather than via an

indirect effect on SPCA1.
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Surprisingly, sortilin did not mediate the TGN exit/redistribution of FM induced
oligomers. Perhaps the FM oligomers are much larger than the Mn-induced GPP130
oligomers and this somehow engages distinct trafficking machinery. The sortilin-
independent redistribution of GPP130-FM-GFP indicates that even a construct that
should be able to bind sortilin uses an alternate pathway. Thus, the alternate path
appears predominant. GT-FM-GFP redistributed independently of its native lumenal
domain arguing against the possibility of a receptor recognizing the GT lumenal
domain. We cannot rule out the possibility of a receptor interacting with the
transmembrane domains of the FM-tagged Golgi proteins. Mannose-6- phosphate
receptor is an unlikely candidate since it is known to interact with cargo that is
soluble in the lumen containing the mannose-6-phosphate signal (Braulke and
Bonifacino 2009). Similarly, two sortilin isoforms, SorCS and SorLA are primarily
known for interacting with soluble cargo (Hermey 2009; Willnow, Petersen, and
Nykjaer 2010). However, it remains formally possible that any of these receptors
could act in an unexpected way. In that light it is interesting that both mannose-6
phosphate receptor and SorLA engage GGA1l and clathrin because it is this

adaptor/coat complex that appears to mediate TGN exit of FM-tagged cargo

3.2 FUTURE DIRECTIONS

Map and mutate the GPP130-sortilin binding interface. Currently we have
identified a ~50 residue region in the coiled-coil, lumenal, stem domain of GPP130
(GPP13036.87) that binds sortilin. This stretch is also required to elicit efficient Mn-
induced GPP130 redistribution (Mukhopadhyay et al. 2010). Further mapping

showed that while the construct GPP130s50.100 exhibited reduced redistribution,
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GPP13060-100 showed no redistribution (Ritika Tewari, Jarvela, and Linstedt 2014).
Since 36-87 is sufficient for sortilin binding, the above results hint at the importance
of testing residues 36-60 (~ 24 residues) and, in particular, the stretch 50-60. Also,
residues 50-60 contain a histidine that could confer pH dependent sortilin binding
such that binding occurs in the TGN and release occurs in the lower pH of late
endosomes/lysosomes. Interestingly, residues 50-60 in GPP130 contain the Shiga
toxin binding site (Mukhopadhyay and Linstedt 2012; Mukhopadhyay, Redler, and
Linstedt 2013), which is pH-dependent (unpublished). It will also be important to
test each construct for Mn-induced oligomerization to show that even oligomerized

GPP130 will fail to exit the TGN if it lacks a functional binding site for sortilin.

A similar approach can be employed to narrow down the binding interface in
sortilin. Sortilin has two main domains that interact with soluble ligands in the Golgi
lumen, a ~120 residue 10CC segment containing 10 conserved cysteines right next
to the membrane, and a 10 bladed 3 propeller domain, Vps10 situated farther from
the membrane interface (Westergaard et al. 2004). The binding segment on GPP130
(36-87) is right next to the membrane making 10CC a good candidate domain. So
far, no consensus sequence has been defined for recognition by sortilin and no
single site on sortilin is responsible for cargo binding (Quistgaard et al. 2009).
Therefore, deletions that do not disrupt protein structure rather than point
mutations would be an appropriate starting point. The constructs would be tested in
rescue assays in sortilin knockdown cells. Constructs that fail to rescue Mn-induced

GPP130 redistribution would identify functionally important residues. Although the
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binding between the two proteins need not be direct, these experiments would help
provide a clearer understanding of how the sortilin-GPP130 interaction mediates

GPP130 sorting.

Test for direct binding between GPP130-sortilin. Several important issues can
be addressed using an in vitro binding assay with purified versions of GPP130 and
sortilin: A) pH dependence of the interaction, B) Mn sensitivity of the interaction
under well-controlled Mn concentrations, C) precise binding affinity, and D) identity
of residues that mediate direct binding. Importantly, soluble forms of a GST-tagged
GPP130 stem domain and a His-tagged sortilin lumenal domain have previously

been purified (Skeldal et al. 2012; Tewari, Jarvela, and Linstedt 2014).

Steric exclusion of oligomerized GPP130 from early endosomal pathway. In
our work, we proposed that increased GPP130 turnover upon Mn is mediated by
sortilin transporting a larger fraction of (oligomerized) GPP130 into the lysosomal
pathway. This may or may not involve exclusion of oligomerized GPP130 from its
normal trafficking to early endosomes. While the lysosomal pathway is GGA1-
clathrin dependent and involves vesicles that can evidently accommodate
oligomeric GPP130 complexes, molecular players governing TGN-exit of GPP130
towards early endosomes have not been identified. It will be important to test
whether steric exclusion of large oligomeric GPP130 complexes from this early
endosomal pathway contributes to its trafficking into the late endosomal/lysosomal

pathway. Monensin disrupts the pH dependent retrieval of GPP130 from early

65



endosomes thereby trapping GPP130 in early endosomes (Linstedt et al. 1997;
Bachert, Lee, and Linstedt 2001). Thus, monensin treatment provides a simple assay
to test TGN-exit of GPP130 towards early endosomes and if it were carried out on
Mn-treated cells, it would test whether oligomerized GPP130 can still access this
pathway. To enhance the discriminating power of the experiment it could be carried
out on sortilin knockdown cells, because this blocks TGN-exit of GPP130 towards
lysosomes. We know that GPP130 traffics normally to early endosomes upon
monensin treatment of sortilin knockdown cells. If Mn blocks this for wildtype but
not oligomerization-deficient GPP130, it would strongly argue that oligomerization

of GPP130 creates a steric block for access to the TGN-to-early endosome pathway.

Identification of molecular players involved in trafficking of FM induced
oligomers. The mechanism underlying trafficking of FM induced oligomers and
therefore an important aspect of Golgi quality control i.e. how a variety of proteins
are trafficked out of the Golgi solely due to their oligomerization state, still remains
unclear. A number of molecular players that might be mediating trafficking could be
engaged in transient interactions with oligomerized proteins. An approach that is
being widely utilized to detect these transient interactions is BIOID tagging. Fusion
of the oligomerizing construct with a promiscuous biotin ligase would cause
proximal or transiently interacting proteins to be biotinylated upon addition of
biotin in the culture medium, which can be detected with a streptavidin pulldown
and analyzed by mass spectrometry (Roux et al. 2012; Varnaité and MacNeill 2016;

Kim et al. 2016). This could be carried out with the tag on either side of the
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membrane. The assays we have developed including knockdown/rescue and co-
immunoprecipitation would then be used to test candidates for functional roles and
direct interactions. This would be an important first step in unraveling the

mechanism underlying quality control in the Golgi as it pertains to oligomeric state.

In summary this thesis work extends our knowledge of how Mn-induced lysosomal
trafficking of GPP130 is mediated at the TGN and it opens several avenues that can
now be explored to attain a deeper, mechanistic understanding of how trafficking is

regulated and how quality control occurs in the Golgi complex.
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