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Abstract

The mammalian Golgi complex adopts a complicated architecture which is
unresolvable under a conventional light microscope. Based on a previously developed
method, Golgi protein localizations by imaging centers of mass (GLIM), we
guantitatively mapped the axial localization of dozens of Golgi proteins along the Golgi
axis in nocodazole-induced Golgi mini-stacks. In this study, we explored the lateral
localization of Golgi proteins. Using Airyscan microscopy, we identified and validated
that GPP130 and several Golgins, including Golgin84, Giantin and GCC185
exclusively localized to Golgi cisternal rims. Hence, they were used to discern the
orientations (i.e. side and en face views) of Golgi mini-stacks. By systematically
screening Golgi enzymes and components of trafficking machinery, we found that the
former preferentially localized to the cisternal interior, whereas the latter was mostly
found at the periphery or the rim of the Golgi mini-stack. In addition, after averaging
large number of en face and side view images, we generated quantitative molecular
organization maps, which summarize the axial and lateral localizations of Golgi

proteins in the Golgi mini-stack.

For the first time, we provide imaging evidence on the spatial separation of the
processing and transport domains to the cisternal interior and rim of the Golgi mini-
stack, respectively. Notably, the TGN was observed to organize into a multi-tier
architecture axially and demonstrate two types of molecular localization patterns, i.e.

compact lump and scattered puncta, laterally.

To investigate intra-Golgi trafficking of secretory cargos, their lateral localizations were
analysed. Conventional or small secretory cargos (<115 kDa), including GFP,

mCherry-GPI, CD59, E-cadherin, VSVG, CD8a-Furin, Lampl, TfR and CD-MPR, were



found to mainly localize in the cisternal interior. In contrast, bulky cargos (>20,000
kDa), including collagenX, FM4-CD8a and FM4-moxGFP aggregates, mainly localized

at the cisternal rim.

Collectively, our imaging data suggest a size-dependent lateral partitioning model for
secretory cargos, where bulky and small cargos preferentially localize to the cisternal
rim and interior, respectively. Intriguingly, the synchronous cargo waves of VSVG and
TfR were observed to progressively transit from the cis- to the trans-side of the Golgi

mini-stack.

Furthermore, various secretory cargos were observed to exit the Golgi at either the
trans-Golgi or the TGN. The cytosolic tail of Furin was found to be sufficient for VSVG-
tso45-Furin to exit the Golgi at the TGN. Besides that, the tyrosine motif of Lampl

could be important in guiding the protein to access and exit the Golgi at the TGN.

Hence, we propose that both the trans-Golgi and TGN can function as Golgi exit sites.
Cargos harbouring the TGN targeting signal(s) can access and exit the Golgi at the
TGN in a signal-dependent manner. In contrast, cargos without such a signal

constitutively exit at the trans-Golgi by default.



Chapter 1: Introduction

1.1 The architecture of the mammalian Golgi complex

The ‘Golgi apparatus’ or ‘Golgi complex’ (hereafter Golgi), is a cellular organelle
named after the Italian physician and pathologist Camillo Golgi. It was first described
in 1898, when an unknown perinuclear basket-like structure was stained in Purkinje
cells by a metal impregnation technique (Golgi, 1898). It was not until the 1950s that
the ultrastructure of the Golgi was finally revealed using the newly-developed electron
microscopy (EM) (Dalton and Felix, 1954; Farquhar and Rinehart, 1954). Since then,
our understanding of the Golgi has grown concurrently with advances in EM

techniques and other cutting-edge imaging technologies.

The mammalian Golgi is typically located at the perinuclear region and closely
associated with the microtubule organizing centre (MTOC). The Golgi comprises
hundreds of membrane stacks that are linked laterally into an elaborate continuous

network. The lateral connections of Golgi stacks form Golgi ribbons (Figure 1A).

Almost one-third of eukaryotic proteins are targeted to the endoplasmic reticulum (ER)
to enter the secretory pathway (Ghaemmaghami et al., 2003). In the conventional
protein secretory pathway, newly synthesized proteins are co- or post-translational
translocated into the ER lumen or inserted into the ER membrane. Secretory proteins
are packaged in small coated vesicles called coat protein complex Il (COPII)-coated
vesicles and bud off from the ER via the ER exit sites (ERES) (Bannykh et al., 1996).
COPII vesicles are normally 60-90 nm in diameter (Matsuoka et al., 1998). COPII-
coated-tubules of approximately 200 nm long also bud from the ERES (Zanetti et al.,
2013). COPII-coated vesicles and tubules, after uncoating, can fuse to form the
endoplasmic reticulum (ER)-Golgi intermediate compartment (ERGIC) (Farquhar and
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Hauri, 1997). It mediates anterograde transport from the ER to the Golgi and

retrograde transport from the Golgi back to the ER.

1.1.1 The Golgi stack

A Golgi stack is highly compact and is therefore also referred to as the compact zone.
Adjacent Golgi stacks are interconnected by a vesicular tubular membranous network
that occupies the region known as the non-compact zone. Each Golgi stack comprises
a few flattened membranous saccules called cisternae (singular: cisterna) (Figure 1B).
The number of cisternae per Golgi stack ranges from four to eleven cisternae across
mammalian cell types (Rambourg and Clermont, 1997). The diameter of a cisterna
can range from 0.7 to 1.1 micrometers (um); this, too, is dependent on organisms and
cell types (Pelletier et al., 2002; Rabouille et al., 1995b). A cisterna is shaped into a
densely packed central region with two dilated rims. Both intracisternal and
intercisternal spaces at the central region are estimated to be approximately 10-20
nanometers (nm) (Engel et al., 2015; Klumperman, 2011). Golgi cisternae are
fenestrated (Ladinsky et al., 1999), wherein numerous budding profiles and vesicles

can be found (Ladinsky et al., 1999) (Figure 1A).
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Figure 1: The schematic diagram of the mammalian Golgi.

(A) The mammalian Golgi is located at the perinuclear region and in adjacent to MTOC
(dot of converged black lines), where microtubules (black lines) emanate. The Golgi
consists of hundreds of Golgi stacks that are laterally linked to each other. The green
dotted box represents the fenestrae in Golgi cisternae, whereas the red dotted box is
enlarged and schematically shown in (B). The blue oval shape represents the nucleus,
where nuclear pores (puncta) are found. (B) The architecture of the Golgi. The Golgi
is divided into 4 regions, namely the cis-, medial-, trans-Golgi and the TGN. The cis-,
medial- and trans-Golgi are collectively known as the Golgi stack. Golgi stacks are
laterally linked by vesicular tubular network, which is known as the non-compact zone.
The ERGIC and the cis-Golgi are collectively known as the cis-Golgi network (CGN).
Secretory vesicles that are leaving the Golgi to their post-Golgi destinations can be
found at the trans-face of the Golgi stack.

The Golgi is a polarized organelle that can be qualitatively divided into four regions:
the cis-, medial-, and trans-Golgi and the trans-Golgi network (TGN) (Figure 1B). The
polarity of the Golgi is characterized by different molecular and biochemical

compositions across the four regions (Banfield, 2011). For instance, a pH gradient is
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established across Golgi cisternal lumens, with the cis-Golgi (pH =6.7) and the TGN
(pH =6.0) having the highest and lowest pH, respectively (Kellokumpu, 2019). In
addition, a gradient of cholesterol and sphingolipids is established. These molecules
are mostly concentrated at the trans-Golgi/TGN (Van Meer et al., 2008). In EM images,
the cis-Golgi and ERGIC are frequently observed to associate closely; thus, they have
been coined the cis-Golgi network (CGN; Figure 1B) (Mellman and Simons, 1992). A
Golgi stack, including the cis-, medial- and trans-Golgi together with the TGN, is
surrounded by numerous vesicles of 50-70 nm in diameter (Ladinsky et al., 1994,
Ladinsky et al., 1999). Many of these are coated with coat protein complex | (COPI)
coats. They are mostly found at the cisternal rim and occasionally at the ERGIC
(Weidman et al., 1993). The majority of COPI-coated vesicles are observed at the cis-
cisternae, and they gradually reduce in number toward the trans-cisternae (Ladinsky

et al., 1999; Oprins et al., 1993).

1.1.2 The TGN

The TGN is responsible for sorting and packaging secretory cargos into transport
carriers that are eventually delivered to post-Golgi destinations (De Matteis and Luini,
2008; Guo et al., 2014). It also receives molecules that move through endocytic
trafficking routes, in which molecules that are endocytosed at the plasma membrane
(PM) are either directly targeted to the TGN or indirectly to the TGN via endosomes.
The morphology of the TGN is different from that of the other three Golgi
subcompartments. The TGN is defined as a reticular tubular network that is continuous
with the trans-most cisterna (Griffiths and Simons, 1986; Rambourg and Clermont,
1990) (Figure 1B). However, it was later observed that the penultimate cisterna also
projected tubules into the trans-most region. Hence, Ladinsky et al. proposed that the
TGN consists of the two trans-most cisternae together with their tubular projections
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(Ladinsky et al., 1999; Mogelsvang et al.,, 2004). These projected tubules are
anastomosed and associated with many budding profiles and vesicles. Of note,
clathrin coats and clathrin-coated vesicles (CCVs) were observed to exclusively
associate with the trans-most cisterna and its associated tubular projections, but not

with preceding cisternae (Ladinsky et al., 1999).

Despite the distinct morphologies of the Golgi in different organisms and cell types, its
two major functions, post-translational modification and protein sorting, remain

conserved (Klute et al., 2011).
1.2 The Golgi functions as the protein processing centre

More than 300 Golgi enzymes have been identified in humans (Nilsson et al., 2009).
These enzymes include glycosyltransferases, glycosidases and nucleotide sugar
transporters, among others. Proteins and lipids that traverse the Golgi can undergo
various post-translational modifications, with glycosylation being the most common
(Stanley, 2011). Glycosylation generates a great diversity of glycans, which have
important cellular functions. For instance, glycans can facilitate proper protein folding,
serve as recognition markers on the cell surface and regulate protein turnover

(Shental-Bechor and Levy, 2008).

It was believed that the localization of glycosylation enzymes in the Golgi followed the
sequence of actions in the glycosylation pathway (Dunphy and Rothman, 1985; Roth,
2002). In brief, early- and late-acting enzymes localize to the cis- and trans-side of the
Golgi, respectively. This notion was supported by a number of findings. First,
membrane fractionation experiments suggested that N-linked glycosylation enzymes,
such as mannosidases, were concentrated in the early Golgi, while

galactosyltransferase and sialyltransferase were mainly found in the late Golgi



(Dunphy et al., 1981; Goldberg and Kornfeld, 1983). Second, EM studies mapped
mannosyl(alpha-1,3-)-glycoprotein beta-1,2-N-acetylglucosaminyltransferase
(MGAT1) and galactosyltransferase specifically to the medial- and trans-cisternae,
respectively (Dunphy et al., 1985; Roth and Berger, 1982). However, the notion of
distinct compartmental localization of Golgi enzymes has been challenged by gradient-
like localization patterns exhibited by several N-glycosylation enzymes, such as
MGAT1, mannosidase alpha class 2A member 1 (Manll), beta-1,4-
galactosyltransferase (GalT) and ST6 beta-galactoside alpha-2,6-sialyltransferase 1
(ST6Gall) (Nilsson et al., 1993; Rabouille et al., 1995a). A similar phenomenon was
also observed for O-glycosylation enzymes, such as polypeptide N-
acetylgalactosaminyltransferase-1, -2 and -3 (GalNAc-T1, -T2 and -T3) (Rottger et al.,
1998), whose distribution gradients can significantly overlap with each other (Rabouille
et al., 1995a). In addition, the distribution of Golgi enzymes could vary across cell
types (Velasco et al., 1993). Therefore, the spatial relationship and cisternal
organization of Golgi enzymes remain to be characterized. In this study, the
localizations of various Golgi enzymes, especially those involved in glycosylation, are

investigated.

There are two major types of glycosylation, namely N- and O-glycosylation. In the ER,
N-glycosylation is initiated by the transfer of precursor polysaccharides en bloc to an
asparagine residue in a conserved motif, N-X-S/T (N: asparagine; S: serine; T:
threonine; X: any amino acid except proline), in newly synthesized proteins (Kelleher
and Gilmore, 2006). The resulting high-mannose-modified glycoproteins could retain
their high-mannose glycans in the Golgi and end up on the PM. However, most of
them are trimmed by mannosidase alpha class 1 (Manl) in the cis-Golgi, after which,

the trimmed intermediates become substrates for the medial-Golgi-localized MGAT1.



Glycans on the intermediates can be further modified by galactosyltransferases and
sialyltransferases in the trans-Golgi and/or the TGN to become either hybrid or

complex N-glycan forms (Stanley, 2011).

Moreover, several O-glycan species can be generated from O-glycosylation pathways.
These include O-N-acetylgalactosamine (O-GalNAc), O-mannose (O-Man), O-N-
acetylglucosamine (O-GIcNAc), O-fucose (O-Fuc) and O-glucose (O-Glc). They are
differentiated by the first sugar added on to the S or T residue of newly synthesized
proteins. O-GalNAc, also known as mucin-type O-glycosylation, is one of the most
abundant O-glycan species. In general, it is initiated in the Golgi by the addition of
GalNAc and galactose (Gal), followed by GIcNAc, sialic acid and fucose to form
branched or linear O-glycan chains (Brockhausen et al., 2009). Apart from the Golgi,
O-glycosylation could occur in the ER when high-level of invasion-promoting kinases
EGF receptor, platelet-derived growth factor receptor and Src are activated in cells
(Gill et al., 2013). Most of the O-glycosylation enzymes investigated in this study are

involved in O-GalNAc formation.

Nucleotide sugar transporters are also required for the generation of glycan chains.
They function to transport nucleotide sugar units into the Golgi lumen to provide

building blocks for glycosylation (Freeze and Elbein, 2009).
1.3 The Golgi functions as the protein sorting centre

The Golgi constantly experiences membrane traffic from anterograde and retrograde
trafficking. In anterograde trafficking, the Golgi receives newly synthesized proteins or
lipids from the ER, whereas in retrograde trafficking, the Golgi receives deliveries from
the PM or post-Golgi subcellular compartments, such as recycling endosome (RE),

early endosome (EE) and late endosome (LE) (Figure 2). Therefore, the Golgi is the



central hub for sorting proteins coming from all directions. Protein sorting in the Golgi
can occur at two levels. First, a great variety of cargos are segregated from each other
and transported to different post-Golgi destinations. Second, Golgi resident proteins

are retained or retrieved amid anterograde trafficking (Warren and Mellman, 1999).

Here, within the scope of membrane trafficking of the Golgi, | review three transport
mechanisms by which secretory cargos can leave the Golgi: bulk flow transport,
signal-mediated transport and lateral partition transport (Borgese, 2016; Pelham and
Munro, 1993). The current understanding of cargo exit sites at the Golgi is also

discussed.
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Figure 2: An overview of trafficking routes between subcellular membrane
compartments in a nonpolarized cell.

Newly synthesized proteins and lipids are delivered from the ER to the ERGIC en route
to the Golgi. In the Golgi, secretory and resident proteins undergo the intra-Golgi
trafficking. Secretory cargos are delivered to either the PM or endosomal
compartments, such as early- and late-endosomes. In addition, cargos can be
targeted to secretory granules in specialized cells. On the other hand, endocytic
molecules are delivered to endosomal compartments and eventually degraded in the
lysosome or they can be recycled back to the PM directly from the early endosome or
via the recycling endosome. Some endocytic molecules are targeted to the TGN. At
the ERGIC and cis-Golgi interface, transport machineries that originate from the ER
and ERGIC can be recycled back to their donor compartments. Orange and green
arrows indicate anterograde and retrograde trafficking respectively.
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1.3.1 Bulk flow transport

Bulk flow is a process in which a cargo moves down its concentration gradient from a
donor compartment into an acceptor compartment, such that the cargo concentrations
in both compartments are identical (Borgese, 2016). There are more studies on bulk
flow in the context of ER to early Golgi trafficking (early secretory pathway)(Barlowe
and Helenius, 2016; Borgese, 2016); its role in intra-Golgi trafficking and Golgi export
is less understood. Cargos such as vesicular stomatitis virus G protein (VSVG), E-
cadherin and N-Ras have been found in transport carriers generated from bulk flow,
and they are usually targeted to the PM (Lock et al., 2005; Polishchuk et al., 2000).
Using correlative light electron microscopy (CLEM), Polishchuk and colleagues
described these transport carriers as pleiomorphic structures that could be as large as
half the size of a Golgi cisterna (Polishchuk et al., 2000). In addition, it was once
suggested that these transport carriers move from the Golgi to the PM without
contacting with other membrane compartments (Polishchuk et al., 2003). However,
they were later shown to access intermediate membrane compartments, such as the
RE, before reaching the PM. This was observed in the post-Golgi trafficking of VSVG
and E-cadherin (Ang et al., 2004; Lock and Stow, 2005) in Madin-Darby canine kidney
(MDCK) and HelLa cells, respectively. The molecular mechanism of the post-Golgi
carrier biogenesis from bulk flow remains elusive. Although it was reported that the
process might be independent of adaptor proteins, coat proteins and cargo receptors,
it likely relies on microtubules and microtubule-based motors (Polishchuk et al., 2003;
Roux et al., 2002). The detachment of transport carriers originated from bulk flow at
the Golgi could be dependent on actin (Hirschberg et al., 1998). Considering the great
diversity of secretory cargos in the Golgi, the number of identified cargo receptors is

too small to account for cargo sorting (Herzig et al., 2012). Therefore, many secretory
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cargos might not require cargo receptors for their sorting and export. This leads to the
speculation that receptor independent bulk flow could be indispensable for the sorting
and export of most cargos at the Golgi. Another unresolved question pertaining to bulk
flow is the origin of its transport carriers. Unlike clathrin-coated vesicles (CCVs)
generated at the TGN, the transport carriers from bulk flow are non-coated. This
suggests that they might originate from clathrin-free TGN subdomain(s) and/or

preceding cisternae of the TGN in the Golgi stack.

1.3.2 Signal-mediated transport

Signal-mediated transport actively concentrates cargos in transport carriers (Borgese,
2016). This process is regulated by the interaction between sorting signals in cargos
and their respective receptors. In general, sorting signals in cytosolic tails of
transmembrane cargos can interact with adaptor proteins. Such interactions can result
in the recruitment of coat proteins to generate membrane budding profiles and
eventually lead to transport carrier formation and Golgi export. The clathrin coat is the
major coat protein that exclusively localizes to the TGN (Ladinsky et al., 1999). In
general, CCVs generated from the TGN can mediate cargo transport to
endolysosomal compartments. This can occur either directly from the TGN to
endolysosomes transport (Chen et al., 2017; Waguri et al., 2003) or indirectly from the
TGN to the PM en route to endolysosomal stations (Chen et al., 2017). Cargo sorting
at the TGN can be even more complicated in polarized epithelial cells due to the
necessity to specifically target proteins to apical or basolateral domains in these cells

(FOlsch et al., 2003; Gonzalez and Rodriguez-Boulan, 2009).

There are two types of cargo adaptor in the Golgi: one is monomeric and the other is

heterotetrameric (Lu and Hong, 2014). Five heterotetrameric adaptor protein
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complexes (APs), AP-1 to 5, have been reported in higher eukaryotes. Among them,
AP-1, AP-3 and AP-4 are involved in cargo sorting and transport at the TGN. AP-1,
but not AP-4, interacts with clathrin, whereas whether AP-3 associates with clathrin
remains to be elucidated (Guo et al., 2014). AP-1 has two isoforms, AP-1A and AP-
1B, which contain different medium (u) subunits, namely p1A and p1B, respectively
(Fdlsch et al., 1999). While AP-1B is expressed only in polarized epithelial cells, AP-
1A is expressed ubiquitously (Guo et al., 2014). They recognize YXX@ (Y: tyrosine, X:
any amino acid, @: bulky hydrophobic amino acid) and [DE]JXXXL[LI] (D: aspartic acid,
E: glutamic acid, X: any amino acid, L: leucine, I: isoleucine) in the cytosolic tails of
client proteins. These signal-adaptor interactions are important in targeting
endolysosomal proteins (Traub and Bonifacino, 2013) and basolateral PM proteins in
polarized cells (Stow and Murray, 2015). There also exist sorting signals other than
those mentioned above. For instance, AP-1B can bind the GDNS motif-containing
transferrin receptor (TfR) and sort it to the basolateral PM of polarized epithelial cells
(Odorizzi and Trowbridge, 1997).

Another class of cargo adaptor is the ubiquitously expressed monomeric Golgi-
localized, y-ear-containing, Arf-binding proteins (GGASs). In mammalian cells, there are
three types of GGAs: GGA1, GGA2 and GGAS3. They regulate the transport of cargos
to endolysosomal compartments through the interaction with the acidic cluster-
dileucine motifs (DXXLL) in the cytosolic tails of cargos (Guo et al., 2014). Two of the
most studied clients of GGAs are cation-dependent and cation-independent mannose-
6-phosphate receptors (CD-MPR and CI-MPR, respectively). Mutation of the dileucine
motif of CD-MPR can disable its export from the Golgi (Chen et al., 2017). Similarly,
when a dominant-negative GGA1 mutant was introduced into cells, CD-MPR was

found to be accumulated in the Golgi (Puertollano et al.,, 2001a). Hence, these

14



experiments highlight the importance of signal-adaptor interaction in facilitating the
export of a cargo from the Golgi. EpsinR and yeast exomers are clathrin-associated
adaptors that also localize to the TGN. The former regulates the transport between the
TGN and endosomes, whereas the latter facilitates the trafficking from the TGN to the

PM.

Despite the identification and characterization of signal-adaptor interactions, their
functional role at the TGN is not always well understood. For example, the Golgi export
of lysosome-associated membrane glycoprotein 1 (Lampl) has been shown to be
independent of its cytosolic YXX@ (i.e. YQTI) motif (Chen et al., 2017), although
Lampl was observed in the AP-1/clathrin-positive TGN-derived vesicles (Honing et al.,
1996). Nonetheless, it was reported that Lampl could adopt a clathrin-independent
pathway involving vacuolar protein sorting-associated protein 41 (Vps41) and vesicle-
associated membrane protein 7 (Vamp7) to be transported to the LE (Pols et al., 2013).
In Chapter 6, the role of sorting signals of several secretory cargos is investigated.

1.3.3 Lateral partition transport

The third mechanism for cargo sorting in the Golgi proposes that cargos can be
concentrated into subdomains or transport carriers in a signal-independent manner.
This can be driven by the physico-chemical features of cargos and the surrounding
lipid environments (Borgese, 2016; Kaiser et al., 2011). This mechanism is less often
discussed and remains elusive, although it could offer explanations for some
observations pertaining to the retrieval or retention of ER and Golgi proteins. For
instance, the membrane of post-Golgi compartments is generally thicker than that of
the ER and Golgi. This is caused by the asymmetric distribution of cholesterol,
sphingolipid, sterol and other lipid components. In accordance with the trend of

membrane thickness, a systematic analysis of transmembrane proteins revealed that
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the length of the transmembrane domain of proteins that localize to post-Golgi
compartments is generally longer than that of ER- and Golgi-localized proteins
(Sharpe et al., 2010). Hence, Munro and colleagues proposed that membrane proteins
could be preferentially sorted to compartments that best match with their
transmembrane domain lengths (Sharpe et al., 2010). Other lipid bilayer features, such
as membrane curvature, could also play a role in protein sorting in the Golgi. Recently,
it was reported that palmitoylation of membrane proteins could induce small positive
membrane curvatures that would favourably drive palmitoylated proteins laterally to
the Golgi cisternal rim, which has a high membrane curvature that could favourably
accommodate palmitoylated proteins and their associated subdomains (Ernst et al.,

2018).

Both bulk flow and selective transports, whether signal- or non-signal-mediated, could
coordinate to generate the specificity and efficiency of protein sorting in the Golgi. For
instance, the signal-mediated concentration of proteins in a domain may create a
favourable environment into which other proteins are allowed to diffuse (Barlowe and
Helenius, 2016; Borgese, 2016). However, there remain research gaps in the
understanding of molecular mechanisms that govern protein sorting in the Golgi and

the extent of the contributions of the sorting mechanisms described above.

1.3.4 Golgi exit sites

Conventionally, the TGN is regarded as the main sorting site for various secretory
cargos that are destined for post-Golgi destinations, such as the extracellular space,
PM, endosomes, lysosomes and specialized compartments, including secretory

granules. It is widely accepted that all cargos that traverse the Golgi stack end up in
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the trans-most TGN to be exported from the Golgi. However, the following

observations support alternative Golgi exit sites.

First, both the trans-most and penultimate cisternae were reported to project tubules
into the TGN region (Ladinsky et al., 1999; Mogelsvang et al., 2004). Second, the three
trans-most cisternae displayed bulging domains upon incubation at 20°C (Ladinsky et
al., 2002), suggesting that multiple cisternae could function in exit from the Golgi. Third,
some TGNs do not display tubular profiles, suggesting that tubular profiles might not
be indispensable in generating budding carriers; hence, tubule-less early cisternae
could also facilitate cargo export. Fourth, unlike CCVs generated at the TGN, a class
of transport carriers generated from bulk flow are non-clathrin coated, suggesting that
they could originate from subcompartments other than the TGN (Polishchuk et al.,
2003). Fifth, Patterson et al. proposed that cargos could exit the Golgi at multiple
cisternae, based on the measurement of cargo kinetics using fluorescence microscopy
(Patterson et al., 2008). Sixth, Chen et al. have reported that secretory cargos, such
as TfR and Lampl, were segregated from CD-MPR in the preceding cisternae of the
TGN. Furthermore, transport carriers for TfR and Lampl displayed tubular profiles,
which were different from the GGA positive vesicular profiles exhibited by CD-MPR
(Chen et al., 2017). Altogether, these observations suggest that multiple subdomains
of the TGN and/or multiple cisternae at the trans-face could function as exit sites for

distinct cargos (Chen et al., 2017; Klumperman, 2011).

Our laboratory has previously reported that the trans-Golgi could also function as a
Golgi exit site. This was based on our observation that several PM-targeted secretory
cargos, including CD59, E-cadherin and tumour necrosis factor a (TNFa) exited the

Golgi at the trans-Golgi (Tie et al., 2016a). Since then, we have expanded our study

17



on Golgi exit sites by examining a repertoire of secretory cargos that are targeted to

various subcellular compartments. These findings are reported in Chapter 6.

1.4 Intra-Golgi trafficking
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Figure 3: The three prevalent intra-Golgi trafficking models.

(A) Stable compartment model. Dissociative carriers from the ER are delivered to the
ERGIC en route to the cis-Golgi. In the Golgi stack, the transport of molecules is
mediated by COPI vesicles that bud from early cisternae and fuse with late cisternae,
Golgi resident proteins are excluded from these vesicles. This model can’t explain the
transport of large cargos that are physically incompatible with COPI vesicles. (B, left)
Cisternal maturation model. Dissociative carriers are delivered from the ER and
coalesce to form the ERGIC, which matures into a nascent cisterna by receiving cis-
Golgi resident proteins from a maturing cis-cisterna via COPI vesicles. The cis-cisterna
then matures into an older cisterna by receiving Golgi resident proteins sequentially
from medial-, trans-Golgi and the TGN while it is exporting cis-, medial-, and trans-
Golgi proteins to younger cisternae. During the maturation, small and largo cargos are
retained within Golgi cisternae and eventually the TGN can break down into post-Golgi
carriers. (B, right) Cisternal maturation with intercisternal continuities. A Golgi cisterna
matures in the same manner as described in the cisternal maturation model, except
that this model introduces intercisternal continuities. These continuities or tubules
facilitate anterograde trafficking of small secretory cargos while allowing Golgi resident
proteins from older cisternae diffuse to younger ones. Adapted from (Glick and Luini,
2011).
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The mechanism of intra-Golgi trafficking has been actively studied for several decades.
However, it remains a topic of heated debate. Several prominent models have been

proposed, but none can satisfactorily account for all reported observations.

Here, three major intra-Golgi trafficking models, namely 1) the cisternal maturation
model, 2) the stable compartment model and 3) the cisternal maturation with
intercisternal continuities trafficking model, are described and reviewed (Kurokawa et

al., 2019) (Figure 3).

1.4.1 Cisternal maturation model

The cisternal maturation model views Golgi subcompartments as conveyor belts or
transient membrane carriers. It predicts that secretory cargos remain in the same
cisterna while it changes its molecular composition and sequentially matures into the
cis-, medial- and trans-Golgi and the TGN. Although there is no direct evidence, the
TGN is suggested to eventually dissipate into tubules and vesicles to serve as
transport carriers to deliver cargos to their destinations (Glick and Luini, 2011; Nakano
and Luini, 2010). During the maturation, Golgi resident proteins are recycled from older
to younger cisternae by COPI vesicles (Rabouille and Klumperman, 2005), thereby
maintaining the polarity of the Golgi (Figure 3B, left). This model is strongly supported
by the observation in mammalian cells that supramolecules, such as procollagen I,
were found residing in Golgi cisternae throughout their intra-Golgi trafficking (Bonfanti
et al., 1998; Mironov et al., 2001). Similarly, algae scales were also reported to reside

in Golgi cisternae as they traversed the Golgi (Becker et al., 1995).

The size of large cargos, such as procollagen | and algae, could range from a few
hundred nm to several ym (Becker et al., 1995; Bonfanti et al., 1998). Therefore they

cannot be accommodated within COPI vesicles of ~50 nm in diameter (Bykov et al.,
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2017). Hence, intra-Golgi trafficking mediated by COPI vesicles, which is a hallmark
of the stable compartment model, cannot explain the intra-Golgi transport of large
cargos such as procollagen I. As a result, the cisternal maturation model has gained
popularity and is more convincing than the stable compartment model (described

below).

Additional monumental evidence came from the live cell imaging of yeast Golgi
cisternae. This provided direct evidence for cisternal maturation, as resident proteins
of a cisterna were observed to change gradually from those characteristic of early to
late Golgi (Losev et al., 2006; Matsuura-Tokita et al., 2006). Other supporting evidence
includes the observation of several Golgi resident proteins in COPI vesicles (Gilchrist
et al., 2006; Martinez-Menéarguez et al., 2001). Recently, the persistent residence of
soluble or membrane cargos within maturing yeast Golgi cisternae has also been

reported (Casler et al., 2019; Kurokawa et al., 2019).

Despite the accumulated evidence supporting the cisternal maturation model, the
experimental observation of exponential export kinetics exhibited by secretory cargos
contradict the model’'s prediction of linear export kinetics (Patterson et al., 2008).
Moreover, although glycosylation enzymes are predicted to concentrate in COPI
vesicles according to this model, such observations have rarely been obtained

(Cosson et al., 2002; Kweon et al., 2004).

1.4.2 Stable compartment model

The stable compartment model views Golgi subcompartments as stable entities, with
the stable characteristics of Golgi cisternae preserving the polarity of the Golgi. It
proposes that COPI vesicles facilitate bi-directional trafficking in the Golgi. While the

anterograde movement of COPI vesicles promotes cisternal transition of secretory
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cargos, their retrograde movement retrieves components of trafficking machinery to
their donor compartments, such as the ER and younger cisternae (Orci et al., 2000).
However, the model is challenged for a number of reasons. First, COPI vesicles are
too small to accommodate bulky secretory cargos such as procollagens and
chylomicrons (Figure 3A). Second, secretory cargos are either not found or not

enriched in COPI vesicles (Gilchrist et al., 2006; Martinez-Menarguez et al., 2001).

Nonetheless, to partially resolve the issues mentioned above, the Rothman laboratory
has proposed a revised model—-rim progression model, in which a Golgi cisterna is
proposed to comprise a stationary central and mobile rim domain. It was suggested
that dilated and dynamic rim domains could be large enough to accommodate bulky

cargos and facilitate their anterograde transport (Lavieu et al., 2013).

1.4.3 Intercisternal continuities trafficking model

The intercisternal continuities trafficking model can be viewed as a revised cisternal
maturation model, as basic features of the original model are retained. It also
introduces heterotypic tubular connections across Golgi cisternae that function in intra-
Golgi trafficking (Figure 3B, right). Intercisternal continuities have been observed in
multiple EM tomographic studies (Beznoussenko et al., 2014; Han et al., 2013; Trucco
et al., 2004). Beznoussenko and colleagues reported that albumin can traverse the
Golgi via these tubular continuities at a fast rate, while procollagens remain in Golgi
lumens and traverse the Golgi at a slower speed. Hence, this model may partially
resolve the observation of different transport kinetics displayed by different cargos
(Beznoussenko et al., 2014). However, the molecular mechanism by which the
molecular and biochemical polarity of the Golgi is maintained in the presence of

intercisternal continuities has not yet been established. It is also not clear whether
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tubular connections are universal, persistent features or only induced in the presence

of unusually busy traffic (Glick and Luini, 2011).

Notably, none of the models mentioned above can satisfactorily explain all
experimental data reported thus far. In fact, there are other models proposed over the
past decades, such as the rapid partitioning model (Patterson et al., 2008) and the
Golgi progenitor model (Pfeffer, 2010). However, they are not discussed here due to

their obvious flaws.

1.5 An overview of choices of microscopy, Golgi models and traffic
synchronization methods in Golgi research

1.5.1 Light and electron microscopy

In the context of architecture and industrial design, ‘form follows function’ is widely
accepted as a general principle to relate the shape of an object to its function or
purpose (Sullivan, 1922). This is applicable to Golgi research as well. In recent
decades, tremendous effort has been invested to decipher the architecture of the Golgi,
which then serves as the framework to constrain models related to its functions
(Ladinsky et al., 1999). In particular, the development of EM instruments and

techniques has revealed unprecedented details of the Golgi architecture.

Despite the high resolution, one must be aware of the limitations of EM. Chemical
fixation involved in conventional EM might take a few minutes to fix cellular processes
completely. Distinct cellular components might also be immobilized at different rates
(Gilkey and Staehelin, 1986). These issues could impair the reliability of EM in the
study of dynamic structures such as the Golgi. In addition, the use of diaminobenzidine
(DAB) in the cytochemical staining could be problematic, as it can be incorporated into
lipid bilayers and artificially expand the membrane (Boos and Stachelin, 1981).

Moreover, the imaging on thin sections of EM samples is severely under-sampled
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given the huge volume and structural complexity of the native Golgi. Furthermore,
membrane profiles from EM thin sections could lead to ambiguous interpretations. For
instance, a round membrane profile could be interpreted as a vesicle or a longitudinal
section of a tubule. The requirement of special labelling techniques for EM samples
and the tremendous cost of EM instruments have also made it impractical for most

laboratories (Tie et al., 2016a).

Collectively, these limitations highlight the need for improvements in EM sample
preparation protocols and the necessity to image a large volume of the Golgi.
Combining the fast-frozen/freeze substitution protocol and cryo-electron tomography
(ET), several early EM tomographic studies of the mammalian Golgi have provided
new insights for the tubular or vesicular profiles associated with Golgi cisternae. For
instance, the TGN has been re-defined based on the observation that tubular
extensions were found associated not only with the trans-most cisterna but also with
the penultimate cisterna, in NRK cells (Ladinsky et al., 1999). Besides that, direct
continuities between Golgi cisternae have been observed in glucose-stimulated
pancreatic cells (Marsh et al., 2004). Similar phenotype was also observed in
nocodazole-induced Golgi mini-stacks of NRK cells when mini-stacks were loaded

with synchronous traffic waves (Trucco et al., 2004).

Recently, Engel and colleagues have reported the application of the state-of-the-art
techniques, cryo-focused ion beam (cryo-FIB) and cryo-ET. After immobilizing
Chlamydomonas cells in vitreous ice, they utilized cryo-FIB and cryo-ET to reconstruct
the Golgi architecture in its native form, in which, molecular details were successfully
revealed (Engel et al., 2015). Using similar methods, Bykov et al. have successfully
revealed the COPI coat structure and arrangement in greater details (Bykov et al.,
2017). These improved sample preparation protocols and EM techniques provide
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images of large-volume 3D organization of the Golgi and its associated budding

profiles and minimize the introduction of artefacts into samples.

On the other hand, light microscopy (LM) and genetically encoded fluorescent proteins
allow us to study the molecular organization and dynamic of the Golgi in living cells.
In general, fluorescence microscopy generates images with a high signal-to-noise ratio
(SNR) that are suitable for various quantitative studies. In recent years, the advent of
super-resolution light microscopic instruments and techniques has broken the
resolution barriers (~200-250 nm and 450-700 nm in the x-y and z directions,

respectively) of conventional LM (Galbraith and Galbraith, 2011).

In general, there are two types of super-resolution imaging techniques. The ensemble-
based imaging techniques, such as structured illumination microscopy (SIM),
stimulated emission depletion (STED) microscopy, Airyscan microscopy and the
single-molecule-based imaging techniques, such as stochastic optical reconstruction
microscopy (STORM) and photoactivation localization microscopy (PALM), have been
gaining popularity in cell biology research (Galbraith and Galbraith, 2011). The
fluorescent probes that are used in SIM and Airyscan microscopy are conventional
fluorescent proteins and dyes. In contrast, special fluorescent probes, such as
inorganic photoswitchable dyes (for STORM), photoswitchable probes (for STED) and
photoactivatable probes (for PALM), are required for these imaging techniques
(Galbraith and Galbraith, 2011). Due to its simplicity and versatility, Airyscan
microscopy was chosen for the super-resolution imaging in this study. The principle of
Airyscan microscopy involves the projection of 1.25 Airy unit (AU) onto a 32-channel
gallium arsenide phosphide (GaAsP) photomultiplier tube (PMT) detector. This
ensures that signal collection efficiency is maintained while every detector serves as
a pinhole of 0.2 AU. This improves the resolution dramatically and the theoretical
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resolution could reach 120 nm and 350 nm laterally and axially, respectively (Huff et
al., 2017). Another advantage of Airyscan microscopy is its relatively fast acquisition
speed compared to single-molecule-based techniques and SIM. It is also more
versatile than STED for multicolour imaging (Thorley et al., 2014) because samples
generated from conventional staining protocols are perfectly compatible with the
Airyscan microscope. Therefore, it is suitable for our study of Golgi molecular
organization and dynamics in both fixed and living cells. The results of these studies

are presented in Chapters 4, 5 and 6.

1.5.2 The Golgi model

1.5.2.1 The organization of the Golgi in different organisms

The Golgi adopts various architectures across different organisms. Some of them are
structurally simpler than the mammalian architecture. For instance, in plants, Golgi
stacks are dispersed throughout the cytoplasm (Staehelin and Moore, 1995); in
Drosophila, Golgi stacks are mostly discontinuous. However, pair-wise Golgi stacks
have been observed under EM in Drosophila spermatids. 3D tomography study has
also revealed a shared tubular network at the cis-face of these adjacent Golgi stacks
(Kondylis and Rabouille, 2009; Kondylis et al., 2007); and in microsporidia, the Golgi
appears as a branching tubular network (Beznoussenko et al., 2007). In the budding
yeast Pichia pastoris, the Golgi is in stacked form (Mogelsvang et al., 2003); in contrast,
in Saccharomyces cerevisiae (S. cerevisiae), Golgi cisternae are unstacked and
dispersed throughout the cytoplasm (Preuss et al.,, 1992). These simplified Golgi
architectures have provided insights for our understanding of the mammalian Golgi.
For instance, experiments conducted in S. cerevisiae have provided some of the most

convincing evidence for the cisternal maturation model (Losev et al., 2006; Matsuura-
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Tokita et al., 2006). Researchers in the Nakano and Glick laboratories have observed
the gradually changing in the characteristics of Golgi resident proteins from those of
early Golgi to become those of late Golgi in S. cerevisiae. In addition, they reported
that both soluble and membrane cargos stay in a Golgi cisterna during its early-to-late
maturation (Casler et al., 2019; Kurokawa et al., 2019), providing further support for

the cisternal maturation model.

1.5.2.2 Nocodazole-induced mammalian Golgi mini-stacks

The architecture of a mammalian Golgi is too complicated to be resolved under LM.
Although EM imaging on thin sections from small-volume samples can resolve the
Golgi in detail, it is not an ideal method to obtain a grand view of the Golgi due to its
enormous structure and volume. It is also almost impossible to reconstruct the native

Golgi using electron tomography (Mogelsvang et al., 2003).

To partially resolve these issues, the nocodazole-induced Golgi mini-stack could be a
good system to study the mammalian Golgi. Nocodazole is a microtubule-
depolymerizing drug, and its effect on the Golgi is reversible. Nocodazole treatment
can lead to the breakdown of Golgi ribbons and the redistribution and incorporation of
Golgi proteins and membranes into the ER. Golgi elements can then reappear
adjacent to ERES and eventually reassemble into functional Golgi mini-stacks (Cole
et al., 1996). The structure and functions of Golgi mini-stacks were examined and
shown to be similar to those of the native Golgi (Trucco et al., 2004). It was observed
that Golgi mini-stacks remained polarized and allowed normal trafficking for both
VSVG and procollagen | (Trucco et al.,, 2004). Moreover, the post-translational

modification function of these Golgi mini-stacks was also unaffected (Xiang et al.,
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2013). In this study, the majority of experiments were conducted using Golgi mini-

stacks as the model.

1.5.3 The principle of Golgi protein localizations by imaging centers of mass

Our laboratory previously developed the method Golgi protein localizations by imaging
centers of mass (GLIM), which allows us to quantitatively study the subcompartmental
localization of Golgi proteins, based on the imaging of three-colour-labelled
nocodazole-induced Golgi mini-stacks (Tie et al., 2016a). After the correction of
chromatic aberration in a microscope system, more than 20 Golgi proteins were
successfully mapped for their subcompartmental localizations along the Golgi axis with
submicron accuracy. The Golgi axis is defined as the vector from the center of
fluorescence mass (centermass) of a cis-Golgi marker (e.g. GM130) to that of a trans-
Golgi marker (e.g. GalT). The centermass of a fluorescent object is defined as the
average position of all component fluorescent signals or all component pixels of the
object, weighted according to their fluorescence intensities. In our method, three-
colour-labelled Golgi mini-stacks are imaged using a wide-field fluorescence
microscope. Endogenous GM130 and exogenous GalT-mCherry are used as two
reference markers that have localization quotients (LQs) of 0.00 and 1.00,
corresponding to the cis- and trans-Golgi, respectively. The LQ denotes the
guantitative localization of a Golgi protein. It is calculated from dx/di1, where dx is the
projected distance to the image plane from the center™ass of a test protein to that of
GM130 and ds is the projected distance to the image plane from the centermass of
GM130 to that of GalT-mCherry. To correlate the qualitative localization of Golgi
proteins with our LQs, the ranges of LQ were defined as follows: LQ<-0.25
(ERES/ERGIC), LQ=0.00+0.25 (cis-Golgi), LQ=0.50+0.25 (medial-Golgi),

LQ=1.00+0.25 (trans-Golgi) and LQ>1.25 (TGN) (Tie et al., 2016a).
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GLIM is ideal for most laboratories because it: 1) is compatible with conventional
staining protocols; 2) requires only a conventional wide-field fluorescence microscope;
3) can complete the image acquisition and analysis within hours; 4) reaches submicron
accuracy (~30 nm); 5) generates reproducible quantitative results; and 6) is applicable

to both fixed and living cell samples (Tie et al., 2017; Tie et al., 2016a).

1.5.4 The synchronization of secretory proteins

It is critical to study the trafficking of secretory cargos when they are synchronized so
that the unidirectional trafficking history of the cargos can be monitored and tracked
over time during their intra-Golgi trafficking. Cell biologists have developed handy
fluorescence-based tools and protocols to synchronize secretory cargos, and several

of them are discussed in this section.

Temperature-sensitive VSVG (VSVG-tso45) is a classic tool in the study of the
anterograde trafficking pathway. Under the restrictive temperature, 40°C, VSVG-ts045
can be arrested in the ER. The arrest is reversible after incubation at the permissive
temperature, 32°C, at which it can resume anterograde trafficking (Kreis and Lodish,
1986; Lafay, 1974). However, the use of non-physiological temperatures, 40°C and
32°C, could disturb the mammalian cellular system. Furthermore, its application in the
study of secretory cargos other than VSVG-tso45 is limited (Boncompain et al., 2012;

Boncompain and Perez, 2013).

Another classic method is based on the use of two temperatures, 15°C and 20°C, that
are much lower than the physiological 37°C. By incubating cells at 15°C and 20°C,
secretory cargos can be arrested in the ERGIC and Golgi, respectively (Matlin and
Simons, 1983; Saraste and Kuismanen, 1984). Although the effect is reversible, the

reduced temperatures broadly affect almost all biosynthetic pathways temporarily
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(Boncompain et al., 2012). Therefore, this method is not ideal to be generally applied

in most experimental setups.

A third method is a conditional protein aggregation system. It takes advantage of a
monomeric human protein, 12-kDa FK506-binding protein (FKBP12), by turning it into
a dimerizing mutant (FM) through a mutation of phenylalanine3® to methionine (Rivera
et al., 2000). Usually, multiple FMs are fused with a test protein. By default, the inter-
molecular interaction between FMs can occur in the ER after expression of the protein.
This leads to the formation of protein aggregates that are too large to be transported
in COPII vesicles from the ERES, resulting in the arrest of protein aggregates in the
ER. However, they can be de-aggregated by synthetic ligands, such as the D/D
solubilizer used in our study (Figure 4A) (Rivera et al., 2000). Therefore, by genetically
engineering fusion proteins that contain FMs and secretory cargos of interest, the
secretory pathway of various cargos can be studied. An advantage of this method over
previous ones is that non-physiological temperatures are not used. A drawback
associated with this method is the possibility of generating inhomogeneous de-
aggregated proteins (Boncompain and Perez, 2013). A mixture that contains both
monomers and oligomeric protein aggregates might be induced in the presence of
solubilizing ligands. The mixture might access different secretory pathways after ER
export (Boncompain and Perez, 2013; Lavieu et al., 2014; Lavieu et al., 2013) and

could complicate the interpretation of results.

Thus far, the retention using selective hook (RUSH) system appears to be the most
versatile method and can be conducted at the physiological temperature (Boncompain
et al., 2012). It is based on the co-expression of two fusion proteins from a bicistronic
expression plasmid. To arrest a secretory cargo in the ER, the first fusion protein
functions as an ER hook that contains an ER-retention signal, such as KDEL (lysine-
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aspartic acid-glutamic acid-leucine) or invariant chain (li), and a hook, such as
streptavidin. The second fusion protein contains a test secretory cargo that is fused
with a streptavidin-binding peptide (SBP) and a fluorescent protein or non-fluorescent
tag, which allows the tracking of the secretory cargo in living and fixed cells. A
secretory cargo can be arrested in the ER via the streptavidin—SBP interaction. The
arrest can be reversed by supplying cells with biotin which competes off the SBP,
disrupting the interaction between SBP and streptavidin. Secretory cargos can then
be released into the anterograde trafficking pathway from the ER (Figure 4B). This
method can be applied to a diverse range of secretory cargos, including both
membrane and soluble cargos (Boncompain et al.,, 2012). Theoretically, the
synchronization can be achieved not only in the ER, but also in subcompartments of
the Golgi if an ideal compartment-specific hook is available. RUSH and the conditional
protein aggregation system have been utilised extensively in the study of intra-Golgi

trafficking of various secretory cargos. These results are presented in Chapter 6.
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Figure 4: Basic principles of conditional protein aggregation and RUSH systems.
(A) Conditional protein aggregation system. Four repeats of FM (FM4) are fused with
a fluorescent protein (FP). FM4-FP can interact with each other via FMs to form large
protein aggregates, which are unable to be exported from the ER. In the presence of
the D/D solubilizer, a protein aggregate is de-aggregated, constituent cargos then
resume their anterograde trafficking into the Golgi and subsequently to post-Golgi
destinations. (B) RUSH system. A bicistronic expression plasmid expresses two fusion
proteins, namely the hook-streptavidin and reporter-SBP-FP. They interact with each
other via the streptavidin-SBP interaction, leading to the arrest of the reporter-SBP-FP
in the donor compartment. Biotin competes off the SBP by binding to streptavidin,
releasing the reporter-SBP-FP from a donor compartment to an acceptor compartment.
Adapted from (Boncompain et al., 2012).
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1.6 Objectives of the study

1) To investigate the molecular organization of Golgi mini-stacks by localizing Golgi
proteins axially and laterally.
2) To investigate the intra-Golgi trafficking of various secretory cargos and their Golgi

exit sites.
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Chapter 2: Materials and methods

2.1 Construction of DNA plasmids

All constructs made in this thesis were sequences verified.
2.1.1 Vectors

pDMyc-N1: A pair of oligonucleotides (5°-TCG ACC CCG GGC CGC GGG GCC GGC
CAG AAC AAA AAC TCA TCT CAG AAG AGG ATC TGG AAC AAA AAC TCATCT
CAG AAG AGG ATC TGT AAG C-3’ and 5-GGC CGC TTACAG ATCCTC TTC TGA
GAT GAG TTT TTG TTC CAG ATC CTC TTC TGA GAT GAG TTT TTG TTC TGG
CCG GCC CCG CGG CCC GGG G-3) was annealed and ligated into Sall/Notl

digested pCl-neo (Promega).

pmCherry-C2: A pair of oligonucleotides (5'- GAT CAC AGA TCT CGA GCT CAA
GCT TCA GCG GCC GCG-3'and 5'-AAT TCG CGG CCG CTG AAG CTT GAG CTC

GAG ATC TGT-3') were annealed and ligated into Bgl ll/EcoRI digested pmCherry-C1.

These plasmids were previously described: pDMyc-neo(Lu and Hong, 2003),

pGEB(Lu et al., 2001), pA2E-N1(Ludwig et al., 2016).
2.1.2 Constructs of Golgi enzymes and a nucleotide sugar transporter

MGAT1-AcGFP1: The coding sequence of human MGAT1 was PCR amplified from
an IMAGE clone (GenBank Accession No. M61829) using a pair of oligonucleotides
(5-AGT GAC GAATTC ATG CTG AAG AAG CAG TCT G-3’ and 5-AGT GAC GGA
TCC CGA TTC CAG CTA GGA TCA TAG CC-3’). The PCR product was digested by
EcoRI/BamHI and ligated into the pAcGFP-N1 (Clontech) using the same restriction

sites.
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MGAT2-AcGFP1: The coding sequence of human MGAT2 was PCR amplified from
an IMAGE clone (GenBank Accession No. BC006390) using a pair of oligonucleotides
(5-AGT GAC GAA TTC ATG AGG TTC CGC ATC TAC-3’ and 5-AGT GAC GGA
TCC CGC TGC AGT CTT CTA TAA CT-3. The PCR product was digested by
EcoRI/BamHI and ligated into the pAcGFP-N1 (Clontech) using the same restriction

sites.

MGAT4B-AcGFP1: The coding sequence of human MGAT4B was PCR amplified
from an IMAGE clone (GenBank Accession No. AB000624) using a pair of
oligonucleotides (5-AGT GAC CTC GAG ATG AGG CTC CGC AAT GGC-3’ and 5'-
AGT GAC AAG CTT GTC GGC CTT TTT CAG GAA G-3’). The PCR product was
digested by Xhol/Hindlll and ligated into the pAcGFP1-N1 (Clontech) using the same

restriction sites.

ST6Gall-AcGFP1: The coding sequence of human ST6Gall was PCR amplified from
a cDNA clone (GenBank Accession No. BC040009) using a pair of oligonucleotides
(5- AGT GAC CTC GAG ATG ATT CAC ACC AAC CTG-3 and 5’- AGT GAC GGA
TCC CGG CAG TGA ATG GTC CGG AAG-3’). The PCR product was digested by
Xhol/BamHI and ligated into the pAcGFP-N1 (Clontech) using the same restriction

sites.

Manl1B1-Myc: The coding sequence of ManlB1l was PCR amplified from a cDNA
clone (GenBank Accession No. BC006079.1) using a pair of oligonucleotides (5’-AGT
GAC CTC GAG GCC ACC ATG GCT GCC TGC GAG GGC AGG AGA AGC-3’ and
5- AGT GAC TCT AGA GGC AGG GGT CCA GAT AGG CAG-3’). The PCR product
was digested by Xhol/Xbal and ligated into the pDMyc-N1 using the same restriction

sites.
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MGAT1-Myc: The coding sequence of human MGAT1 was PCR amplified from a
cDNA clone (GenBank Accession No. M61829) using a pair of oligonucleotides (5'-
AGT GAC CTC GAG GCC ACC ATG CTG AAG AAG CAG TCT G-3 and 5-AGC
GAC TCT AGA ATT CCA GCT AGG ATC ATA GCC C-3’). The PCR product was

digested by Xhol/Xbal and ligated into the pDMyc-N1 using the same restriction sites.

MGAT2-Myc: The coding sequence of human MGAT2 was PCR amplified from a
cDNA clone (GenBank Accession No. BC006390) using a pair of oligonucleotides (5’-
AGT GAC GAATTC GCC ACC ATG AGG TTC CGC ATC TAC-3 and 5'- AGT GAC
TCT AGA CTG CAG TCT TCT ATA ACT-3’). The PCR product was digested by

EcoRI/Xbal and ligated into the pDMyc-N1 using the same restriction sites.

ST6Gall-Myc: The coding sequence of human ST6Gall was PCR amplified from a
cDNA clone (GenBank Accession No. BC040009) using a pair of oligonucleotides (5’-
AGT GAC CTC GAG GCC ACC ATG ATT CAC ACC AAC CTG-3’ and 5’- AGT GAC
TCT AGA GCA GTG AAT GGT CCG GAA GC-3’). The PCR product was digested by

Xhol/Xbal and ligated into the pDMyc-N1 using the same restriction sites.

B4GalT3-Myc: The coding sequence of human 4GalT3 was PCR amplified from a
cDNA clone (GenBank Accession No. BC009985.2) using a pair of oligonucleotides
(5-AGT GAC TCT AGA GCC ACC ATG TTG CGG AGG CTG CTG GAG-3’ and 5-
AGT GAC GTC GAC GTG TGA ACC TCG GAG GGC TGT G-3’). The PCR product
was digested by Xhol/Xbal and ligated into the pDMyc-N1 using the same restriction

sites.

C2GNT1-GFP: The coding sequence of human C2GNT1 was PCR amplified from an
IMAGE clone: 30915474 (GenBank Acc. No.. BC074886) using a pair of

oligonucleotides (5’-GAT GCA CTC GAG GCC ACC ATG CTG AGG ACG TTG CTG-
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3’ and 5-GAT GCA GGA TCC GCG TGT TTT AAT GTC TCC AAA G-3'). The PCR
product was digested by Xhol/BamHI and ligated into the pEGFP-N1 (Clontech) using

the same restriction sites.

GALTNT8-GFP: The coding sequence of human GALNT8 was PCR amplified from
an IMAGE clone: 9021756 (GenBank Acc. No.: NM_017417.2) using a pair of
oligonucleotides (5-GAT GCA CTC GAG GCC ACC ATG ATG TTT TGG AGG AAA
C-3’ and 5’-GAT GCA GGA TCC GCC TGG CTG TTG GTC TGA CC-3’). The PCR
product was digested by Xhol/BamHI and ligated into the pEGFP-N1 using the same

restriction sites.

GALNT4-GFP: The coding sequence of human GALNT4 was PCR amplified from an
IMAGE clone: 263604 (GenBank Acc. No.: NM_003774.5) using a pair of
oligonucleotides (5’- GAT GCA CTC GAG GCC ACC ATG GCG GTG AGG TGG ACT
TG-3’ and 5’-GAT GCA GGA TCC GCT TTC TCA AAA CTC CAA ATT TG-3)). The
PCR product was digested by Xhol/BamHI and ligated into the pEGFP-N1 (Clontech)

using the same restriction sites.

GalT-mCherry was previously described (Tie et al., 2016a). These plasmids were
purchased from OriGene Technologies Inc.: SLC35C1-myc (RC200101), B3GalT6-
myc(MR204731), B4GalT7-myc (RC200258), POMGNT1-myc (RC200176),
ST6GalNAC6-myc (RC200218). These plasmids were generous gifts: TPST1-GFP
(Addgene #66617) and TPST2-GFP (Addgene #66618)(Spooner et al., 2008)(D.

Stephens lab).

2.1.3 Constructs of trafficking machinery components

Rabla-GFP: The coding sequence of human Rabla was PCR amplified from a cDNA

clone (GenBank Accession No: DQ894084.2) using a pair of oligonucleotides (5’-GAT
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GCA CTC GAG ACT CCA GCA TGA ATC CCG AAT ATG-3 and 5-GAT GCA GTC
GAC TTA CAA GCA GCA ACC TCC ACC-3’). The PCR product was digested by

Xhol/Sall and ligated into the pEGFP-N1 (Clontech) using the same restriction sites.

Furin-GFP: The coding sequence of human Furin was PCR amplified from a cDNA
clone (GenBank Accession No. BC012181.1) using a pair of oligonucleotides (5’-CAG
ATCTCG AGC TCAAGC TTC GAATTC GCC ACC ATG GAG CTG AGG CCC TGG-
3’and 5’- GAT CCC GGG CCC GCG GTACCG TCG ACCCGA GGG CGCTCT GGT
CTT TG-3’). The PCR product was digested by EcoRI/Sall and ligated into the pEGFP-

N1 (Clontech) using the same restriction sites.

Furin-Myc: The coding sequence of human Furin was PCR amplified from a cDNA
clone (GenBank Accession No. BC012181.1) using a pair of oligonucleotides (5’-CAG
ATCTCGAGC TCAAGC TTC GAATTC GCC ACC ATG GAG CTG AGG CCC TGG-
3 and 5’- GAT CCC GGG CCC GCG GTACCG TCG ACCCGA GGG CGCTCT GGT
CTT TG-3’). The PCR product was digested by EcoRI/Sall and ligated into the pDMyc-

N1 using the same restriction sites.

GFP-GCC185: The coding sequence of GFP was PCR amplified from pEGFP-C1
using a pair of oligonucleotides (5’-GAA CTG GCT AGC ATG GTG AGC AAG GGC
GAG-3’ and 5-GTA CTG CTC GAG GCA ATA CCG CGG CTT GTA CAG CTC GTC
CAT GC-3’). The PCR product was digested by Nhel/Xhol and ligated into the pDMyc-
neo using the same sites. The intermediate construct was digested by Xhol/Notl and
ligated with a fragment encoding full length GCC185, which was released from

Xhol/Notl digested pDMyc-GCC185 (a gift from W. Hong lab).

GFP-GCC185-mCherry: GFP-GCC185 was digested by Xmal and the digested

vector backbone was dephosphorylated by calf intestinal alkaline phosphatase.
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mCherry was PCR amplified from pmCherry-N1 (Clontech) using a pair of
oligonucleotides (5'-GAT GAC CCC GGG ACG TGA GCA AGG GCG AGG AG-3' and
5’-GAT GAC CCC GGG AAG TCA GTC GAC TCT TGT ACA GCT CGT CCA T-3)).
The PCR product was digested by Xmal and ligated into the Xmal digested GFP-
GCC185 vector backbone described above. The clone with the correct mCherry

orientation was screened.

GFP-ACBD3: The IMAGE clone 5259930 (GeneBank Acc. No.: BC045533) was
digested by Spel, end-blunted by T7 DNA polymerase and digested by EcoRI to
release the fragment containing the coding sequence of ACBD3. The fragment was
then ligated with pEGFP-C2, which was sequentially digested by BamHI, end-blunted
by T7 DNA polymerase, digested by EcoRI and treated by calf intestinal alkaline

phosphatase.

GFP-Rab6: The coding sequence of Rab6 was PCR amplified from an IMAGE clone:
2124966 (Genbank Acc. No.: Al435940) using a pair of oligonucleotides (5'-GTA CCT
GAATTC ATG TCC ACG GGC GGAGAC TTC G-3'and 5'-CAAGTC GGATCC TTA
GCA GGA ACA GCC TCC TTC AC-3). The PCR product was digested by
EcoRI/BamHI and ligated into the pEGFP-C2 (Clontech) using the same restriction

sites.

mCherry-Golgin84: The coding sequence of Golgin84 was PCR amplified from the
GFP-Golgin84 using a pair of oligonucleotides (5°-GAT GCAGTC GACTCTTGG TTT
GTT GAT CTT G-3’ and 5-GAT GCA GGA TCC TCA TTT GCC ATA TGG TTG-3).
The PCR product was digested by Sall/BamHI and ligated into the pmCherry-C1

(Clontech) using the same restriction sites.
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GFP-GGAL: The coding sequence of human GGALl was released from the GGA1l-
pPGAD-T7 (Lu et al., 2003) by EcoRI/BamHI digestion. The GGA1 fragment was ligated

into the pEGFP-C2 using the same restriction sites.

mCherry-GM130: The coding sequence of GM130's C-terminus was released from
GFP-GM130 by BamHI digestion and ligated into the pmCherry-C2 using the same
restriction site. The clone with the correct orientation was screened to obtain an
intermediate construct. The N-terminus of GM130 was PCR amplified from GFP-
GM130 using a pair of oligonucleotides (5'-AGT GAC CTC GAG CAT GTC GGA AGA
AAC CCG AC-3'and 5'-GAC CCG AAG CTT CTC TTC C-3'). The PCR product was
digested by Xhol/Hindlll and ligated into the intermediate construct using the same

restriction sites.

GFP-Golph3: The coding sequence of Golph3 was PCR amplified from pDONR223-
GOLPH3 (Addgene #21688) using a pair of oligonucleotides (5-GAT GCA GAATTC
TAC CTC GCT GAC CCAGCG CAG CTC C-3’'and 5’- GAT GCAGGATCCTTACTT
GGT GAA CGC CGC CAC CAC CGC-3). The PCR product was digested by
EcoRI/BamHI and ligated into the pEGFP-C1 (Clontech) using the same restriction

sites.

Vip36-GFP: The coding sequence of human Vip36 was PCR amplified from an IMAGE
clone: 4135210 (Genbank Acc. No.: NM_006816.3) using a pair of oligonucleotides
(5’-GAT GCA CTC GAG GCC ACC ATG GCG GCG GAA GGC TGG-3’ and 5-GAT
GCA GGA TCC GC GTA GAA GCG CTT GTT CCG-3’). The PCR product was
digested by Xhol/BamHI and ligated into the pEGFP-N1 (Clontech) using the same

restriction sites.
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GFP-GCC88 was previously described (Tie et al., 2016a). cab45-myc (GenBank Acc.
No.: NM_011341; cat #: MR205523) was purchased from OriGene Technologies Inc.
GP73-myc (GenBank Acc. No.: NM_016548.3; cat# HG13066-CM) was purchased
from Sino Biological Inc. These plasmids were generous gifts: Arf1-GFP (Wessels et
al., 2006), Arf4-GFP and Arf5-GFP (F.J.M. van Kuppeveld lab), GFP-ERGIC53 (Ben-
Tekaya et al., 2005)(H.Hauri lab), GFP-GM130 (Marra et al., 2001)(M. De Matties lab),
GFP-Golgin84 (Diao et al., 2003)(M. Lowe lab), pmScarlet-Giantin-C129 (Bindels et
al., 2017)(Addgene #85048, D. Gadella lab), GPP130-GFP (Linstedt et al., 1997)(A.
Linstedt lab), GRASP55-GFP and GRASP65-GFP (Y. Wang lab), GFP-Golgin97,
DMyc-GCC185, Sec23a-mCherry, Sec3la-GFP (Tang et al., 2000), Vamp4-GFP
(Tran etal., 2007), Myc-Sec34 (Loh and Hong, 2002) and Myc-Sec13 (Niu et al., 2012)

(W. Hong lab).

2.1.4 Constructs of RUSH reporters

li-Streptavidin(Strep)_ss-SBP-GFP: Two intermediate PCR products were PCR
amplified from li-Strep_ss-SBP-EGFP-Ecadherin and pEGFP-C1, respectively, using
two pair of oligonucleotides (5’-GAT GCA CCC GGG AGG CGC GCC ATG-3’ and 5'-
CTC CTC GCC CTT GCT CAC ACC TGC AGG TGG TTC ACG-3’); (5-CGT GAA
CCA CCT GCA GGT GTG AGC AAG GGC GAG GAG-3' and 5-GAT GCA TCT AGA
TTA CTT GTA CAG CTC GTC CAT-3’). The two intermediate PCR products were
used as templates and the first and fourth primers were used to PCR amplify the final
PCR product. The final PCR product was digested by Xmal/Xbal and ligated into the

li-Strep_ss-SBP-EGFP-Ecadherin using the same restriction sites.

Strep-li_VSVG-SBP-Flag: To obtain a fragment encoding SBP-Flag, SBP was PCR

amplified from the Strep-li_VSVG-SBP-EGFP using a pair of oligonucleotides (5-GAA
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AGC TGAATT CCATGG ACG AGA A-3'and 5'- GAT GCAGGC CGG CCT TACTTA
TCG TCG TCG TCT TTG TAG TCC TTATCG TCG TCATCC TTG TAATCT GGT
TCA CGT TGA CCT TG-3'), where two Flag coding sequences were incorporated in
the reverse primer, to obtain a PCR product of SBP-Flag. The PCR product was
digested by EcoRI/Fsel and ligated into the Strep-li_VSVG-SBP-EGFP using the

same restriction sites.

Strep-KDEL_Vamp4-SBP-APEX2-Dmyc: To obtain a fragment encoding Vamp4-
SBP-APEX2-(dual Myc)Dmyc, two intermediate products were PCR amplified from
Strep-KDEL_Vamp4-SBP-EGFP (unpublished construct) and pCl-neo-VSVGtsO45-
APEX2-Dmyc (unpublished construct), respectively, using two pairs of
oligonucleotides (5’-TAC TGC GAA TTC CAT GGA C-3’ and 5-GTA AGA CTT TCC
CAT GGT GGC CAT ACC TGC AGG TGG TTC ACG TTG ACC TTG-3'); (5-CAA
GGT CAA CGT GAA CCA CCT GCA GGT ATG GCC ACC ATG GGA AAG TCT TAC-
3" and 5-GAT GCA CTC GAG TTA CAG ATC CTC TTC TGA G-3’). The two
intermediate PCR products were used as templates and the first and fourth primers
were used to PCR amplify the final PCR product. The final PCR product was digested
by EcoRI/Xhol and ligated into the Strep-KDEL_Vamp4-SBP-EGFP using the same

restriction sites.

Strep-KDEL_ss-SBP-Lampl: Lampl was PCR amplified from Lampl-GFP (a gift
from T. Kirchhausen lab) using a pair of oligonucleotides (5’-GAT GCA GGC CGG
CCA GAC GCAATG TTT ATG GTG AAA AAT G-3’ and 5'-GAT GCA CTC GAG CTA
GAT AGT CTG GTA GCC-3’). The PCR product was digested by Fsel/Xhol and

ligated into the Strep-KDEL_ss-SBP-GFP-E-cadherin using the same restriction sites.
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Strep-KDEL_ss-SBP-Lamp1Y4%%A: A pair of oligonucleotides (5-GAT GCA GGC
CGG CCA GAC GCAATG TTT ATG GTG AAA AAT G-3’ and 5-GAT GCA CTC GAG
CTA GAT AGT CTG TGC GCC TGC GTG ACT CCT CTT CC-3’) were designed such
that the Y404A mutation was incorporated into the reverse primer. The Lampl Y404A
was PCR amplified from the Lamp1-GFP using above-mentioned primers. The PCR
product was digested by Fsel/Xhol and ligated into the Strep-KDEL_ss-SBP-GFP-

Lamp1l using the same restriction sites.

These plasmids were previously described: ss-Strep-KDEL_ss-SBP-GFP-CD8a-
Furin and ss-Strep-KDEL_ss-SBP-GFP-CD59 (Tie et al., 2016a). These plasmids
were generous gifts: Strep-KDEL_TfR-SBP-GFP, Strep-KDEL_ss-SBP-GFP-CD-
MPR and Strep-KDEL_ss-SBP-GFP-CD-MPRL274AL275A  (Chen et al., 2017)(J.
Bonifacino lab), Strep-li_VSVG-SBP-EGFP, ss-Strep-KDEL_Manll-SBP-GFP, ss-
Strep-KDEL_ss-SBP-GFP-E-cadherin, ss-Strep-KDEL_ss-SBP-mCherry-GPl,
(Boncompain et al., 2012) and ss-Strep-KDEL_ss-SBP-GFP-collagenX (F. Perez

lab).
2.1.5 Constructs of FM4-fusion conditional protein aggregation reporters

FM4-moxGFP: The moxGFP coding sequence was PCR amplified from moxGFP
(Addgene #68070) using a pair of oligonucleotides (5’-GAT GCA ACT AGT GTG TCC
AAG GGC GAG GAG-3’ and 5-GAT GCA GGA TCC TTACTT GTA CAG CTC GTC-
3’). The PCR product was digested by Spel/ BamHI and ligated into the backbone

obtained from Spel/ BamHI digested pC4S1-FM4-FCS-hGH (J. Rothman lab).
GFP-FM4-CD8a (Lavieu et al., 2013) was a generous gift from J. Rothman lab.

2.1.6 Constructs for APEX2-EM
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MGAT2-APEX2-GFP: The coding sequence of human MGAT2 was PCR amplified
from an IMAGE clone (GenBank Accession No. BC006390) using a pair of
oligonucleotides (5°-AGT GAC CTC GAG ATG AGG TTC CGC ATC TAC-3' and 5'-
AGT GAC AAG CTT CTG CAG TCT TCT ATA ACT TTT AC-3’). The PCR product
was digested by Xhol/Hindlll and ligated into the pA2E-C1 (A. Ludwig lab) using the

same restriction sites.

GPP130-APEX2-GFP: The coding sequence of APEX2 was PCR amplified from the
pPA2E-N1 (Ludwig et al., 2016) using a pair of oligonucleotides (5’-GAT GCA CCG
CGG GCG GAA AGT CTT ACC CAA CTG-3 and 5’-GAT GCA GGA TCC GGC ATC
AGC AAA CCC AAG-3’). The PCR product was digested by Sacll/BamHI and ligated

into the GPP130-GFP (Linstedt et al., 1997) using the same restriction sites.

2.1.7 Constructs for Giantin antibody production

His-Giantin (3131-3201aa): The coding sequence 3131-3201 amino acids (aa) of
human Giantin (NP_004478.3) was PCR amplified from pmScarlet-Giantin-C129
(Addgene #85048)(Bindels et al., 2017) using a pair of oligonucleotides (5’-GAT GCA
GGA TCC GAA CCG CAG CAA AGC TTT TC-3 and 5-GAT GCA CTC GAG TCT
CCT GAG TGC CAC AGG AG-3’). The PCR product was digested by BamHI/ Xhol

and ligated into the pET30a (Novagen) using the same restriction sites.

GST-Giantin (3131-3235aa): The coding sequence 3131-3235 aa of human Giantin
(NP_004478.3) was PCR amplified from pmScarlet-Giantin-C129 (Addgene
#85048)(Bindels et al., 2017) using a pair of oligonucleotides (5’- GAT GCA GAATTC
GAA CCG CAG CAAAGC TTT T C-3’ and 5-GAT GCA GGA TCC TCA TCG GGT
CCG TGA ATG ACA G-3’). The PCR product was digested by EcoRI/ BamHI and

ligated into the pGEB using the same restriction sites.
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2.1.8 Other constructs

tsO45-VSVG-Furin-GFP: Two intermediate PCR products were PCR amplified from
tsO45-VSVG-GFP (Presley et al., 1997) and CD8a-Furin (Mahajan et al., 2013) using
two pairs of oligonucleotides (5-AGT CAA GA ATT CAT GAAGTG CTT TTT GTA C-
3’ and 5’-CTA AAG CCA GAG CGC AGC TGA ATG CAA AGA TAA ATA CCA A-3);
(5-TTG GTA TTT ATC TTT GCA TTC AGC TGC GCT CTG GCT TTA G-3’ and 5-
AGT CAA GGA TCC GCG AGG GCG CTC TGG TCT TTG AT-3’). The two
intermediate PCR products were used as templates and the first and fourth primers
were used to PCR amplify the final PCR product. The final PCR product was digested
by EcoRI/BamHI and ligated into the pEGFP-N1 (Clontech) using the same restriction

sites.

These plasmids were generous gifts: tsO45-VSVG-GFP(Presley et al., 1997)(J.
Lippincott-Schwartz lab), Streptavidin-His (Howarth et al., 2006) (T.Alice lab). These
plasmids were constructed in our lab and previously described: GFP-Nup133-mut and

shNup133-1 (Tie et al.,, 2016b), CD8a-Furin and CD8a-CI-MPR (Mahajan et al.,

2013).

2.2 Cell lines
HelLa Homo sapiens
Normal rat kidney (NRK) fibroblast cell ~ Rattus norvegicus
293FT Homo sapiens

Table 1: List of cell lines.

2.3 Commercial kits

APEX Alexa Fluor 647 Thermo Fisher Scientific A10475
Antibody labelling kit
APEX Alexa Fluor 488 Thermo Fisher Scientific A10468
Antibody labelling kit

Table 2: List of commercial Kits.
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2.4 Software/algorithm

Fiji
ImageJ
Chromatic aberration

https://fiji.sc/
https://imagej.nih.gov/ij/
(Tie et al., 2016a)

correction (For GLIM)

Normalization and
Giantin alignment for
en face Golgi mini-
stacks.ijm (Appendix
1)

This thesis

Radial mean intensity = This thesis

profile.ijm (Appendix
2)
Rotation

This thesis

_resize_normalization

for side view
averaging.ijm
(Appendix 3)

Table 3: List of software/algorithm.

2.5 Chemicals/recombinant proteins.

Biotin

Biotin phenol
Nocodazole
D/D solubilizer
Cycloheximide
Streptavidin-His

Image processing

Image processing

To correct the chromatic
aberration induced by the
microscope system

To translate Golgi images to the
image center and normalize their
gyradii followed by generating
trimmed image and normalizing
intensity of each channel image
To measure radial mean intensity
of averaged en face view image

To translate, rotate, normalize
sizes of side view images of
Golgi proteins, followed by
generating trimmed image and
normalizing intensity of each
channel image

Table 4: List of chemicals/recombinant proteins.

2.6 Antibodies

GM130 C-terminus
(mouse monoclonal)
GM130 N-terminus
(rabbit monoclonal)
Golgin245 (mouse
monoclonal)

GGAZ2 (mouse
monoclonal)

GS15 (mouse
monoclonal)

IBA 21016002 40 uM

Iris Biotech GmbH  LS3500 500 puM

Merck 487928 33 uM

Clontech 635054 1 mM

Sigma-Aldrich 10 pg/mL

Purified in the lab 100ng/mL
BD Bioscience 610823 IF 1:500
Abcam AB52649 IF 1:500
BD Bioscience 611280 IF 1:100
BD Bioscience 612612 IF 1:200
BD Bioscience 610960 IF 1:250
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GS27 (mouse
monoclonal)
GS28 (mouse
monoclonal)
Syntaxin6 (mouse
monoclonal)
Vtila (mouse
monoclonal)
Myc (mouse
monoclonal)
CLCB (mouse
monoclonal)
yCOP (mouse
monoclonal)
Furin (rabbit
polyclonal)
CI-MPR

Alexa Fluor 594
conjugated
streptavidin

BCOP (mouse
monoclonal)

Flag (mouse
monoclonal)
Giantin N-terminus
(rabbit polyclonal)
Giantin C-terminus
(rabbit polyclonal)

KDEL receptor

(mouse monoclonal)

GALNT1 (mouse
monoclonal)
GALNT2 (mouse
monoclonal)

Arll (rabbit
polyclonal)
Golgin97 (rabbit
polyclonal)
Dopeyl (rabbit
polyclonal)
y-adaptin (mouse
monoclonal)
GPP130 (rabbit
polyclonal)
TGN46 (rabbit
monoclonal)

BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience

Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific

Sigma-Aldrich
Sigma-Aldrich
BioLegend
this thesis
Enzo Life
Sciences

H. Clausen lab
H. Clausen lab
(Lu et al.,
2001)

(Lu and Hong,
2003)
(Mahajan et al.,
2019)
Sigma-Aldrich
BioLegend

Abcam

611034
611184
610635
611220
9E10
SC-376414
SC-393977
PA1062

MA1-066

S11227

maD
F1804

924302

KR-10

A4200
Poly19238

Ab50595
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1:250
1:250
1:250
1:500
1:200
1:200
1:200
1:100
1:200

1:500

1:200
1:200
1:1000
1:500;
1:1000; 1
pug/mL
1:250
1:10
1:10
1:100
1:1000
1:500
1:250
1:1000

1:1000



CD8a (mouse Developmental IF 1:200

monoclonal) Studies
Hybridoma ORI
Bank (DSHB)
Goat anti-rabbit IgG  Bio-Rad wB 1:5000
conjugated with 1706515
hoseradish

peroxidase (HRP)
Table 5: List of antibodies.

2.7 The production of antibody against Giantin C-terminus 3131 to
3201 aa

2.7.1 The preparation of the Giantin C-terminus antigen and the immunization of
rabbits

BL21 DE3 Escherichia coli (E.coli) bacteria were transformed with His-Giantin(3131-
3201). The expression of His-Giantin (3131-3201) was induced by 0.25 mM Isopropy!
B-D-1-thiogalactopyranoside (IPTG) for 18 hours (hrs). The bacteria were pellet down
and lysed in 8 M urea and went through 3 cycles of freeze-and-thaw. The cell lysate
was pellet down, and the supernatant was incubated with Ni-NTA agarose beads for
about 18 hrs at 4°C. The agarose beads were washed with 8 M urea containing 20
mM imidazole. The His-Giantin (3131-3201) was eluted from beads by incubating with
8 M urea containing 250 mM imidazole for 1 hr at the room temperature. The elute
was dialyzed in phosphate-buffered saline (PBS) and served as the antigen to be
injected into rabbits to produce serum that contained antibody against Giantin C-
terminus (3131-3201). The immunization procedures were performed by Genemed
Synthesis Inc. In brief, the antigen was properly diluted and mixed with the appropriate
adjuvant to form a stable emulsion. The resulting mixture was injected subcutaneously
into rabbits. 5 immunizations were performed on rabbits over 63 days. The antiserum

was collected and prepared from the clarified blood from immunized rabbits.

2.7.2 The purification of the Giantin C-terminus antibody
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The cross-linked GST-Giantin (3131-3235 aa) beads were incubated with the anti-
serum for 1 hr at the room temperature. The serum was drained and recycled for
incubation with beads for another hour. Beads were washed with PBS and incubated
with 100 mM glycine, pH 2.8 for 10 min at the room temperature. The elute was
collected and added with 1 M Tris, pH 8.0. The elute which contained the polyclonal

Giantin C-terminus antibody, was concentrated and ready for use.
2.7.3 The characterization of the Giantin C-terminus antibody

The purified Giantin C-terminus antibody was characterized for its specificity by using
immunoprecipitation and immunofluorescence assays, which were described in

Section 2.10 and 2.11.

2.8 Cell Culture, transfection and induction of Golgi mini-stacks
formation

HeLa and normal rat kidney fibroblast (NRK) cells were cultured in the Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
in a 37°C incubator with the supply of 5% CO2. 293FT cells were cultured under the
same conditions as HeLa and NRK cells, except that 0.5mg/mL of G418 (Promega)
was added into its culture medium. Cells were transfected with DNA plasmids by using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s manual. In the live-
cell imaging, cells grown on 35 mm glass-bottom petri dish (MatTek) were cultured in
CO2z-independent medium (Invitrogen) supplemented with 4 mM glutamine and 10%
FBS at 37°C. To induce the formation of Golgi mini-stacks, cells were incubated with

the medium containing 33 uM nocodazole for 2 to 3 hrs at 37°C.

2.9 Fluorescence microscopy
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Cells were imaged under a wide-field microscope system comprising an Olympus 1X83
equipped with an oil objective lens (100x, NA 1.40), motorized filter cubes/wheels, a
motorized stage, a scientific complementary metal oxide semiconductor (SCMOS)
camera (Neo; Andor), and a 200-W metal halide excitation light source (Lumen Pro
200; Prior Scientific). Dichroic mirrors and filters were optimized for GFP/Alexa Fluor
(AF) 488, mCherry/AF594, AF647 and AF680. Only the central quadrant of the camera
sensor was used for imaging. Camera settings were rolling shutter, 200-MHz digitizer,
and 16 bit (low noise, high well capacity). The pixel size of images under the 100x
objective lens was measured as 64 nm. The microscope system was controlled by the

Metamorph software.

Cells were also imaged under the Airyscan super-resolution confocal microscopy
system (Carl Zeiss) comprising a Zeiss LSM710 confocal microscope equipped with
an oil objective lens (a-plan apochromat 100x, NA 1.46), a motorized stage and an
Airyscan module. Three laser lines of 488, 561 and 640 nm were used to excite
fluorophores and their emission filter bandwidths were 495-550 nm, 595-620 nm and
long pass 645 nm, respectively. The microscope system is controlled by the ZEN
software (Carl Zeiss). The pixel size of images ranged between 40 to 54 nm. The z-
step size was 170 nm. In the ZEN software, image stacks were subjected to Airyscan

processing followed by maximal intensity projection (MIP).
2.10 Immunoprecipitation

293FT cells were lysed in the chilled lysis buffer containing 40 mM HEPES pH7.3, 100
mM NaCl, 1% TX-100 and protease inhibitor cocktail (Roche). The cell lysate was
incubated for 30 mins with rotation. Then, it was pellet down. The supernatant was

added with 1 pg/mL antibody and allowed for 18 hrs rotating incubation in a cold room.
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40 pl protein A/G bead slurry was added into the supernatant-antibody mixture and
allowed for 3 hrs incubation with rotation in a cold room. Protein A/G beads were
washed with the lysis buffer for 4 times. After that, 1X sodium dodecyl sulphate (SDS)
loading buffer was added into samples and boiled for 10 mins. Protein samples were

ready for the SDS-polyacrylamide gel electrophoresis (PAGE) gel loading.

2.11 Immunofluorescence

HeLa or NRK cells were grown on No.1.5 12mm-diameter glass cover slips. Cells were
washed once with PBS and fixed in 4% paraformyldehyde (PFA) for 20 mins at the
room temperature. Cells were then washed with PBS and 100 mM NH4Cl. Cells were
subsequently processed for immunofluorescence labelling by primary antibodies,
followed by AF488-, AF647- or AF680-conjugated goat anti-mouse or anti-rabbit
secondary antibodies (Invitrogen). Both primary and secondary antibodies were
diluted in PBS containing 5% FBS, 2% bovine serum albumin, and 0.1% saponin
(Sigma-Aldrich). Cells were mounted onto glass slides in Mowiol mounting medium
containing 12% Mowiol 4-88 (EMD Millipore, Billerica, MA), 30% glycerol, and 100 mM

Tris pH 8.5.

2.12 Western blot

Protein samples were prepared from cell lysates that were lysed in 1X SDS loading
buffer containing 250 mM Tris-Cl pH 6.8, 8% SDS, 400 mM dithiothreitol (DTT), 0.4%
bromophenol blue and 40% glycerol. Boiled and denatured protein samples were
loaded and resolved in an SDS-PAGE gel. Proteins samples were then electro-blotted
onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad) for 2-3 hrs at 4°C. Then,
the PVDF membrane was blocked by 5% fat-free milk in PBS for 1 hr, followed by the

primary antibody solution incubation for 1hr at the room temperature or more than 16
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hrs at 4°C. The PVDF membrane was washed with PBS and incubated with the
secondary antibody for 1 hr at the room temperature. Both primary and secondary
antibodies were diluted in 5% fat-free milk in PBS. After washing off unbound
secondary antibodies, the PVDF membrane was ready for exposure using
chemiluminescence reagents, such as Luminol Enhancer and hydrogen peroxide
solution (Advansta). The chemiluminescence signal was detected by ImageQuant

LAS-4000 (GE healthcare Life Sciences).

2.13 Measuring the localization quotient (LQ) of Golgi resident
protein and Golgi-transiting cargo by using GLIM

The detail protocol was previously described (Tie et al., 2017; Tie et al., 2016a). In
brief, TetraSpeck beads (110 nm in diameter; Invitrogen) and nocodazole-treated
HeLa cells were imaged under green, red and far-red channels. It is assumed that the
center™mass of red fluorescence is the true position of a bead. Center™masss of green, red,
and far-red fluorescence of beads were measured using FIJI and fitted by a first-order
polynomial function in MATLAB (MathWorks) for the microscope calibration and an
algorithm was generated. The algorithm was later used to correct chromatic shifts in
Golgi markers imaged in the same imaging session. All Golgi mini-stacks are three-
color labelled, which represents endogenous GM130, transiently expressing GalT-
mCherry and a test protein. A test protein could be either fused with a fluorescent
protein or immunolabeled by an antibody. Three-color labelled Golgi mini-stacks were
chosen as regions of interest (ROIs). Chromatic shifts in ROIs were corrected by the
algorithm mentioned above. ROIs that fulfilled three criteria were used in LQ
measurement. These criteria include 1) the total intensity of ROl > 30 times of the
standard deviation (SD) of the background; 2) the projected distance between the

GM130 and GalT-mCherry to the image plane > 70 nm; 3) the tangent of the axial
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angle between the Golgi axis to test protein < 0.3. The axial angle is defined as the
angle between the image plane and the test protein. Using OriginPro, corrected
centermasss were used to calculate the LQ of a test protein. LQ is defined as dx/da,
where dx is the projected distance from centermass of the test protein to that of GM130

and d1 is the projected distance from centermass of the GM130 to that of GalT-mCherry.

To measure the LQ plateau from the LQ vs time plot of a secretory cargo, the plot was
fitted by a single exponential function, y = yo + A1 e[~ =*9/t1 where y is the LQ
plateau. The adjusted R? resulted from the fitting was indicated in each plot. The fitting

was done by using OriginPro.

2.14 Measuring LQs!9¢Views |ateral sizes of Golgi proteins and axial
distance between GM130 and GalT-mCherry or Giantin from side
view images

The LQs9eview js defined as the axial localization of a Golgi protein along the Golgi axis

and its measurement is based on the averaged side view image of the protein (see

. ida—vi d . . .
Section 2.17). LQside-view — SCCLALN where d, c1130 IS defined as the axial
dGalT-mCherry,GM130 !

distance from the centermass of test protein x to that of GM130, whereas

dgair—mcherry,ami30 1S defined as the axial distance from the centermass of the GalT-

mCherry to that of GM130 (Figure 5A).

To measure the lateral size of the distribution of a Golgi protein, a thick line that
incorporated the entire signal in the averaged side view was drawn orthogonally to the
Golgi axis (Figure 5B). The line intensity profile was measured and subjected to either
1) super-Gaussian fitting (O. Burri, R. Guiet, EPFL-SV-BIOP), if it displays none or
single peak or 2) multi-peak fitting (OriginPro), if it displays multiple peaks. In a fitted

curve, the distance between two boundaries at half-maximume-intensity points of outer
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slopes (Figure 5B, indicated by crosses on fitted curves) is defined as the lateral size

of the Golgi protein. The lateral size of a test protein is normalized by that of Giantin.

To measure the axial distance from GM130 to GalT-mCherry or Giantin, a thick line
that incorporated the entire side view-oriented Golgi mini-stack that was positive for
GM130, Giantin and GalT-mCherry, was drawn in the direction of the Golgi axis
(Figure 5C). Line intensity profiles were plotted and Gaussian fitted in OriginPro. The
axial distance between two Golgi proteins is defined as the distance between the two
half-maximume-intensity points at outer slopes of their fitted curves (Figure 5C, eg. the
distance between the blue and red crosses represents the axial distance between
GM130 and GalT-mCherry). The axial distance from GM130 to GalT-mCherry or

Giantin is calculated by the following,

Axial diStanceGMBO to GalTmCherry — XCGalT—mCherry - XCGM130 + 0.5 %

(WGalT—mCherry + Wem130) 5
Axial distancegy13o to giantin = XCgiantin — XCem130 T 0.5 X Wgiantin + Wem130):

where Xc and w denote the x-axis value corresponding to the Gaussian peak and the
full width at half maximum (FWHM) of the fitted curve respectively (Figure 5C, eg.
FWHM of Giantin is indicated as w). As GM130 and GalT localize almost to two ends
of the Golgi stack, the axial distance between them should indicate the axial size of
the Golgi mini-stack (Figure 5C, indicated by the distance between blue and red

crosses).
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Figure 5: The measurements of LQsideview |ateral sizes of Golgi proteins and
axial distance between GM130 and Giantin or GalT-mCherry.

Averaged side view images of GM130, Giantin and GalT-mCherry were obtained as
described in Section 2.17. (A) An example of the measurement of the LQside-view of
Giantin. The blue, green and red lines indicate centerm@sss along the Golgi axis of
corresponding proteins. The LQs9eview of 3 Golgi protein, eg. Giantin, is calculated from
the formula at the side. (B) An example of the lateral size measurement of Golgi
proteins, such as GM130, Giantin and GalT-mCherry. Lines indicated by dotted boxes
were drawn orthogonally to the Golgi axis. Line intensity profiles were fitted. Fitted
curves were shown below and color-coded according to colours assigned to different
proteins. Crosses on each curve indicate half-maximum-intensity points of slopes. (C)
The measurement of axial distance. Averaged side views of GM130, Giantin and GalT-
mCherry were merged. A thick line indicated by a dotted box was drawn in the direction
of the Golgi axis. Line intensity profiles were fitted and color-coded according to
colours assigned to different proteins. Xc indicates x-position corresponding to the
peak. windicates the FWHM of a fitted curve. The w (FWHM) of Giantin was indicated
as an example.

2.15 Estimating diameters of Giantin-rings

A line was drawn across the center of the Giantin-ring and the line intensity profile was
measured using FI1JI. The diameter of Giantin-ring is defined as the distance between

the two half-maximume-intensity points at outer slopes.
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2.16 Averaging en face view-oriented Golgi mini-stack images and
acquiring their radial mean intensity profiles

The detailed protocol is discussed in Section 4.6.1. In brief, en face view images of
Golgi mini-stacks were identified in multi-colour labelled images, where Giantin must
be immuno-labelled. They were cropped and subjected to background subtraction. A
Golgi mini-stack was manipulated by the Giantin image. The gyradius of the Giantin-

ring was calculated as follow,

Ui )
211’

, With 7represents the pixel number, I; represents the pixel intensity and r; represents
the distance of a pixel to the centermass of Giantin. The Golgi mini-stack image was
translated so that the centermass of Giantin coincided with the image center. The Golgi
mini-stack image was resized so that the gyradius of the Giantin-ring is 100 pixels.
The image set was trimmed into 701x701 pixels. The total intensity of each channel
image was normalized to 2 x108. These steps can be done semi-automatically by
using the macro ‘Normalization and Giantin alignment for en face Golgi mini-stacks’
(Appendix 1). Lastly, en face view images from each channel were averaged to
generate an averaged en face view image. A radial mean intensity profile was plotted
by using the macro ‘Radial mean intensity profile’ (Appendix 2). The radius of a Golgi

protein was extracted from the profile and normalized against that of Giantin.
2.17 Averaging side view oriented Golgi mini-stack images

The detailed protocol is discussed in Section 4.6.2. In brief, side view images of Golgi
mini-stacks were identified in multi-colour labelled images, where Giantin must be
immuno-labelled. They were cropped and subjected to background subtraction. A

Golgi mini-stack image was translated so that the center™ass of Giantin coincided with
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the image center. The Giantin double-punctum was rotated so that it is parallel to the
x-axis, while the trans-most protein was always positioned up. The axial and lateral
sizes of a Golgi mini-stack were expanded and the image was trimmed to 701x701
pixels. The total intensity of each channel image was normalized to 5 x10’. Lastly,
Golgi protein images were averaged to generate the averaged side view images.
These procedures can be done semi-automatically by using the macro

‘Rotation_resize_normalization for side view averaging’ (Appendix 3).
2.18 Streptavidin-His purification

BL21 DE3 E.coli bacteria were transformed with streptavidin-His. Transformed
bacteria were inoculated to 200 mL LB broth and cultured overnight at 37°C with
constant shaking. After 15 hrs, LB broth volume was topped up to 1 L and IPTG was
added into the bacteria culture to the final concentration of 0.5mM. The bacteria culture
was incubated at the room temperature overnight. Then, the cell lysate was pellet
down and lysed in 8M urea for 1.5 hrs at the room temperature with constant rotation.
The cell lysate was subsequently pellet down and its supernatant was incubated with
urea-equilibrated Ni-NTA beads at the room temperature for 2 hrs. Beads were then
washed by 8M urea containing 20mM imidazole (Sigma-Aldrich). The streptavidin-His
was eluted from beads by incubating with 8M urea containing 250mM imidazole
(Sigma-Aldrich). The elute was dialyzed in PBS and eventually added with glycerol to
the final concentration of 50%. The purified streptavidin-His was stored in -20°C for

later use.
2.19 Anterograde trafficking assay

HeLa or NRK cells that were transfected with cargo reporters were subjected to either

one of the following three methods to arrest reporters in the ER. In all scenarios,
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cycloheximide was added into cell culture medium before reporters were released

from their arrest.
2.19.1 RUSH reporters

HelLa cells transiently expressing RUSH reporters were cultured in DMEM,
supplemented with 10% FBS, in the presence of 100ng/mL streptavidin-His to
neutralize free biotin in the cell culture medium. RUSH reporters that were arrested in
the ER were released into the secretory pathway in the presence of 40 uM biotin. In
some experiments, 15°C or 20°C temperature block for 1.5 to 2 hrs was introduced to

arrest reporters in either the ERGIC or Golgi, respectively.
2.19.2 FM4-fusion reporters

FM4-fusions that were transiently expressed in NRK cells would be trapped in the ER
by default due to their formation of large protein aggregates. These protein aggregates
were solubilized in the presence of 1mM D/D solubilizer (Clontech) and released into

the secretory pathway.
2.19.3 VSVG-tso45 chimeras

HelLa cells transiently expressing VSVG-tso45-GFP or VSVG-tso45-Furin-GFP were
cultured at 40°C to arrest misfolded VSVG-tso45 chimeras in the ER. The ER arrested

chimeras were released into the secretory pathway after being incubated at 32°C.
2.20 APEX2 reaction and fluorescence labelling

HelLa cells transiently expressing MGAT2-ascorbate peroxidase 2 (APEX2)-GFP were
treated with nocodazole for 2-3 hrs, followed by incubation with 500 uM biotin phenol
for 30 mins at 37°C. Cells were chilled on ice and treated with 1 mM H202 for 1 min

with brief agitation. Cells were then extensively washed with PBS containing 10 mM
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sodium ascorbate (Sigma-Aldrich), 5 mM Trolox (Sigma-Aldrich), and 10 mM sodium
azide (Sigma-Aldrich). Lastly, cells were fixed and processed for immunofluorescence.
The biotin-phenol covalently modified products were labeled by AF594-conjugated

streptavidin.

2.21 APEX2-EM

NRK cells were seeded onto 35 mm glass bottom petri dish (MatTek). Cells transiently
expressing MGAT2-APEX2-GFP or GPP130-APEX2-GFP were fixed in 0.1 M sodium
cacodylate buffer (CB) pH 7.4 containing 2 % glutaraldehyde (Electron microscopy
Sciences) at the room temperature for 5 min. Cells were then incubated with fresh 2 %
glutaraldehyde in CB buffer containing 2 mM CacClz, on ice for 1 hr. All subsequent
steps were performed on ice until the resin infiltration. After 1 hr, cells were
sequentially washed with CB buffer and CB buffer containing 50 mM glycine to quench
unreacted glutaraldehyde. Cells were then incubated with diaminobenzidine (DAB,
Sigma Aldrich) solution containing 0.14 mM DAB, 0.01 M HCI and 0.03 % H20:2 in CB
buffer. The DAB polymerization reaction was halted by discarding DAB solution and
washing cells with chilled CB buffer. The post-fixation staining was done on ice in dark
by incubating cells in CB buffer containing 1 % osmium tetroxide (Electron Microscopy
Sciences), 1% potassium ferricyanide and 2 mM CaClz for 1 hr. Cells were then
washed with chilled water, followed by the dehydration using a series (20 %, 50 %,
70%, 90 %, 100 %) of chilled ethanol. Cells were washed twice with anhydrous ethanol
at the room temperature. Cells were infiltrated stepwise by the Durcupan ACM resin
(Electron Microscopy Sciences) using 1:3, 1:1, 3:1 (v/v) resin:anhydrous ethanol for
30 min each, followed by infiltration of 100 % resin overnight. Next day, the 100 %
resin exchange was performed for 3 to 6 rounds, with 1 hr incubation at 45 °C every

time. Finally, cells were incubated at 60 °C for 48 hrs to allow the resin polymerization.
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Samples were further processed as described previously (Ludwig et al., 2016). After

image acquisition, Golgi stacks with long axis >500 nm were analyzed.
2.22 Fluorophore-conjugation of Giantin antibodies

The Alexa fluorophore conjugation onto the antibody was conducted by using the
APEX Antibody Labeling Kit (Invitrogen) according to the manufacturer's manual.
AF647 and AF488 were conjugated onto a commercial polyclonal Giantin N-terminus
antibody (BioLegend) and our in-house polyclonal Giantin C-terminus antibody
respectively. In brief, two APEX antibody labeling tips were first hydrated by wash
buffer and two antibodies were loaded into tips. The reactive dyes that contained either
AF488 or AF647 were added into tips for incubation with antibodies for 2 hrs at the
room temperature. Tips were washed and neutralized by respective buffers. Finally,
fluorophores conjugated antibody solutions were eluted and ready for use in the

immunofluorescence labeling.

2.23 Estimating the stoichiometry and molecular weight of
fluorescent protein aggregates

This was done by using a previously established protocol. To generate a fluorescence
standard, in brief, HeLa cells were co-transfected with shNup133-1 and GFP-Nup133-
mut to achieve the knock down of endogenous Nup133 and the substitution of which
by the shRNA-resistant GFP-Nup133-mut respectively. The resulting nuclear pore
complex which contains ~16 copies of GFP-Nup133-mut (Tie et al., 2016b), was used
as the fluorescence standard to quantify the copy numbers of GFP-collagenX, GFP-
FM4-CD8a and FM4-moxGFP aggregates. GFP-Nup133-mut and fluorescent protein
aggregates were imaged under the Airyscan microscope using identical imaging
conditions. Circular ROIs were drawn upon GFP-Nup133-mut positive nuclear pore
complex and Golgi-associated fluorescent protein aggregates, their total intensity
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within ROIs were denoted as Inup and Ipunctum, respectively. The copy number of GFP-
tagged protein aggregates, such as GFP-collagenX and GFP-FM4-CD8a were
calculated as 16 X Ipunctum / Inup, Whereas the copy number of FM4-moxGFP aggregates
was calculated as 10.9 X lpunctum / Inup Decause it was assumed that moxGFP is 1.47-

fold brighter than the EGFP (https://www.addgene.org/fluorescent-proteins/plasmid-

backbones/).

The molecular weight (MW) of a fluorescent protein aggregate was measured as
follows MW per punctate aggregate = copy number per aggregate X

MW per molecule. It is assumed that every amino acid weighs 110 Dalton in average.

2.24 Statistical analysis

The statistical analysis in Figure 9B was performed using the student’s t-test in
Microsoft Excel. The rest of the statistical analysis were performed in OriginPro. Error
bars represent standard deviations (SDs) or standard error of means (SEMs), as

indicated in the main text or figure legends.
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Chapter 3: Using GLIM to localize Golgi proteins axially in
nocodazole-treated HelLa cells

To understand the biology of the Golgi, one key piece of information required is the
localization of Golgi proteins. It can be interpreted from two aspects. First, the axial
localization (or distribution), which is defined as the protein localization along the Golgi
axis; second, the lateral localization (or distribution), which is defined as the protein
localization orthogonal to the Golgi axis (discussed in Chapter 4). Although these
localizations are essential for revealing the molecular organization of the Golgi, they
have largely remained qualitative. For instance, the axial localization of Golgi proteins
is vaguely described as the cis-, medial-, trans-Golgi or the TGN localization. These
categories might not be detailed enough to reveal the spatial relationships among the

hundreds of proteins found in the Golgi.

Although LM has been widely used in many Golgi localization studies, EM remains the
standard because it produces results of the highest resolution. However, EM studies
are beyond the capability of many laboratories, partly due to a lack of instruments,

technical trainings and the time required to obtain high-quality and reliable results.

In order to accurately localize Golgi proteins using LM, GLIM has been developed to
acquire the quantitative axial localization of Golgi proteins in nocodazole-treated
mammalian cells (Tie et al., 2016a). The method is ideal for large-scale localization

studies of Golgi proteins (see Section 1.5.3).

3.1 Using GLIM to establish a useful quantitative localization map of
Golgi proteins

As a hub for post-translational modification and intracellular trafficking of proteins and
lipids, the Golgi relies on more than 2000 proteins to carry out its functions (Gannon

etal., 2011; Gilchrist et al., 2006). Here, 75 proteins that localize to the ERES, ERGIC,
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cis-, medial-, trans-Golgi or the TGN, are reported (Figure 6; Table 6). They are
expressed either endogenously or exogenously. The specificity of 17 out of 25 primary
antibodies that target endogenous Golgi proteins has been confirmed by either gene
knockdown or knockout experiments, and they were documented in literatures. Some
of the tested proteins have been previously qualitatively localized using either LM or
EM, and the comparison between these results and those obtained using GLIM is

listed in Table 6.
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The LQ plot maps the axial localization of various Golgi proteins according to their LQs.
The range of LQ is defined as ERES/ERGIC (<-0.25), cis-Golgi (0.00+0.25), medial-
Golgi (0.50+0.25), trans-Golgi (1.00+0.25) and the TGN (>1.25). The LQs of
endogenous GM130 and exogenous GalT-mCherry are defined as 0.00 and 1.00,
respectively (Tie et al., 2016a). Error bars, SEMs.

Name LQ SEM n Localization  Reported localization
region

Myc-Sec13 096 0.09 39 ERES/ERGIC ERES (Shaywitz et al.,
1995)

B-COP -0.70 0.11 74 ERES/ERGIC ERES/cis (Oprins et al.,
1993)

Sec31a-GFP -0.65 0.06 37 ERES/ERGIC ERES/ERGIC (Tangetal.,
2000)
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Arf4-GEP 061 0.07 51 ERES/ERGIC ERGIC (Chun etal., 2008)

Sec23a-mCherry -0.58 0.06 121 ERES/ERGIC ERES (Paccaud etal.,
1996)

Arf5-GEP -0.46 0.06 42 ERES/ERGIC ERGIC (Chun et al., 2008)

GS27* -0.22 0.03 101 cis ERGIC/cis (Hay et al.,
1998)

1-COP -0.17 0.07 106 cis cis (Moelleken et al., 2007)

GFP-ERGIC53* -0.16 0.02 198 cis ERGIC/cis (Hauri et al.,
2000)

KDEL receptor* -0.11 0.03 130 cis ERGIC/cis (Griffiths et al.,
1994)

GFP-GM130* -0.05 0.04 03 cis cis (Nakamura et al., 1995)

GM130* 0.00 - - cis cis (Nakamura et al., 1995)

GRASP65-GFP 0.02 0.01 198 cis cis (Barr et al., 1997)

GRASP55-GFP 0.07 0.02 140 cis medial (Short et al., 2001)

GFP-Rabla 0.21 0.03 154 cis ERGIC/cis (Saraste et al.,
1995)

Manll-SBP-GFP 0.23 0.05 53 cis medial/trans (Rabouille et
al., 1995a)

GFP-ACBD3 025 0.03 132 medial Golgi stack (Sohda et al.,
2001)

GFP-Golgin84* 0.26 0.03 108 medial cis (Diao et al., 2003)

Vip36-GFP 0.30 0.02 134 medial ERGIC/cis (Fullekrug et al.,
1999)

GalNT8-GFP 0.34 0.05 73 medial N.A.

Man1B1-Myc 0.42 0.05 88 medial cis/medial (Dunphy and
Rothman, 1983; Marra et
al., 2001)

B3GalT6-Myc 0.47 0.03 97 medial medial (Bai et al., 2001)

MGAT4B-AcGFP1 0.50 0.04 23 medial N.A.

B4GalT7-Myc 0.52 0.04 110 medial medial (Pinhal et al., 2001)

MGAT2-myc 0.53 0.04 136 medial medial (Opat et al., 2001)

GS28* 0.53 0.08 125 medial cis/medial/trans (Volchuk et
al., 2004)

MGAT2-AcGFP1 0.56 0.04 110 medial medial (Opat et al., 2000)

Giantin 057 0.05 103 medial medial (Martinez-
Menarguez et al., 2001)

GalNT4-GFP 0.58 0.02 163 medial N.A.

TPST2-GFP* 0.64 0.02 154 medial trans (Baeuerle and
Huttner, 1987)

POMGNT1-Myc 0.67 0.04 87 medial medial (Pereira et al., 2014)

C2GNT1-GFP 0.69 0.03 167 medial cis/medial (Skrincosky et
al., 1997)

MGAT1-Myc 0.70 0.02 141 medial medial/trans (Rabouille et
al., 1995a)

Myc-Sec34 0.71 0.12 27 medial cis/medial (Suvorova et al.,
2001)

GPP130-APEX2-GFP 0.71 0.03 100 medial cis/medial (Linstedt et al.,
1997)

B4GalT3-Myc 0.74 0.02 149 medial N.A.

Arfl-GFP 0.75 0.03 87 trans trans/TGN (Puertollano et
al., 2001b)

TPST1-GFP* 0.76 0.04 111 trans trans (Baeuerle and

Huttner, 1987)
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TGN
TGN

TGN
TGN

TGN

TGN
TGN
TGN
TGN
TGN
TGN

TGN
TGN

TGN

TGN
TGN

TGN
TGN

trans/TGN (Rabouille et al.,
1995a)
N.A.

medial (Xu et al., 2002)

cis/medial (Linstedt et al.,
1997)
trans (Zhang et al., 2012)

trans/TGN (Rabouille et al.,
1995a)

cis/medial (Linstedt et al.,
1997)

Golgi stack/trans (Rottger
et al., 1998)

trans/TGN (Rabouille et al.,
1995a)

TGN (Derby et al., 2004)

Golgi stack (Rottger et al.,
1998)

trans (Roth and Berger,
1982)

medial/trans (Goud et al.,
1990)

trans/TGN (Snyder et al.,
2006; Wu et al., 2000)

cis (Puri et al., 2002)

N.A.
trans/TGN (Lu et al., 2001)
N.A.

TGN (Kreykenbohm et al.,
2002)
TGN (Rocha et al., 2017)

TGN (Dell'Angelica et al.,
2000)

trans/TGN (Luke et al.,
2003)

TGN (Lu and Hong, 2003)

TGN (Brown et al., 2001)
TGN (Lu and Hong, 2003)
TGN (Brown, 1990)

TGN (Luzio et al., 1990)

TGN (Crevenna et al.,
2016)
TGN (Bock et al., 1997)

TGN (Steegmaier et al.,
1999)

Late Golgi (Mahajan et al.,
2019; Tanaka et al., 2014)
TGN (Molloy et al., 1994)

TGN (Puertollano et al.,
2001b)
trans (Halter et al., 2007)

TGN (Klumperman et al.,
1993)



GGA2* 1.96 0.23 33 TGN TGN (Hirst et al., 2000)

y-Adaptin 220 0.14 43 TGN TGN (Doray et al., 2002)
Table 6: LQs of Golgi proteins.
The table corresponds to the LQ plot in Figure 6. The comparison between reported
localizations and results obtained from GLIM is listed. The LQs of endogenous GM130
and exogenous GalT-mCherry are defined as 0.00 and 1.00, respectively (Tie et al.,
2016a). *, previously published data (Tie et al., 2016a); the rest were obtained during
the course of this study.

Golgi enzymes were found mainly concentrate in the medial- (0.50+0.25) and trans-
Golgi (1.00+0.25), except for sphingomyelin synthase 1 (SMS1; LQ=1.76) which is a
lipid-modifying enzyme that localizes to the TGN (LQ>1.25). Interestingly, LQs of Golgi
enzymes seemed not to strictly follow the order of glycosylation reactions. For instance,
to generate the complex N-glycan, several enzymes are supposed to function in the
following order: Manl (LQ=0.42), MGAT1 (LQ=0.7), Manll (LQ=0.23), MGAT2
(LQ=0.56), GalT (LQ=1.00) and ST6Gall (LQ=0.76 or 0.85, for ST6Gall-myc or

ST6Gall-AcGFP1, respectively; Table 6) (Wildt and Gerngross, 2005).

In general, Golgi proteins that localize to the TGN tend to have large localization
variances, as suggested by their larger SEMs (Table 6). Unlike the tightly-packed
Golgi stack region, the TGN is generally portrayed as a region comprising
pleiomorphic elements, such as vesicles and anastomosed tubules. Localization to

these structures could result in the large variance in localization observed.

Importantly, the quantitative localization map allows us to unambiguously compare the
axial localization of Golgi proteins. For instance, although both Giantin (LQ=0.57) and
MGATL1 (LQ=0.70) localize to the medial-Golgi, their LQs suggest that Giantin might

localize closer to the cis-face than MGAT1.
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Chapter 4. Development of methods to discern Golgi mini-
stack orientations and localize Golgi proteins laterally

Under a wide-field fluorescence microscope, blurry crescent and ring staining patterns
are frequently observed in nocodazole-induced Golgi mini-stacks. It is thought that this
is not due to artefacts, as such phenomena have been observed in many previous
reports (Koreishi et al., 2013; Linstedt et al., 1997; Rizzo et al., 2013; Satoh et al.,

2003). However, there has not yet been any detailed study of these observations.

In this section, the biological implications of the ring staining pattern are established.
Moreover, its application in deciphering Golgi mini-stack orientations (i.e. en face and
side views) is validated. A mini-stack can orient randomly in the cytoplasm. Its
orientation is referred to as en face or side view when its Golgi axis is orthogonal or
parallel to the image plane, respectively. These two views are crucial because the
lateral localization of a Golgi protein can best be revealed under these views. This
section also includes the introduction and validation of the concept of averaging en
face or side view images in order to faithfully represent the lateral localization of Golgi

proteins.

4.1 Giantin, GPP130 and Golgin84 serve as markers for the
orientation of Golgi mini-stacks

Under the Airyscan microscope, the staining pattern of Giantin, GPP130 and Golgin84
consistently displayed circular rings, oval rings and double-puncta in nocodazole-
treated HelLa cells (Figure 7A). Assuming that Golgi proteins are organized with
rotational symmetry around the Golgi axis, the circular ring staining pattern might
suggest that Giantin, GPP130 and Golgin84 localize to cisternal rims. The staining
pattern of a Golgi cisternal-rim marker could facilitate the discernment of the

orientation of the Golgi stack under fluorescence microscopy (Figure 7B), which was
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previously almost impossible. The circular ring, oval ring and double-punctum staining
patterns of a cisternal rim-localized protein were proposed to indicate en face, oblique
and side views of the Golgi mini-stack, respectively (Figure 7B). Notably, a previous

EM study has demonstrated the rim localization of Giantin (Koreishi et al., 2013).

We attempted to validate potential cisternal-rim markers, including Giantin, Golgin84

and GPP130, in Sections 4.3 and 4.4.
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Figure 7: Giantin, GPP130 and Golgin84 are potential cisternal rim markers that
might help to discern the orientation of a Golgi mini-stack.

Throughout this thesis, nocodazole-treated HelLa cells were imaged under the
Airyscan microscope unless stated otherwise. In general, non-tagged proteins are
endogenously stained by their antibodies while tagged-proteins are transiently
transfected. (A) Giantin, Golgin84 and GPP130 appear as concentric rings. (B) The
schematic representation of possible orientations (side, oblique and en face) of a Golgi
cisterna and their corresponding predicted images of staining patterns under the
fluorescence microscope. The arrows in the side and oblique views and the dot in the
en face view indicate the Golgi axis at corresponding orientations. (C) The side views
of Giantin, Golgin84 and GPP130 appear as double-punctum while that of GM130 and
GalT appear as bar shape. In each merged image, the line intensity profile was
generated from a thick line represented by a dotted box. The line was drawn along the
direction indicated by an arrow. The same scheme is applied throughout this thesis.
The direction of the line is following the Golgi axis from the cis- to trans-face, where
the GM130 is at the cis-most in this case. The double-punctum is connected by a
dotted pink line and it is almost orthogonal to the Golgi axis. The normalized intensity
plot is color-coded according to colours assigned to different proteins. n, number of
analysed Golgi mini-stacks. Scale bar, 500 nm.
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4.2 The purification and characterization of a Giantin C-terminus
antibody
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Figure 8: The characterization of the in-house purified Giantin C-terminus
antibody using IP and IF assays.

(A) The schematic representation of the human Giantin coding sequence, 1-3259 aa.
The regions demarcated by dotted lines, 1-469 aa and 3131-3201 aa, represent
epitopes targeted by Giantin N- and C-terminus antibodies, respectively. (B) The in-
house purified Giantin C-terminus antibody can immunoprecipitate the endogenous
Giantin. The western blot shows the immunoprecipitation of 293FT cell lysates by
three antibodies, IgG (negative control), commercial Giantin N-terminus antibody
(positive control) and in-house purified Giantin C-terminus antibody (test antibody).
The blot was detected by the Giantin C-terminus antibody. Lanel, 5% input from
293FT cell lysates; Lane 2-4, immunoprecipitated products from corresponding
antibodies as indicated. Red arrow indicates the endogenous Giantin. (C) The in-
house purified Giantin C-terminus antibody can immuno-stain the endogenous Giantin.
Nocodazole-treated HelLa cells were immuno-stained by GM130 and Giantin C-
terminus antibodies or antigen-depleted Giantin anti-serum. Scale bar, 5 pm.

In order to conduct the experiments described in the next section, a polyclonal Giantin
C-terminus antibody was generated. First, His-tagged Giantin C-terminus containing
aa 3131-3201 was purified as the antigen for the immunization of rabbits (Figure 8A).
After obtaining the anti-serum, the affinity purification approach was adopted to purify

the antibody against the Giantin C-terminus. The specificity of the antibody was
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validated using an immunoprecipitation (IP) assay, which revealed that, like the
commercial Giantin N-terminus antibody that was raised against Giantin aa 1-469, the
antibody we generated can immunoprecipitate endogenous Giantin from 293FT cell
lysates (Figure 8B, lanes 3-4). In an immunofluorescence (IF) assay, the Giantin C-
terminus antibody could detect endogenous Giantin, and the staining could be blocked
by its antigen (Figure 8C). Therefore, the specificity of in-house purified Giantin C-

terminus antibody was validated.

4.3 N- and C-termini of Golgins coincide on cisternal membranes

Giantin, Golgin84 and GCC185 are members of the Golgin family, which are known to
localize to Golgi cisternae via their carboxyl termini (Bascom et al., 1999; Linstedt et
al., 1995; Munro, 2011). Members of the Golgin family share a common feature: a
large percentage of their protein structures are coiled-coil domains (Muschalik and
Munro, 2018). The length of these coiled-coil domains is predicted to reach a few
hundred nm when fully extended. Every 500 aa of coiled-coils is calculated to have a
length of 75 nm (Munro, 2011); therefore, fully extended Giantin and GCC185
molecules were estimated to have lengths of approximately 450 nm and 200 nm,

respectively (Cheung et al., 2015; Munro, 2011).

According to our measurement, the diameter of the Giantin ring could reach
approximately 950+10 nm (meantSEM; Figure 15E). As the ring staining patterns of
Giantin and Golgin84 were observed using a Giantin N-terminus antibody and N-
terminus FP-tagged Golgin84, respectively, it is unclear whether their ring staining
patterns truly indicate physical diameters of en face-oriented cisternae or are due to
fully extended conformations of Golgins. They can be validated as cisternal rim

markers only if the former is true.
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If a Golgin molecule adopts an extended conformation in vivo, a significant difference
in ring-diameters generated from the staining patterns of their respective N- and C-
terminus-targeted antibodies should be revealed under Airyscan microscopy, which
has a practical spatial resolution of 140 nm in the x-y plane (Huff, 2015). Hence,
experiments were designed to test this idea on three Golgins, namely Giantin, GM130

and GCC185.

Due to the unavailability of a commercial antibody against the C-terminus of Giantin,
an in-house antibody was prepared. Its production and validation are described in
Section 4.2. Since our commercial N- and in-house C-terminal antibodies were both
raised in rabbits, the two antibodies were covalently conjugated with the fluorophores
AF647 and AF488, respectively, for co-staining. Using this method, the endogenous
Giantin N- and C-termini on the same Golgi mini-stack can be immuno-labelled and
differentiated using two rabbit antibodies. It was observed that the ring staining
patterns generated from the two antibodies were highly colocalized. Quantitative
analysis revealed that the ring-diameter observed with the N-terminus antibody ring
was only ~50 nm larger than that observed with the C-terminus antibody (calculated
from 0.95%950 nm; Figure 9A-B). This is far less than 900 nm (calculated from 450x2
nm), which is the predicted difference in ring-diameters if the molecule were fully
extended in vivo. As a control, the Giantin N-terminus antibody was conjugated with
AF647 and AF488 individually, and the ring-diameters obtained using these
conjugated antibodies were almost identical, as the measured N-to-N diameter ratio

was 1.0 (Figure 9B).
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Figure 9: N- and C- termini of Giantin, GM130 and GCC185 coincide on the Golgi
cisternal membrane.

(A-C) N- and C-termini of Giantin coincide on the cisternal membrane. (A) The
endogenous Giantin was immuno-stained by N- and C-termini Giantin antibodies,
which were conjugated with AF647 and AF488, respectively. (B) The ratio of Giantin-
ring diameters obtained from the Giantin N-terminus antibody (N-N; Giantin N-
terminus antibody was conjugated with AF647 and AF488) or Giantin C-terminus
antibody (C-N; Giantin N- and C-termini antibodies were conjugated with AF647 and
AF488, respectively) to that of the Giantin N-terminus antibody. The green line
represents the mean of diameter ratios and the p-value is from the Student’s t-test. (C)
Cells transiently expressing mScarlet-Giantin-C129 and GFP-GM130 were immuno-
stained by the Giantin N-terminus antibody. (D) N- and C-termini of GM130 coincide
on the cisternal membrane. N- and C-termini of GM130 were immuno-stained by the
corresponding antibodies, followed by secondary antibodies conjugated with AF594
and AF647, respectively. (E) N- and C-termini of GCC185 coincide on the cisternal
membrane. N- and C-termini of GCC185 were tagged with GFP and mCherry,
respectively. Endogenous Giantin was immuno-stained by its N-terminus antibody. In
en face views of (A,C-E), dotted arrows represent lines (width=1 pixel), that were
drawn to generate line intensity profiles, whereas in side views of (A,C-E), dotted
boxes that represent lines drawn in the direction of arrows, were used to generate line
intensity profiles. Line profiles were color-coded according to colours assigned to
different proteins. n, number of analysed Golgi mini-stacks. Scale bar, 500 nm.

As an alternative method, HeLa cells transiently expressing mScarlet-Giantin-C129,

which contains 129 aa of the Giantin C-terminus, were stained using the Giantin N-
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terminus antibody. The LQ (0.8) of mScarlet-Giantin-C129 is similar to that of
endogenous Giantin (0.57; Table 6). Moreover, its ring staining pattern was almost
identical to that observed with the Giantin N-terminus antibody (Figure 9C). Of note, it
exhibited significant localization within the ring staining pattern of the Giantin N-

terminus antibody.

Similarly, there was no difference in ring-diameters revealed by N- and C-terminus
antibodies against GM130 or N- and C-terminally tagged and exogenously expressed

GCC185 (Figure 9D-E).

Together, the investigation of Giantin, GM130 and GCC185 suggest that their N- and
C-termini might predominantly collapse on Golgi cisternae in vivo, instead of adopting
an extended conformation. This may also be true for Golgin84, as its ring staining
patterns were similar to those of Giantin and GCC185 (Figure 7A,9E). In addition,
GCC185 was suggested to crumble on the Golgi membrane (Cheung et al., 2015), as

a difference of ~40 nm was measured between the N- and C-termini of GCC185.

Collectively, Giantin, GCC185 and Golgin84 were validated as Golgi cisternal rim
markers. GM130 is not considered here because it did not exhibit exclusive ring and

double-punctum in its en face and side view images, respectively (Figure 9D).

4.4 EM confirms the cisternal rim localization of GPP130

Like the Golgins mentioned above, GPP130 also consistently displays double-
punctum, circular ring and oval ring staining patterns under Airyscan microscopy. This
suggests that it is likely a cisternal rim-localized protein. GPP130 is a type Il
transmembrane protein that possesses a short N-terminal cytosolic tail, a

transmembrane domain and a large luminal domain (Linstedt et al., 1997).
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EM has been adopted to verify the rim localization of GPP130 at the ultra-structural
level. The C-terminus of GPP130 was fused with GFP and APEX2, a hydrogen
peroxidase that functions as an EM tag (Lam et al., 2015). In the presence of H202,
APEX2 can catalyse the polymerization of DAB in its vicinity, giving rise to an electron-
dense contrast. Therefore, cisternal rims are expected to accumulate electron density
in GPP130-APEX2-GFP-expressing cells. In the native Golgi from 25 NRK cells
transiently expressing GPP130-APEX2-GFP (Figure 10A, B), it was found that 68% of
the 57 analysable Golgi stacks displayed electron density enrichment at the cisternal
rim (Figure 10C, D). Hence, this result verified that GPP130 is indeed a cisternal rim

marker. It also indicated that our data from LM and EM are consistent for GPP130.

Thus, Giantin, Golgin84, GCC185 and GPP130 are validated as cisternal rim markers
and can be used to discern the orientation of Golgi mini-stacks. Their circular ring, oval
ring and double-punctum staining patterns should correspond to en face, oblique and
side views of the Golgi mini-stack, respectively (Figure 7B). In subsequent studies of
the lateral localization of Golgi proteins, one of these markers (usually Giantin) is
always present in the multi-colour labelling in order to identify the orientation. Notably,
only en face and side views of Golgi mini-stacks are analysed because they can be
easily identified under LM and are the best orientations to reveal the lateral localization

of a Golgi protein.
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Figure 10: The EM imaging on GPP130-APEX2-GFP demonstrates its
preferential localization at the rims of Golgi cisternae.

(A) NRK cells transfected with GPP130-APEX2-GFP were imaged under transmitted
light after APEX2-labeling reaction and resin embedding. (B) An EM image showing
the overview of an NRK cell positive for GPP130-APEX2-GFP transfection and
APEX2-labeling reaction. (C-D) The categorization of interior or non-interior
localization for side and en face view Golgi stacks. Golgi stacks of native Golgi from
25 cells were imaged and analysed. Scale bar, 200nm.
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45 MGAT2 localizes to the cisternal interior

In addition to the rim localization, some Golgi proteins appear in the interior of the
Giantin ring. MGATZ2, an enzyme involved in the modification of N-glycosylation, is one
such protein. It appeared as a short bar and a disk in side and en face views,
respectively (Figure 11A). The line Intensity profile of the side and en face views of
MGAT?2 indicated that its signals were bound by that of Giantin (Figure 11A). Two
strategies were devised to confirm our observation that MGAT?2 is localized to the

cisternal interior.

First, an APEX2-catalyzed reaction was performed in MGAT2-APEX2-GFP-
transfected cells. In the presence of H202, APEX2 can catalyse biotin-phenol to
covalently modify proteins in its immediate vicinity (Lam et al., 2015). Proteins that
were covalently modified by the biotin-phenol were fluorescently labelled by AF594-
conjugated streptavidin. Indeed, these proteins were also found within the Giantin ring

(Figure 11B).

Second, EM study of MGAT2-APEX2-GFP-transfected cells was performed to
investigate its lateral distribution (Figure 12). The analysis, which included 58 Golgi
stacks from native Golgi in 14 cells, indicated that 93% of Golgi stacks demonstrated
an enrichment in electron density in the cisternal interior (Figure 12D, E). This supports
our LM observation, indicating that MGAT2 preferentially localizes to the cisternal

interior.

To this end, two phenotypes of lateral localization, cisternal interior and rim, were

identified. These were exemplified by MGAT2 and Giantin, respectively.
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Figure 11: MGAT2 and biotin-phenol covalently modified products localize to
the cisternal interior.

(A) MGAT2 localizes to the interior of Golgi cisternae. En face and side view images
of MGAT2-AcGFP1 and their corresponding line intensity profiles were shown. These
line intensity profiles were generated as described in Figure 9A and 7C. They were
color-coded according to colours assigned to different proteins. (B) The biotin-phenol
covalently modified products generated from the APEX2-labeling reaction, were found
in the cisternal interior. HelLa cells transiently expressing MGAT2-APEX2-GFP were
subjected to the APEX2-catalyzed reaction to label its neighbouring proteins with
biotin-phenol. The biotin-phenol covalently modified products were detected by the
AF594-conjugated streptavidin (streptavidin-594). The line intensity profile was
generated as described in Figure 9A. It was color-coded according to colours assigned
to different proteins. Scale bar, 500 nm.

75



side (interior localization)

interior localization

en face

m localization

(T .y ¥

Figure 12: The EM imaging on MGAT2-APEX2-GFP demonstrates its preferential
localization at the Golgi cisternal interior.

(A) NRK cells transiently expressing MGAT2-APEX2-GFP were imaged under
transmitted light after the APEX2-catalyzed reaction and resin embedding. (B) An EM
image showing the overview of an NRK cell positive for MGAT2-APEX2-GFP
transfection and APEX2-catalyzed reaction. (C) The thin section of a side view Golgi
stack which is positive for APEX2-catalyzed reaction. The MGAT2-APEX2 positive
budding profiles and cisternal interior are indicated by arrow heads and arrows,
respectively. (D-E) The categorization of interior or non-interior localization for side
and en face view Golgi stacks. Golgi stacks of native Golgi from 14 cells were imaged
and analysed. Scale bar, 200nm.
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4.6 Generation of averaged en face and side view images of Golgi
proteins

The cisternal rim markers that were identified and validated in Sections 4.1-4.4 can
be used to discern the orientation of Golgi mini-stacks (i.e. en face and side views).
These two views are exploited to study the lateral localization of Golgi proteins. Before
delving into the detailed study, four concerns must be addressed. First, morphological
variance in Golgi mini-stack images is always observed due to the differences in the
size of Golgi mini-stacks. Second, the inconsistent antibody staining of endogenous
proteins or the inhomogeneous expression of exogenous proteins in Golgi mini-stacks
might result in inhomogeneous staining. Third, Golgi mini-stacks can orient randomly
in the cytoplasm. Fourth, human bias in image analysis may be unavoidable.
Therefore, conclusions about the lateral localization of Golgi proteins based on a
limited number of IF images might be subjective and not credible enough. Hence, two
methods were devised to mitigate the concerns mentioned above. These methods are
based on the averaging of en face and side view images because lateral localization
is best demonstrated when mini-stacks are in these orientations. The methods aim to

enhance the feature(s) of a Golgi protein and suppress non-specific staining patterns.
4.6.1 Averaging en face view images

Under the en face view, the lateral localization of a Golgi protein, which is the
distribution of the protein orthogonal to the Golgi axis, can be quantitatively
represented by the metric gyradius. In fluorescence imaging, the gyradius of an object
is defined as the root mean square distance of every pixel of the object, weighted by
pixel intensity, to the centermass of the object. Assuming that the distribution of a Golgi
protein has rotational symmetry around the Golgi axis (Figure 13A) and that its lateral

localization is independent of cisternal diameters, the intensities and diameters of en
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face view images of a Golgi protein can be normalized. The resulting images can then
be combined to produce its representative averaged image. Our newly developed
image processing and analysis procedures were exemplified by immuno-labelled
Giantin (Figure 13B-C).

For this analysis, an image of an en face view Golgi mini-stack was cropped and
subjected to background subtraction. Signals that did not belong to the Golgi mini-
stack were manually removed (indicated by yellow arrows in Figure 13C). The Golgi
mini-stack was manipulated according to the Giantin image. First, the Golgi mini-stack
was translated so that the center™ass of Giantin coincided with the image center. Next,
the Golgi mini-stack image was expanded or shrunk so that the gyradius of Giantin
was 100 pixels. The total intensity of each channel image was normalized to 2x108
and the Golgi mini-stack image was trimmed to 701x701 pixels. Finally, multiple en
face view images of the same channel were averaged to generate an averaged en
face view image (Figure 13B-C). Notably, the averaged en face view of Giantin was
indeed rotationally symmetrical around the Golgi axis (Figure 13C, 15A). A radial mean
intensity profile was also plotted (Figure 13B-C). This was calculated by averaging
intensities of all pixels that have the same distance from the center™mass, |t is plotted
against the distance from the center, which is the radius of the circle (ranging from 1
to 350). The radius of a Golgi protein is defined as the distance between its centermass
and the outer slope at the half-maximum-intensity point in the radial mean intensity
profile (Figure 13B). In subsequent en face view analyses for Golgi proteins, their radii

were normalized to that of Giantin.
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Figure 13: Generation of averaged en face view images of Golgi proteins.

(A) The schematic representation of three en face view Golgi ministacks of different
diameters and intensities, positively stained for Giantin (red) and MGAT?2 (green). (B)
The schematic representation of procedures of generating averaged en face view
images for Giantin (red) and MGAT?2 (green). A Golgi mini-stack image is manipulated
according to the Giantin image. Multiple en face view images of the same channel are
combined to generate the averaged en face view. Its radial mean intensity vs. distance
from center is plotted. The radius of Giantin is defined as 1.00 and the radius of other
Golgi protein (MGAT2 in this example) is normalized against that of Giantin. Exp.,
expansion; norm., normalization (C) An experimental example of 20 en face view
images of Giantin that were processed as described in (B). Yellow arrows indicate
signals that do not belong to Golgi mini-stacks of interest.

4.6.2 Averaging side view images

To average side view images, it is assumed that the axial size of Golgi mini-stacks is
constant, whereas their lateral sizes vary extensively (Figure 14A). The axial size of a
Golgi mini-stack is defined as the spatial distance occupied by two Golgi markers,
GM130 and GalT, which localize to the cis- and trans-most region of the Golgi stack,
respectively, along the Golgi axis (see Section 2.14 for the calculation; Figure 14A).
The lateral size of a Golgi mini-stack is defined as the spatial distance occupied by the
two Giantin puncta, which is evident in the side view of a Golgi mini-stack (see Section

2.14 for the calculation; Figure 14A).
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The axial size of Golgi stacks (or the axial distance from GM130 to GalT-mCherry)
was relatively constant and seemed to converge at 588+106 nm (mean+SD; Figure
14B). However, the lateral size of Golgi mini-stacks (or the lateral size of Giantin
double-puncta) varied extensively from 400 nm to 1000 nm. The axial size from
GM130 to Giantin was also constant at 410+79 nm (meanzSD; Figure 14C).
Previously, the LQs of Golgi proteins were verified to be highly reproducible (Tie et al.,
2016a). This indirectly suggests that the axial relationship between Golgi proteins
might remain the same in Golgi mini-stacks, which are constant in axial size.
Interestingly, the lateral size of GM130 increased proportionally with that of Giantin
(Figure 14D), suggesting that the ratio of the lateral sizes of Golgi cisternae could be
constant. Collectively, the morphometric analyses on Golgi mini-stacks suggest that
the axial size of Golgi mini-stacks and the ratio of the lateral sizes between cisternae

are conserved.

To obtain averaged side view images, Golgi mini-stacks must be multi-labelled, with
one labelled protein being Giantin. A Golgi mini-stack was manipulated based on the
Giantin image. After background subtraction, a side view Golgi mini-stack image was
cropped and translated so that the centermass of Giantin coincided with the image
center. The side view image of Giantin, which appears as a double-punctum, was
rotated and aligned parallel to the x-axis (Figure 14E-F). The trans-most protein (GalT-
mCherry in the example) was always positioned up. The Golgi mini-stack image was
then horizontally expanded so that the lateral size of Giantin (the distance between
the centermasss of two Giantin puncta) reached 160 pixels. The image was vertically
expanded by 8-fold. Next, the image was trimmed to the same size, 701x701 pixels,
and the total intensity of each channel was normalized to 5x107. Finally, these

processed images were averaged to generate averaged side view images (Figure
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14E-F). In some cases, the y-coordinate of the centermass (Ycentermass) of a Golgi
protein was axially translated by 3-fold along the y-axis with respect to GM130 (Figure
14E, axial translation) in order to clearly demonstrate the axial relationship between

proteins.
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Figure 14: Generation of averaged side view images of Golgi proteins.

(A) The schematic representation of the side view of three Golgi mini-stacks with
different lateral sizes and intensities, positively stained for GM130 (blue), Giantin
(green) and GalT (red). (B-D) Morphometric analyses of Golgi mini-stacks. Golgi mini-
stacks with three-colour labelling for endogenous GM130, Giantin and GalT-mCherry,
were analysed. Statistics, mean+SD. n, number of analysed Golgi mini-stacks. (B) The
axial size of mini-stacks are constant, whereas their lateral sizes vary extensively. (C)
The axial size between GM130 and Giantin is constant. (D) The lateral size of GM130
increases proportional to that of Giantin. (E) The schematic representation of
procedures of generating averaged side view images for GM130 (blue), Giantin (green)
and GalT (red). A Golgi mini-stack image is manipulated according to Giantin image.
Exp., expansion; norm., normalization. (F) An experimental example of 15 side view
images of Giantin that were processed as described in (E). Yellow arrows indicate
signals that do not belong to Golgi mini-stacks of interest.
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Figure 15: The averaged images of Giantin, GPP130, Golgin84 and MGAT2
confirm their rim and interior localizations, respectively.

(A-C) The averaged images of Giantin, GPP130 and Golgin84 demonstrate that they
mainly localize to the cisternal rim. (D) The averaged image of MGAT2 demonstrates
that it mainly localizes to the cisternal interior. (A-D) The averaged en face and side
view images for Giantin, GPP130-GFP, fluorescent protein (FP)-tagged Golgin84 and
MGAT2-Myc. Radial mean intensity profiles were plotted at the side of corresponding
averaged en face view images. n, number of averaged Golgi mini-stacks. (E) The
histogram displays the distribution of diameter of Giantin rings. n, number of analysed
Golgi mini-stacks. Statistics, meantSEM.

Thus, using methods described in Figures 13 and 14, the lateral localization of Giantin,
Golgin84, GPP130 and MGATZ2, was analysed (Figure 15). Consistent with our
previous observations, averaged en face and side views demonstrated that Giantin,
Golgin84 and GPP130 preferentially localize to the cisternal rim. Their en face and
side views displayed ring and double-punctum patterns, respectively (Figure 15A-C).
In contrast, MGAT2 mainly localizes to the cisternal interior. Its en face and side views

displayed disk and bar shapes, respectively (Figure 15D).
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4.7 The averaged side view of Golgi proteins reveals their axial
localizations

GLIM has been successfully employed to quantitatively determine the axial localization
of Golgi proteins (Figure 6, Table 6). The result indirectly suggests that the axial
localization of Golgi proteins is constant. Likewise, our morphometric analyses
demonstrated that the axial sizes of Golgi mini-stacks are constant (Figure 14B-C).
Furthermore, averaged side view images of stack region-localized Golgi proteins
mostly displayed the staining pattern of a single, compact bar shape or a double-
punctum along the Golgi axis (averaged side view images presented in Chapter 5).
Based on these collective results, | reasoned that the averaged side view image of
Golgi proteins could be used to map their axial localizations. The LQ calculated from
an averaged side view image is denoted as LQs9view, | jke GLIM, GM130 and GalT-

mCherry are used as reference markers and their LQs%Vews are 0.0 and 1.0,

. . . d
respectively. Therefore, LQsideview = x,GM130

, With d cp130 defined as the
AdGalT-mCherry,GM130 !

axial distance from the centermass of the test protein, x, to that of GM130 and

dgair—mcherry,am130 defined as the axial distance from the center™ass of GalT-mCherry

to that of GM130. As shown in Table 7, LQs9Viewg gre similar to the LQs acquired
using GLIM (LQ®“Ms) though the former could be more error-prone due to the much
smaller sample sizes. Indeed, in Airyscan imaging, the number of side views of Golgi
proteins was noticeably reduced. Nonetheless, the consistency between LQsde-view gnd
LQCYM validated that the averaged side view image could faithfully demonstrate the

axial localization of a Golgi protein.
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LQside-view n LQGLIM n
Sec23a-mCherry -1.15 37 -0.58 121
v-COP -0.19 26 -0.17 106
GM130 0.00 43 0.00 --
GFP-ACBD3 0.47 32 0.25 132
MGAT2-myc 0.47 34 0.53 136
Giantin 0.63 73 0.57 103
TPST2-GFP 0.77 47 0.64 154
GPP130-GFP 0.76 31 0.84 168
ST6Gall-GFP 0.88 35 0.85 138
GalT-mCherry 1.00 40 1.00 --
GFP-Golph3 1.07 20 1.05 99
GGA2 2.43 20 1.96 33
y-Adaptin 2.67 18 2.20 43

Table 7: The comparison between LQs/deViews gnd LQCMs,

LQsideview s directly measured from averaged side view images. LQ®YM is measured
using GLIM (Table 6). The LQs of endogenous GM130 and exogenous GalT-mCherry
are defined as 0.00 and 1.00, respectively. n, number of analyzed Golgi mini-stacks.
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Chapter 5: The spatial molecular organization of the Golgi
mini-stack

To date, there has not yet been any systematic study of the spatial molecular
organization of the Golgi. To address this research gap, GLIM was applied to study
the axial localization of Golgi proteins (see Chapter 3). The approaches described in
Chapter 4 were adopted to systematically determine the lateral localization of Golgi
proteins, which can best be demonstrated by the en face and side views of mini-stacks.
In this chapter, the lateral localization of Golgi proteins is investigated. The proteins

studied are involved in the two major Golgi functions, processing and trafficking.
5.1 Lateral localizations of components of trafficking machinery

5.1.1 ERES, ERGIC and cis-Golgi (LQ<0)

COPII coat subunits (e.g. Sec23a and Sec13), COPI coatomers (e.g. B-COP and y-
COP), ERGIC53, KDEL receptor, Arf4, Arf5 and GS27 exhibited lumps and puncta
around Giantin rings in en face views and on one side of Giantin double-puncta in side
views (Figure 16). These proteins function in the early secretory pathway, from the ER
to the cis-Golgi. The ring pattern exhibited by the averaged y-COP (Figure 16F)
suggested that its budding and fusion sites might predominantly localize to the rim of
Golgi mini-stack. In contrast, the averaged en face view of Sec23a (Figure 16H)
indicated that COPII tend to organize into a ring pattern, suggesting a complex
organization of the ERES. Of note, the averaged side views of Sec23a, ERGIC53 and
GS27 displayed compact bar shape, suggesting that their axial distributions are

concentrated at the ERES, ERGIC or cis-cisternae.
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Figure 16: Components of transport machinery at the ERES, ERGIC and cis-
Golgi primarily localize to the periphery of the Golgi mini-stack.

(A-L) ERES, ERGIC and cis-Golgi proteins (LQ<0). (A, C, E, G, I-L) Typical en face
and side view images of components of transport machinery of the ERES, ERGIC and
cis-Golgi. (B, D, F, H) The averaged side and en face view images of the ERES,
ERGIC and cis-Golgi proteins and their radial mean intensity profiles. n, number of
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5.1.2 cis-Golgi (0sLQ<0.25)

GRASP65, GRASP55, Rabla and GM130 appeared as central disks and bars in en
face and side views, respectively (Figure 17). While there were usually some sheets
or interior tubular connections in their en face views, their side views displayed
compact bar shapes. These observations suggest that they might be distributed

throughout the cis-cisternae.
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Figure 17: Components of transport machinery at the cis-Golgi localize
throughout the cis-cisternae.

(A-G) cis-Golgi proteins (0<LQ<0.25). (A, D, F) Typical en face and side view images
of components of transport machinery of the cis-Golgi. (B, C, E, G) The averaged side
and en face view images of cis-Golgi proteins and their radial mean intensity profiles.
n, number of averaged Golgi mini-stacks. Scale bar, 500 nm.
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5.1.3 Medial-Golgi (0.255LQ<0.75)

Giantin, ACBD3, Vip36, Sec34 (Cog3) and GS28 function in Golgi structure
maintenance, ER-to-Golgi trafficking, intra-Golgi trafficking and/or vesicular transport
(Hara-Kuge et al., 1999; Lesa et al., 2000; Sohda et al., 2001; Subramaniam et al.,
1996; Suvorova et al., 2002). They displayed ring staining patterns in en face views,
suggesting preferential localizations at the cisternal rims of medial-Golgi cisternae
(Figure 18). Sec34 is one of the subunits of hetero-octameric COG complex. The COG
complex is a peripheral membrane tethering complex that is suggested to facilitate the
retrograde trafficking of Golgi enzymes (Smith and Lupashin, 2008). The en face view

of Sec34 displayed scattered punctate profiles around the Giantin ring (Figure 18E).

The side views of ACBD3 and GS28 demonstrated double-puncta, consistent with the
ring appearance of their en face views (Figure 18A-B, G-H). The averaged side view
of Vip36 demonstrated a bar shape, instead of a double-punctum, possibly because a
significant amount of the protein localizes to the cisternal interior, as suggested by its

averaged en face view (Figure 18C-D).

89



A GM130 B GFP-ACBD3

GFP-ACBD3 merge

Giantin

n=44

radial mean
intensity
o o =
o [, o

en face

o
o

1.0 2.0
distance from center

side

D - 1.0
o gg n=30
(&) [2]
“E @é 05
S E'_
0.0
0.0 1.0 20 —
distance from center O
©
3 O]
» —i
o
O
Q
F S
Myc-Sec34 -
c 10 “,2
i =24 :
8 £G " =}
.,S 53 0.5 \"
o TE O
@©
= 100 -
0.0 1.0 2.0 Vi
distance from center
wn
N
o

Giantin GS28 merge

E.n 00 10 20
-.- o

Figure 18: Components of transport machinery at the medial-Golgi primarily
localize to rims of medial-cisternae.

(A-H) Medial-Golgi proteins (0.255LQ<0.75). (A, C, E and G) Typical en face and side
view images of components of transport machinery of the medial-Golgi. (B, D, F, H)
The averaged side and en face view images of medial-Golgi proteins and their radial
mean intensity profiles. n, number of averaged Golgi mini-stacks. Scale bar, 500 nm.

5.1.4 trans-Golgi (0.755LQ<1.25)
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Among the trans-Golgi proteins, GS15 is a v-SNARE that facilitates the fusion of

vesicles to the Golgi membrane (Xu et al., 2002), GCC185 functions as a vesicle tether
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that captures vesicles incoming toward the Golgi (Brown et al., 2011) and Golph3
recycles glycosylation enzymes between Golgi cisternae (Eckert et al., 2014; Pereira
et al., 2014). GS15, GCC185 and Golph3 mostly appeared at the cisternal rim in their
en face views (Figure 19A-F). Consistent with the en face views, their side views
clearly displayed double-puncta. The functional role of GP73 at the Golgi is elusive.
Although a significant amount of GP73 was observed in the cisternal interior, its

averaged en face view showed a slight tendency toward rim localization (Figure 19H).

Rab6, Arll and Arfl are small GTPases that function as molecular switches. Once
activated, Rab6 and Arll recruit downstream effectors that function in membrane
trafficking between the trans-Golgi/TGN and post-Golgi subcellular compartments
(Crottet et al., 2002; Grigoriev et al., 2007; Lu et al., 2004). Arfl recruits vesicular coats
such as COPI and clathrin coats (Serafini et al., 1991; Stamnes and Rothman, 1993).
Rab6, Arll and Arfl each appeared as a homogenous disk and as a compact bar in
their en face and side views, respectively (Figure 191-N), suggesting that they might
localize to the cisternal interior. Interestingly, Arfl (LQ =0.75) was found to distribute
into two pools, which might correspond to the cis/medial and trans/TGN compartments,
as demonstrated by its side view (Figure 19M, side view). This observation is
consistent with the idea that Arfl plays a role in the assembly of COPI and clathrin

coats at the cis-Golgi and TGN, respectively (Gillingham and Munro, 2007).
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Figure 19: Components of trafficking machinery at the trans-Golgi localize to the
rim and interior of the Golgi mini-stack.

(A-N) trans-Golgi proteins (0.75<LQ<1.25). (A,C,E,G) Typical en face and side view
images of components of transport machinery that localize to the rim of Golgi cisternae.
(1,LK,M) Typical en face and side view images of components of transport machinery
that localize to the interior of Golgi cisternae. (B,D,F,H,J,L,N) The averaged side and
en face view images of trans-Golgi proteins and their radial mean intensity profiles. n,
number of averaged Golgi mini-stacks. Scale bar, 500 nm.
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5.1.5 trans-Golgi network (LQ21.25)

Under Airyscan microscopy, two major distribution patterns were demonstrated by
TGN proteins. The first is the compact lumps demonstrated by Golgin97, CD-MPR,
Furin and Vamp4 (Figure 20A-J). In general, their averaged side views displayed
compact bar shapes, whereas their averaged en face views showed inhomogeneous
compact distribution due to insufficient sample sizes. The second pattern is the
scattered puncta demonstrated by CI-MPR, GGA2, GGAL, clathrin light chain B
(CLCB), y-Adaptin, Vtila, Syntaxin6 and Golgin245 (Figure 21A-N). In general, their
en face and side views exhibited scattered punctate profiles. Of note, TGN proteins
seemed to occupy larger areas both axially and laterally (Table 8-9). Occasionally,
short tubule-like profiles were observed for TGN proteins, including Golgin245 and y-

Adaptin.

Although these Golgi proteins localize to the TGN, they did not co-localize significantly
under the Airyscan microscope. For instance, Vamp4 did not overlap significantly with
CI-MPR, GGA2, Vtila and Furin (Figure 20E, H-J). On the other hand, CLCB seemed
to furnish tubular and punctate profiles for Furin and Vamp4 outside the stacked
cisternal membrane (arrows; Figure 21G, K). This is consistent with the functional role
of clathrin in cargo recruitment and carrier biogenesis (Peden et al., 2001; Teuchert et

al., 1999).
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Figure 21: Components of trafficking machinery at the TGN display punctate or
tubular profiles.

(A-N) TGN proteins (LQ=1.25) that display tubular or punctate profiles in their en face
and side views. (A, C, E, G, I, K-N) Typical en face and side view images of
components of trafficking machinery at the TGN. (B, D, F, H, J) The averaged side
and en face view images of TGN proteins and their radial mean intensity profiles. (G,

K) Arrows in the side view images indicate that Vamp4 and Furin are decorated by
CLCB puncta. n, number of averaged Golgi mini-stacks. Scale bar, 500 nm.
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5.2 The averaged side views of TGN proteins reveal the TGN
organization

The existence of multiple domains in the TGN has been proposed (Brown et al., 2011;
Derby et al., 2004; Folsch et al., 2003; Gleeson et al., 2004; Ladinsky et al., 1999), but
this idea lacks of morphological evidence. In this section, several observations

regarding TGN organization are reported.

First, TGN proteins did not co-localize significantly, as demonstrated by the lack of co-
localization between Vamp4 and CI-MPR, GGA2, Vtila or Furin (Figure 20E, H-J),

suggesting that the TGN is not a single-mixed subcompartment.
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Figure 22: The averaged side view of TGN proteins reveals the molecular
organization of the TGN.

(A-B) The averaged side view images of TGN proteins display (A) compact lumps or
(B) scattered puncta. The y-coordinate of the centermass (Ycentermass) of an averaged
side view image was translated along the y-axis by 3-fold with reference to that of
GM130 (indicated by the blue line, its corresponding image is from Figure 17B). The
red and orange lines indicate Ycentermasss of GalT-mCherry and TGN proteins,
respectively, after translation. (C) The colocalization of GalT, Furin and CI-MPR
reveals the complementary organization of Furin and CI-MPR at the TGN. The red,
green and blue lines indicate Ycentermasss of Furin-GFP, CI-MPR and GalT-mCherry,
respectively. (D) The colocalization of CD-MPR, Golgin97, Cab45 and GalT reveal
multi-tier organization at the TGN. The blue, red, green and cyan lines indicate
Ycentermasss of SBP-GFP-CD-MPR, GFP-Golgin97, Cab45-myc and GalT-mCherry,
respectively. (C-D) The Ycentermass of GalT-mCherry was measured from its averaged
side view image taken from Figure 24J. Ycentermasss of proteins were translated as
described in (A-B). n, number of averaged Golgi mini-stacks.

Second, the TGN displayed two molecular distribution patterns: compact lumps and
scattered puncta (Figure 20-22). Notably, the proteins that displayed punctate profiles
are either components of the clathrin coat (e.g. CLCB), clathrin adaptors (e.g. GGAZ2,
GGA1 and y-Adaptin) or known to be concentrated in CCVs (e.g. CI-MPR, Vtila and
Syntaxin 6). Hence, scattered puncta could represent budding, fusing or isolated
CCVs at the TGN. Interestingly, CI-MPR was observed to preferentially localize to
regions that are complementary to that of Furin (Figure 22C). Proteins that displayed
compact lumps, on the other hand, were organized into a multi-tier structure along the

Golgi axis, as demonstrated by the co-localization of CD-MPR, Golgin97 and Cab45
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(Figure 22D). In contrast, the non-layered zones at the TGN might be occupied by
dissociative tubular and punctate transport carriers, including clathrin-coated and non-
clathrin-coated nascent transport carriers. Collectively, our imaging data suggest that
TGN subdomains might adopt different membrane architectures. They could organize
into distinct zones at the macro scale. Such a molecular organization of the TGN has

never before been revealed under LM.

5.3 Lateral localizations of Golgi enzymes

The Golgi houses many enzymes that are involved in diverse post-translational
modifications, including glycosylation. This lateral localization study focuses on
glycosylation enzymes, including those involved in N- and O-glycosylation. In humans,
there are more than 300 glycosylation enzymes (Cantarel et al., 2009). They are
mostly type Il transmembrane proteins and have similar domain organization. In
general, a glycosylation enzyme consists of a short N-terminal cytosolic tail, a single-
pass transmembrane domain, a stem region and a luminal catalytic domain (Lairson
et al., 2008). It was observed from LM and EM imaging that the Golgi enzyme MGAT?2
mainly localizes to the cisternal interior (Figure 11-12). How do other Golgi enzymes
laterally organize in Golgi cisternae? In the following sections, N-glycosylation
enzymes (ManlB1, MGAT1, Manll, MGAT2, MGAT4B, GalT and ST6Gall), O-
glycosylation enzymes (GALNT1, GALNT2, GALNT4, GALNT8, C2GNT1 and
POMGNT1), protein sulfation enzymes (TPST1 and TPST2), glycosaminoglycan
synthesis enzymes (B3GalT6 and B4GalT7) and a poly-N-acetyllactosamine synthesis
enzyme (B4GalT3) are analysed. A GDP-fucose transporter, SLC35C1, is also

analysed.

5.3.1 Lateral localizations of medial- (0.255LQ<0.75) and trans-Golgi
(0.755LQ<1.25) enzymes

98



Medial-Golgi enzymes, including MGAT1, B4GalT7, B3GalT6, POMGNTL1, GALNT4
and B4GalT3, were mainly found in the cisternal interior (Figure 23). Similarly, trans-
Golgi enzymes, including TPST1, GALNT1, GALNT2, ST6Gall, GalT and the trans-
Golgi nucleotide sugar transporter SLC35C1, were also mainly found in the cisternal
interior (Figure 24). Their side views displayed a bar shape flanked by the Giantin

double-punctum (Figure 23-24).
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(A-L) Golgi enzymes that localize to the medial-Golgi. (A, C, E, G, I, K) Typical en face
and side view images of medial-Golgi enzymes and their line intensity profiles. Line
intensity profiles for the en face view images were generated as described in Figure
9A. Scale bar, 500 nm. (B, D, F, H, J, L) The averaged side and en face view images
of medial-Golgi enzymes and their radial mean intensity profiles. n, number of

averaged Golgi mini-stacks.
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Figure 24:. Golgi enzymes at the trans-Golgi primarily localize to the Golgi
cisternal interior.
(A-L) Golgi enzymes that localize to the trans-Golgi. (A, C, E, G, I, K) Typical en face
and side view images of trans-Golgi enzymes and their line intensity profiles. Line
intensity profiles for the en face and side view images were generated as described in
Figure 9A and 7C. Scale bar, 500 nm. (B, D, F, H, J, L) The averaged side view and
en face view images of trans-Golgi enzymes and their radial mean intensity profiles.
n, number of averaged Golgi mini-stacks.



5.3.2 The organization of Golgi enzymes in the cisternal interior

Most Golgi enzymes displayed an interior-disk pattern in their en face views. However,
a few enzymes exhibited an inner-ring pattern, including Manll, Man1B1, GALNTS,
MGAT4B, TPST2 and C2GNT1 (Figure 25A-L). Nonetheless, their averaged side
views displayed a bar shape (Figure 25F,J,L), possibly due to their significant
localization in the cisternal interior and/or the inability of the Airyscan microscope to

resolve the interior.
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Figure 25: Golgi enzymes display the inner-ring appearance.

(A-B) Manll localizes to the cis-Golgi. (C-L) Golgi enzymes that localize to the medial-
Golgi. (A, C, E, G, I, K) Typical en face view images of Golgi enzymes and their line
intensity profiles. Line intensity profiles were generated as described in Figure 9A.
Scale bar, 500 nm. (B, D, F, H, J, L) The averaged side and en face view images of
Golgi enzymes and their radial mean intensity profiles. n, number of averaged Golgi
mini-stacks.
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Most Golgi enzymes display cisternal interior localization, but their spatial relationships
are not known. Since MGAT2 (LQ=0.53), MGAT4B (LQ=0.50) and Giantin (LQ=0.57)
have similar LQs (Table 6), they might largely reside in the same cisternae. Therefore,
their averaged en face view images were merged to investigate their spatial
relationships (Figure 26A). Giantin was observed to mark the rim of cisternae, while
MGAT4B formed a concentric inner ring with respect to Giantin. MGAT?2 filled the
cisternal interior and significantly overlapped with MGAT4B (Figure 26A). Another pair
of Golgi enzymes with similar LQs, B4GalT3 (LQ=0.73) and ST6Gall (LQ=0.85),
localized to both shared (arrows in Figure 26B) and distinct domains within the Giantin

ring (Figure 26B).
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Giantin AcGFP1 MGAT2-Myc MGAT2-Myc
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n=220, 63, 44
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Giantin B4GalT3-Myc  ST6Gal1-AcGFP1  p4GalT3-Myc Giantin B4GalT3-Myc

Figure 26: The organization of Golgi enzymes within Golgi cisternae.

(A) MGAT4B and MGAT2 display inner ring and disk-like patterns, respectively,
whereas Giantin displays the outer-ring pattern. The averaged en face views of Giantin,
MGAT4B-AcGFP1 and MGAT2-myc were merged and their respective radial mean
intensity profiles were shown at the side. n, number of averaged Golgi mini-stacks. (B)
ST6Gall and B4GalT3 can localize to distinct and shared (arrow) domains within the
cisternal interior. HelLa cells transiently expressing B4GalT3-Myc and ST6Gall-
AcGFP1 were treated with nocodazole and immuno-stained by Myc and Giantin
antibodies. Golgi proteins were merged in different combinations to reveal their spatial
relationships. Scale bar, 500 nm.

en face
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5.4 Analysing the cisternal organization of the native Golgi

Giantin
Giantin GFP-GM130
Giantin B4GalT3-Myc GFP-GM130 B4GalT3-Myc B4GalT3-Myc

A

GM130
Giantin Giantin
B GM130 Giantin GPP130-GFP GPP130-GFP GPP130-GFP

Figure 27: The identification of cisternal rim and interior in the native Golgi.

(A) Giantin localizes to the cisternal rim, whereas 4GalT3 and GM130 localize to the
cisternal interior and periphery of the native Golgi stack. HeLa cells transiently
expressing B4GalT3-Myc and GFP-GM130 were immuno-stained by Myc and Giantin
antibodies. Arrows indicate the cisternal rim, where Giantin is localized. The interior of
Giantin ring is occupied by B4GalT3-Myc. (B) GPP130 and Giantin curvy lines
represent the cisternal rim. They do not represent the side views of Golgi stacks. HelLa
cells transiently expressing GPP130-GFP were immuno-stained by GM130 and
Giantin antibodies. Arrows indicate the cisternal rims but not the side view of Golgi
stacks. (A-B) Note that cells were not treated with nocodazole. Scale bar, 2 pum.

The study of native Golgi organization under LM is hampered by the resolution limit of
LM and the inherent complexity of the Golgi architecture. For instance, the orientation
of the Golgi stack was not discernible previously. However, it is now possible to assess
Golgi architecture by taking advantage of the staining patterns of Giantin and Golgi
enzymes. With these proteins labelled in a native Golgi, one could discern the
orientation of convoluted Golgi stacks, especially in the less-dense region. For
instance, Giantin and GPP130 appeared as loops or distinctive rings, while GM130
and B4GalT3 filled the interior regions (Figure 27). The sheet-like pattern occupied by
GM130 and B4GalT3 may correspond to en face views of stacked Golgi cisternae

(Figure 27A, arrows). Giantin- and GPP130-positive curvy lines likely represented the
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rim of cisternae oriented in the en face or oblique view (Figure 27B, arrows). Therefore,
with the help of Golgi rim and interior markers, we can decipher not only the orientation
of nocodazole-induced Golgi mini-stacks, but also that of Golgi stacks in a native Golgi.

5.5 Quantitative molecular organization maps of the Golgi mini-stack

After examining the lateral localization of dozens of Golgi proteins, a quantitative
molecular organization map of the Golgi mini-stack was plotted. It quantitatively
describes the lateral (y-axis) and axial localizations (x-axis) of Golgi proteins (Figure
28). The former can be measured using the radial mean intensity profile as the radial
mean radius, whereas the latter can be measured by GLIM as the LQ. Therefore, the
plot summarized the morphological observation of disk and ring distributions of Golgi
proteins along the Golgi axis. In addition, the lateral size of Golgi proteins was plotted
against their corresponding LQs (Figure 29). The lateral size of a Golgi protein is
defined as the distance between the two half-maximum-intensity points at the outer
slopes of its averaged side view image (see Section 2.14). The two plots mentioned
above model the Golgi mini-stack from two perspectives: the en face and side views,

respectively. As expected, they share many similarities.

Most Golgi enzymes localized to the cisternal interior in the medial- and trans-Golgi
(Figure 28-29, red closed circles), and they appeared as concentric disks or inner rings
with respect to the Giantin rings. The cisternal rim and periphery of the Golgi stack
were mainly occupied by components of trafficking machinery (Figure 28-29, red open
circles). Regardless of whether they are enzymes or components of trafficking
machinery, proteins that localize to the Golgi stack region generally appeared more
confined and compact. This is suggested by their smaller radii and lateral sizes
compared to those of Giantin (Figure 28-29, Table 8-9). In contrast, proteins that

localize to the ERES/ERGIC and the TGN appeared more expansive and could spread
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to regions where their radii and lateral sizes were 1.5 times larger than those of Giantin
(Figure 28-29, green and purple open circles). Another common feature between the
two plots was that cis-cisternae appeared smaller than medial-cisternae (Figure 28,
blue lines connect GM130 with rim-localized proteins, namely Golgin84, Giantin and
GCC185 at the cis-, medial- and trans-Golgi, respectively; Figure 29, blue lines
connect GM130 with rim-localized proteins, namely ACBD3, Giantin, GPP30 and
Golph3, from the cis- to trans-face). This is consistent with the measurement of the
lateral size of GM130 and Giantin (Figure 14D), which were measured to be 452+147
nm and 704+175 nm (meanzSD), respectively. This observation was supported by
some EM thin sections and 3D tomograms (Bykov et al., 2017; Engel et al., 2015;

Staehelin and Kang, 2008), but its significance remains unknown.

Of note, the lateral localization of ERES- and ERGIC-localized proteins appeared
different between the two plots. Sec23a, GS27 and ERGIC53 appeared less
expansive in the lateral size plot, although yCOP remained almost the same in both
plots. The discrepancy could be explained by the small number of side view images
analysed in the lateral size plot, which could make artefacts more prominent. The
ERES, ERGIC and TGN are generally less symmetrical around the Golgi axis;
therefore, proteins in these regions might require a large number of images for

averaging in order to generate non-biased views of these proteins.

Collectively, by combining GLIM and Airyscan imaging of the en face and side views
of Golgi proteins, two quantitative molecular organization maps of the Golgi mini-stack
were established. They are highly consistent with each other and with our current

understanding of the Golgi.
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Figure 28: The quantitative molecular map of the Golgi mini-stack based on the
radii of Golgi proteins.
The radii of Golgi proteins are plotted against their corresponding LQs (Table 8). Red
open and closed circles denote the lateral localization patterns (ring and disk,
respectively). Green open circles denote Golgi proteins that localize to the ERES and
ERGIC. Purple open and closed circles denote TGN-localized proteins that exhibit
scattered puncta and compact lumps, respectively. Blue lines connect GM130 and
several rim-localized Golgi proteins, including FP-Golgin84, Giantin and GFP-
GCC185, from the cis- to trans-face.

Name n normalized radius LQ

Sec23a-mCherry 51 1.45 -0.58
GS27 74 1.25 -0.22
yCOP 70 1.17 -0.17
GFP-ERGIC53 41 1.44 -0.16
GM130 147 0.75 0.00
Grasp65-GFP 23 0.55 0.02
Grasp55-GFP 41 0.75 0.07
GFP-Rabla 34 0.77 0.21
Manll-SBP-GFP 40 0.82 0.23
ACBD3-GFP 44 0.86 0.25
FP-Golgin84 65 0.86 0.26
Vip36-GFP 30 0.71 0.30
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GALNT8-GFP 21 0.79 0.34

Manl1B1l-myc 29 0.89 0.42
B3GalT6-myc 26 0.75 0.47
MGAT4B-AcGFP1 63 0.77 0.50
B4GalT7-myc 35 0.78 0.52
MGAT2-myc 44 0.65 0.53
GS28 20 0.97 0.53
Giantin* 220 1.00 0.57
GALNT4-GFP 27 0.68 0.58
TPST2-GFP 21 0.86 0.64
POMGNT1-myc 27 0.78 0.67
C2GNT1-GFP 58 0.87 0.69
MGAT1-myc 32 0.48 0.70
Sec34-myc 24 0.92 0.71
B4GalT3-myc 30 0.36 0.74
Arfl-GFP 39 0.90 0.75
ST6Gall-myc 38 0.88 0.76
TPST1-GFP 32 0.77 0.76
GS15 28 0.94 0.83
GPP130-GFP 28 0.93 0.84
SLC35C1-myc 38 0.74 0.84
GALNT2 23 0.50 0.86
GFP-GCC185 20 0.96 0.94
GALNT1 11 0.58 0.97
GalT-mCherry 24 0.75 1.00
Rab6-GFP 24 0.85 1.04
GFP-Golph3 34 0.88 1.05
GP73-myc 32 0.76 1.07
Arl1-GFP 41 0.73 1.20
GFP-GGA1 35 1.52 1.30
GFP-Golgin97 50 1.17 1.45
CI-MPR 68 1.55 1.46
CLCB 77 1.64 1.65
Vamp4-GFP 53 0.90 1.57
Furin-GFP 60 0.96 1.62
SBP-GFP-CD-MPR 59 0.98 1.87
GGA2 66 1.07 1.96
y-Adaptin 70 1.69 2.20

Table 8: Normalized radii of Golgi proteins and their LQs.

This table corresponds to Figure 28. The radius of a Golgi protein is normalized against
that of Giantin. LQs in this table are from Table 6. n, number of averaged Golgi mini-
stacks. *The radius of Giantin is defined as 1.00.
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Figure 29: The quantitative molecular map of the Golgi mini-stack based on the
lateral sizes of Golgi proteins.

The lateral sizes of Golgi proteins are plotted against their corresponding LQs (Table
9). Red open and closed circles denote the lateral localization patterns of double-
punctum and bar-shape, respectively. Green open circles denote Golgi proteins that
localize to the ERES and ERGIC, respectively. Purple open and closed circles denote
TGN-localized proteins that exhibit scattered puncta and compact lumps, respectively.
Blue lines connect GM130 and rim-localized Golgi proteins, including GFP-ACBD3,
Giantin, GPP130-GFP and GFP-Golph3, from the cis- to trans-face.
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Name n normalized lateral size LQ

Sec23a-mCherry 37 1.02 -0.58
GS27 27 0.72 -0.22
y-COP 26 1.14 -0.17
GFP-ERGIC53 24 0.97 -0.16
GM130 43 0.64 0.00
GFP-Rabla 39 0.60 0.21
GFP-ACBD3 32 0.75 0.25
Vip36-GFP 17 0.69 0.30
GALNT8-GFP 21 0.65 0.34
B3GalT6-myc 16 0.59 0.47
B4GalT7-myc 19 0.69 0.52
MGAT2-myc 34 0.57 0.53
Giantin* 73 1.00 0.57
GALNT4-GFP 38 0.64 0.58
TPST2-GFP 47 0.55 0.64
POMGNT1-myc 30 0.63 0.67
C2GNT1-GFP 25 0.80 0.69
B4GalT3-Myc 42 0.63 0.74
TPST1-GFP 30 0.60 0.76
GPP130-GFP 31 0.94 0.84
SLC35C1-myc 18 0.74 0.84
ST6Gall-GFP 35 0.72 0.85
GalT-mCherry 40 0.64 1.00
GFP-Rab6 26 0.80 1.04
GFP-Golph3 20 0.90 1.05
GFP-GGA1 18 1.80 1.30
GFP-Golgin97 26 0.65 1.45
CI-MPR 27 1.40 1.46
Vamp4-GFP 16 0.67 1.57
Furin-GFP 28 0.66 1.62
CLCB 41 1.73 1.65
SBP-SBP-CD-MPR 34 0.90 1.87
GGA2 20 1.40 1.96
y-Adaptin 18 1.65 2.20

Table 9: Normalized lateral sizes of Golgi proteins and their LQs.

This table corresponds to Figure 29. The lateral size of a Golgi protein is normalized
against that of Giantin. LQs in this table are from Table 6. n, number of averaged Golgi-
mini-stacks. *The lateral size of Giantin is defined as 1.00.

A schematic model that summarizes the organization of a Golgi mini-stack was
constructed (Figure 30). In summary, a Golgi mini-stack can organize into processing
and transport domains (orange- and blue-shaded regions, respectively; Figure 30).
These are predominantly found at the interior (orange-shaded regions) and the
periphery (blue-shaded regions) of a Golgi mini-stack, respectively. The processing
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domain is characterized by the preferential localization of Golgi enzymes, whereas the

transport domain contains components of trafficking machinery.
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Figure 30: A schematic model that summarizes the organization of a Golgi mini-
stack.

A schematic diagram of a Golgi mini-stack together with the ERES and ERGIC is
overlaid by the LQs (see Table 6) of Golgi resident proteins. Golgi enzymes are
localized to the interior (orange-shaded regions) of a Golgi mini-stack, they appear
either as inner rings or disks. In contrast, components of trafficking machinery are
localized to the ERES, ERGIC, Golgi cisternal rims, cis- and trans-most cisternae
(blue-shaded regions). Red circles represent LQs and error bars indicate SEMSs.
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Chapter 6. Investigating the intra-Golgi trafficking of
secretory cargos
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Figure 31: ER hooks and reporters in the RUSH system.

The schematic diagram shows ER hooks and reporters that are used in Figure 32-33,
36-38 and 41: 1) Strep-KDEL (soluble hook), 2) li-strep (membrane hook), 3) Strep-li
(membrane hook), 4) ss-SBP-mCherry-GPI, 5) ss-SBP-GFP-CD59, 6) ss-SBP-GFP-
E-cadherin, 7) VSVG-SBP-GFP, 8) ss-SBP-GFP-CD8a-Furin, 9) ss-SBP-GFP-Lampl,
10) TfR-SBP-GFP, 11) ss-SBP-GFP-CD-MPR, 12) ss-SBP-GFP-collagen X, 13) ss-
SBP-GFP, 14) Vamp4-SBP-APEX2-Myc. KDEL, an ER-retention signal that is
encoded by lysine (K), aspartic acid (D), glutamic acid (E), leucine (L). i, invariant
chain; ss, signal sequence; SBP, streptavidin-binding peptide.

Although a few major frameworks of intra-Golgi trafficking have been proposed, none
can satisfactorily explain all observations (see Section 1.4). In addition, our previous
work suggested alternative Golgi exit sites other than the TGN (see Section 1.3.4).
This was supported by several EM studies and high-resolution fluorescence live cell
imaging of endolysosomal-targeted proteins (see Section 1.3.4). Therefore, we
decided to investigate the intra-Golgi trafficking and Golgi exit site of secretory cargos
by inspecting their axial and lateral localizations. These secretory cargos include
soluble proteins (GFP and collagen X), glycosylphosphatidylinositol (GPI)-anchored
proteins (mCherry-GPl and CD59) and single-pass transmembrane proteins (E-
cadherin, VSVG, Vamp4, CD8a-Furin, Lampl, TfR and CD-MPR). In addition, two

FM4-chimeras, FM4-moxGFP and GFP-FM4-CD8a, are also included in our study.
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Among all membrane cargos, Lampl, TfR and several TGN resident proteins,
including Vamp4, CD8a-Furin and CD-MPR, cycle between the TGN, endosomes and

the PM, while the rest are constitutive secretory cargos that are targeted to the PM.

6.1 Small cargos preferentially localize to the cisternal interior

The retention using selective hook (RUSH) system was used to synchronize ER-to-
Golgi trafficking. Two experiments were performed in parallel for each cargo reporter
in order to investigate LQ and lateral localization separately, thereby allowing us to
correlate the axial and lateral localizations of cargos concurrently (Figure 32). When
cargos were chased in the presence of biotin, the LQs of most secretory cargos (GFP,
CD59, E-cadherin, VSVG and TfR) increased from values corresponding to the cis-
Golgi to values corresponding to the trans-Golgi, following an exponential decay
relationship, and eventually plateaued at around 1 (Figure 32D-F, L, P). In contrast,
the LQs of CD8a-Furin, Lampl and CD-MPR increased up to approximately 1.5,
corresponding to the TGN (Figure 32J-K, O). When the cargos reached late
subcompartments, such as the trans-Golgi and the TGN, tubular or vesicular profiles
were observed (indicated by arrows in Figure 32A-C, G-I, M-N). These were likely

post-Golgi exocytic transport carriers.

In general, the lateral distribution of various cargos displayed interior localization
during their intra-Golgi trafficking (Figure 32A-C, G-I, M-N), as they appeared within
Giantin rings. Similarly, in Airyscan live cell imaging, mCherry-GPI appeared in the
cisternal interior after 6 mins of biotin chase. It appeared in the interior of Golgi
cisternae for more than 30 mins and eventually disappeared due to the post-Golgi
exocytic transport (Figure 32Q, arrowheads indicate interior localizations), whereas
Golgin84 appeared as a ring or double-punctum throughout the imaging period.

Altogether, our imaging data demonstrated that conventional or small secretory cargos
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(<115 kDa; 115 kDa is the MW of TfR-SBP-GFP, which is the largest cargo reporter
analysed in this section), regardless of whether they are soluble or membrane-

localized, appear in the cisternal interior during their intra-Golgi trafficking.
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Figure 32: Conventional or small secretory cargos localize to the cisternal
interior during intra-Golgi trafficking.

(A-P) HelLa cells singly transfected with a secretory cargo or co-transfected with a
secretory cargo and GalT-mCherry were treated with nocodazole and chased in the
presence of biotin and cycloheximide at indicated times. (A-C,G-1,M-N) Secretory
cargos localize to the cisternal interior during intra-Golgi trafficking. Cells were
immuno-stained by the Giantin antibody. Arrows indicate budding transport carriers.
Scale bar, 500 nm. (D-F,J-L,0-P) LQ vs time plots were measured from the parallel
experiments correspond to (A-C, G-I, M-N). Cells were immuno-stained by the GM130
antibody and imaged by a wide-field fluorescence microscope and images were
subjected to GLIM analysis. n, number of analysed Golgi mini-stacks. Error bars,
SEMSs. (Q) The RUSH reporter SBP-mCherry-GPI demonstrates the cisternal interior
localization during its intra-Golgi trafficking in living cells. HelLa cells transiently
expressing GFP-Golgin84 and SBP-mCherry-GPI were chased in the presence of
biotin and cycloheximide and imaged live under the Airyscan microscope. The boxed
region in the full view cell image before the addition of biotin was chosen to display
the time series below. Time stamps under the biotin treatment are indicated on top of
every micrograph. Arrowheads indicate interior localizations. Scale bar, 500 nm.
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6.2 Bulky cargos preferentially localize to the cisternal rim

Previously, it was reported that large secretory protein aggregates were found at the
cisternal rim when transitioning through the Golgi (Lavieu et al., 2013; Volchuk et al.,
2000). In order to investigate whether bulky cargos in general preferentially partition

to the cisternal rim, a soluble RUSH reporter, collagenX, was used as the model for

116



study. Collagens are one of the major components of extracellular matrix (ECM).
There are at least 28 different collagens in vertebrates (Frantz et al., 2010). Most of
them, including collagenX, can form triple-stranded helices. They are then able to
assemble into macromolecules (Frantz et al., 2010; Kwan et al., 1991). Under Airyscan
imaging, collagenX exhibited punctate and diffuse patterns (Figure 33A, arrows).
These could represent high and low multimeric states of collagenX, respectively.
During intra-Golgi trafficking, both diffuse and punctate collagenX were partitioned to
the cisternal rim, while the co-expressed mCherry-GPI resided in the cisternal interior
(Figure 33A, arrowheads). At later time points, puncta outside Giantin rings were

observed. These were likely post-Golgi exocytic carriers.

Furthermore, two secretory FM4-chimeras, soluble FM4-moxGFP and
transmembrane FM4-CD8a, were tested. Similar chimeras were described in a
previous report (Lavieu et al., 2013). Their aggregated states can be controlled by a
small molecule, D/D solubilizer. By default, in the ER, these two FM4-chimeras can
form protein aggregates that are too large to be accommodated in COPII vesicles.
Therefore, they are arrested in the ER. However, the administration of D/D solubilizer
can reverse their aggregated states. Once aggregates are dissolved, monomeric or
low multimeric forms of FM4-chimeras can be exported from the ER into the secretory
pathway. After incubating NRK cells expressing FM4-chimeras at 20°C in the
presence of D/D solubilizer for 2 hrs, de-aggregated chimeras were accumulated and
arrested in the Golgi. We then kept cells under the same conditions for another 2 hrs

in the absence of D/D solubilizer to re-introduce the aggregation.

Under the Airyscan microscope, both FM4-chimeras appeared at the cisternal interior
(Figure 33D-E, arrowheads) within the Giantin ring when they were in de-aggregated
states. In contrast, after the D/D solubilizer washout, re-aggregated FM4-chimeric
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puncta were formed and partitioned to the cisternal rim (Figure 33D-E, arrows),

coinciding with Giantin rings.

Collectively, the lateral localization study of various secretory cargos suggests that
bulky and conventional or small secretory cargos might preferentially localize to the

cisternal rim and interior, respectively, during intra-Golgi trafficking.
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Figure 33: Bulky cargos localize to cisternal rims during their intra-Golgi
trafficking.
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(A) The partition of mCherry-GPI and collagenX to the cisternal interior and rim,
respectively, during their intra-Golgi trafficking. HeLa cells transiently expressing SBP-
mCherry-GPl and SBP-GFP-collagenX were treated with nocodazole and chased in
the presence of biotin and cycloheximide. Cells were immuno-stained by the Giantin
antibody. (B-C) The LQ vs time plots for collagenX and mCherry-GPI. Experiments
were performed as described in Figure 32(D-F, J-L, O-P). n, number of analysed Golgi
mini-stacks. Error bars, SEMs. (D-E) The aggregated FM4-moxGFP and FM4-CD8a
localize to the cisternal rim, whereas their de-aggregated forms localize in the cisternal
interior. NRK cells transiently expressing FM4-CD8a or FM4-moxGFP were subjected
to incubation conditions as indicated. Cells were immuno-stained by GM130 and
Giantin antibodies. Note that the first sets of images were absent of any FM4-fusions
signal in Golgi mini-stacks and this was due to the aggregated FM4-fusions failed to
be exported from the ER. They served as negative controls for these transport assays.
(A,D-E) Arrows and arrowheads indicate the cisternal rim and interior, respectively.
Scale bar, 500 nm.

6.3 Estimating the stoichiometry of collagenX and FM4 aggregates

Protein aggregates of collagenX and FM4 chimeras are assumed to appear as distinct
puncta in vivo. In order to estimate the stoichiometry of these protein aggregates, an

imaging-based approach was adopted as described below.

The nuclear pore complex (NPC) consists of ~30 different component proteins, called
nucleoporins (Nups) (Cronshaw et al., 2002). The NPC is organized into an 8-fold
rotational symmetry surrounding the nucleocytoplasmic axis (Beck et al., 2004).
Previously, in our laboratory, a shRNA-based gene-replacement imaging assay was
developed to estimate the stoichiometry of Nups in the NPC. The endogenous Nups
of HeLa cells were individually knocked down by their corresponding shRNAs,
followed by the expression of shRNA-resistant GFP-tagged Nups. Utilizing TIRF
microscopy, the intensity of a single GFP molecule was measured based on the
intensity difference before and after photobleaching. By comparing the fluorescence
intensity of a single GFP molecule and that of shRNA-resistant GFP-tagged Nups in
the Nup knockdown cells, the stoichiometry of several Nups, including Nup133, was
successfully measured. It was found that 16 copies of Nup133 are present in an NPC

(Tie et al., 2016b).
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Figure 34: The estimation of the stoichiometry of fluorescent protein aggregates.
(A) The expression of GFP-Nup133-mut and the estimation of total fluorescence
intensity of individual GFP-Nup133-mut substituted NPC. Cells were first depleted of
their endogenous Nupl33 by the shRNA, followed by transiently expressing the
shRNA-resistant GFP-Nup133-mut. The distribution of total fluorescence intensity of
NPCs is shown in the histogram. n, number of analysed NPC. (B-D) The estimation of
stoichiometry of SBP-GFP-collagenX, GFP-FM4-CD8a and FM4-moxGFP aggregates.
Cells transiently expressing either one of these proteins were immuno-stained by
GM130 and Giantin antibodies. The histogram beside each set of images displays the
distribution of estimated stoichiometry of corresponding protein aggregates (puncta
indicated by arrows) that are associated with Golgi mini-stacks. n, number of analysed
Golgi puncta. Scale bars, as indicated in images. (A-D) Statistics, mean+SEM.

Using the shRNA-resistant GFP-tagged Nupl133 as an in vivo GFP fluorescence
standard (Figure 34A), a GFP-collagenX punctum was estimated to contain 190+20
copies (n=77) of constituent molecules (Figure 34B). In addition, aggregated FM4-
moxGFP and FM4-CD8a puncta that appeared associated with the Golgi were
estimated to contain 660£50 (n=127) and 830x30 (n=184) copies of their respective
constituent molecules (Figure 34C-D). Furthermore, the MWs of the individual puncta
of collagenX, FM4-moxGFP and FM4-CD8a were estimated to be 20,000 kDa, 50,000

kDa and 81,000 kDa, respectively. The MWs were calculated by multiplying the copy
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numbers per aggregate by the MW per molecule. This provided evidence that these

molecules were highly aggregated.

6.4 The lateral localization of ST6GAL1 did not change in the
presence of synchronous transiting cargos
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Figure 35: ST6Gall mainly remains in the cisternal interior when VSVG is
transiting across the Golgi mini-stack.

(A, C) The lateral localization of ST6Gall does not change during the intra-Golgi
transport of VSVG. HelLa cells transiently expressing VSVG-SBP-Flag (a RUSH
reporter) and ST6Gall-moxGFP were treated with nocodazole and chased in the
presence of biotin and cycloheximide at different times as indicated. Cells were
immuno-stained by the Giantin antibody. n, number of averaged Golgi mini-stacks. (A)
The averaged en face views of ST6Gall and Giantin from different biotin chase times.
Red dotted circle indicates the interior region of interest. The circle indicates the steady
state lateral distribution of ST6Gall. (C) The percentage of ST6Gall-moxGFP within
red dotted circles were plotted against the time of intra-Golgi trafficking of VSVG-SBP-
Flag. (B) The LQ vs time plot for VSVG. The experiment was performed as described
in Figure 32(D-F, J-L, O-P). n, number of analysed Golgi mini-stacks.

Golgi enzymes are expected to maintain their axial localizations amid intensive traffic

in the Golgi so that the polarity of the Golgi is preserved. This hypothesis was tested
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by investigating the lateral distribution of ST6Gall upon a surge of transiting secretory

cargos, using VSVG as a RUSH reporter (Figure 35).

HelLa cells were co-transfected with ST6Gall and VSVG. During intra-Golgi trafficking
of VSVG (Figure 35B), the majority of ST6Gall remained in the cisternal interior
(Figure 35A, C). Our finding was inconsistent with a previous EM study in which Golgi
enzymes were found to shift from the cisternal rim to the cisternal interior in the

presence of transiting cargo loads (Kweon et al., 2004).

6.5 The direct visualization of secretory cargo waves during intra-
Golgi trafficking

A synchronous cargo wave of VSVG-tso45 in Golgi mini-stacks was observed in a
previous EM study (Trucco et al., 2004). However, Patterson et al. reported that
VSVG-tso45 was homogenously distributed across all Golgi cisternae within 5 mins of
incubation at the permissive temperature, 32°C. Hence, the group proposed the rapid
partitioning model (Patterson et al., 2008). Patterson et al. suggested that the
temperature shifts involved in Trucco’s experiment could induce a change in the ratio
of sphingolipids to glycerophospholipids in Golgi cisternae. This would in turn affect
the distribution and kinetics of VSVG-tso45 across the Golgi stack, eventually creating

the cargo waves observed by Trucco et al.

In this section, the nature of the cargo wave during intra-Golgi trafficking was re-
examined. The study was conducted using a RUSH reporter, VSVG, thereby avoiding
the potential influences of temperature shifts. Hence, our experimental condition is

more likely to mimic physiological trafficking in the Golgi stack.

Under different biotin chase times, the averaged side views of VSVG appeared as a
single-peak compact wave that progressively and axially moved from a position close

to GM130 toward GalT (Figure 36A). Similarly, the progressive movement of cargo
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waves was also observed in the averaged side views of another RUSH reporter, TfR

(Figure 36E).

For the first time, under physiological temperature, we provide LM imaging evidence
to demonstrate the existence of synchronous traffic waves that traverse the Golgi mini-
stack over time. This is consistent with the previous EM study (Trucco et al., 2004) but

contradictory to the results reported by Patterson et al. (Patterson et al., 2008).

In addition, VSVG and TfR displayed disk-like cisternal interior localization in their en
face views (Figure 36C,G). Intriguingly, the radius of VSVG appeared the smallest at
the cis-Golgi and became the largest when it reached the medial/trans-Golgi (15 mins
post-biotin chase). After that, the radius of VSVG decreased. A similar trend of change
in radius was demonstrated by TfR (Figure 36G). This observation could indicate a
gradual increase in the lateral size of cisternae from the cis- to the trans-Golgi, with

secretory cargos resided transiently as they traversed the Golgi mini-stack.
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Figure 36: VSVG and TfR appear as single-peak cargo waves during intra-Golgi
trafficking.

(A,C-D,E,G-H) HelLa cells transiently expressing VSVG-SBP-GFP or TfR-SBP-GFP
were treated with nocodazole and chased in the presence of biotin and cycloheximide
at different times as indicated. Cells were fixed and immuno-stained by GM130 and
Giantin antibodies. The averaged en face and side views of Golgi resident proteins
and secretory cargos are shown. n, number of averaged Golgi mini-stacks. (A, E) The
averaged side views of VSVG and TfR display single-peak cargo waves that
progressively transit from the cis- to trans-face. The averaged side view of GalT-
mCherry was obtained from Figure 24J. The Ycentermasss of GM130 (blue), GalT-
mCherry (red), VSVG-SBP-GFP, TfR-SBP-GFP and Giantin (green) were marked by
color-coded lines. The Ycentermasss of all side view images were translated by 3-fold
along the Y-axis with respect to that of GM130. (C-D,G-H) The radii of averaged en
face views of VSVG and TfR change during intra-Golgi trafficking. Radial mean
intensity profiles were plotted in (D,H). The radius of each averaged en face view
image is indicated. (B,F) LQ vs time plots demonstrate the axial localization of VSVG
and TfR corresponding to (A,C,E,G). Experiments were performed as described in
Figure 32(D-F, J-L, O-P). The adjusted R? (adj. R?) and plateau of fitted curve are
indicated in each plot. n, number of analysed Golgi mini-stacks.
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6.6 20°C incubation accumulates the cargo wave at the medial-Golgi

15°C and 20°C incubations have been widely adopted to accumulate secretory cargos
in the ERGIC and TGN, respectively (Griffiths et al., 1985; Matlin and Simons, 1983;
Saraste and Kuismanen, 1984). However, using GLIM, VSVG-tso45-GFP was
observed to be blocked at the medial-Golgi at 20°C (Tie et al., 2016a). The
discrepancy was addressed by investigating the side view of a RUSH reporter, CD-

MPR.

The LQ of CD-MPR was measured in the presence of biotin and cycloheximide. Under
the incubation conditions used (15°C for 1.5 hrs, 20°C for 2 hrs and 37°C for 18 hrs),
the LQs of CD-MPR were measured to be -0.04+0.05, 0.38+0.02 and 1.87+0.08,
corresponding to the cis-Golgi (LQ=0.00+0.25), the medial-Golgi (LQ=0.50+0.25) and
the TGN (LQ>1.25), respectively (meantSEM, Figure 37C). The 37°C incubation for
18 hrs was used to mimic the TGN localization of CD-MPR at the steady state. Its LQ
and averaged side view suggested its localization at the TGN (Figure 37A, third row;

Figure 37C).

The localization of CD-MPR in the 15°C incubation is predicted to be at the ERGIC
(LQ<-0.25). Although its LQ corresponds to the cis-Golgi, it is similar to that of an
ERGIC marker, ERGIC53 (LQ=-0.16; Table 6). Notably, the averaged side view of CD-
MPR at 15°C showed a slight shift toward the preceding region of GM130 (Figure 37A,

first row), which may correspond to the closely adjacent ERGIC.

The LQ of CD-MPR at 20°C was consistent with the findings of our previous study of
VSVG-ts045-GFP (Tie et al.,, 2016a). Both experiments indicated that 20°C could
accumulate cargos in the medial-Golgi, but not the TGN (Figure 37C). Moreover, the

averaged side view of CD-MPR at 20°C incubation showed that it localized between
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GM130 and GalT-mCherry (Figure 37A, middle row), supporting its localization at the
medial-Golgi but not the TGN.
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Figure 37: 15°C and 20°C block CD-MPR at the ERGIC/cis-Golgi and medial-Golgi,
respectively.

HeLa cells singly transfected with SBP-GFP-CD-MPR or co-transfected with SBP-
GFP-CD-MPR and GalT-mCherry were treated with nocodazole and chased in the
presence of biotin and cycloheximide at indicated temperatures and times. The
averaged (A) en face and (B) side views of Golgi resident proteins and secretory
cargos are shown. (A) 15°C and 20°C block CD-MPR at the ERGIC/cis- and medial-
Golgi, respectively. The averaged side view of GalT-mCherry was obtained from
Figure 24J. Ycentermasss of GM130 (blue), GalT-mCherry (red), SBP-GFP-CD-MPR
and Giantin (green) are indicated by color-coded lines. Ycentermasss of proteins were
translated as described in Figure 36. (B) The radius of GM130 decrease at 15°C.
Radial mean intensity profiles were plotted and color-coded according to colours
assigned to different proteins. The radius of averaged en face view images is indicated.
(A-B) n, number of averaged Golgi mini-stacks. (C) The LQ vs time plot for SBP-GFP-
CD-MPR indicates its axial localization corresponding to (A-B) at indicated conditions.
n, number of analysed Golgi mini-stacks. Error bars, SEMs.
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Notably, the radius of the GM130 disk, measured by the radial mean intensity profile,
was smaller at 15°C than at 37°C (Figure 37B). Unravelling the potential effect of
temperatures on the lateral size of Golgi cisternae would require a systematic study.

6.7 The trans-Golgi can function as the Golgi exit site

The TGN is commonly regarded as the cargo sorting and exit site of the Golgi (Griffiths
and Simons, 1986). However, alternative Golgi exit sites have been suggested in the
literature (see Section 1.3.4). Using GLIM, the LQs of various RUSH reporters were
measured during their intra-Golgi trafficking. Assuming that a cargo would accumulate
at its exit site for a prolonged time, the plateau of the LQ vs. time plot should represent
the cargo exit site in the Golgi. Our group reported that RUSH reporters, including E-
cadherin, CD59 and TNFaq, left the Golgi at the trans-Golgi. In contrast, the CD8a
chimera CD8a-Furin, which contains the cytosolic tail of Furin, exited the Golgi at the
TGN (Tie et al., 2016a). Therefore, we proposed that, like the TGN, the trans-Golgi
could function as a Golgi exit site. In order to further probe our hypothesis, additional

RUSH reporters were analysed.

In non-polarized HelLa cells, it was found that different RUSH reporters plateaued at
different Golgi subcompartments. Soluble collagenX (plateau=0.99); mCherry-GPI
(plateau=0.86), VSVG (plateau=1.17) and TfR (plateau=1.15) plateaued at the trans-
Golgi; while Lampl (plateau=1.56), CD-MPR (plateau=1.53) and Vamp4
(plateau=1.46) plateaued at the TGN (Figure 38H). Combine with our previous findings
(Tie et al., 2016a), these data suggest that constitutive secretory cargos, such as
collagenX, CD59, mCherry-GPI, E-cadherin, VSVG, TNFa and TfR, exit the Golgi at
the trans-region, whereas the TGN or endolysosome-targeted proteins, such as CD8a-

Furin, Lampl, CD-MPR and Vamp4, exit the Golgi at the TGN (Figure 38).
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Collectively, our data suggest that both the trans-Golgi and the TGN could function as
Golgi exit sites. We propose that cargos with TGN targeting signal(s) can exit at the
TGN. Otherwise, cargos exit at the trans-Golgi by default. The validity of this

hypothesis is further investigated in the next section.
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Figure 38: The Golgi exit sites of various RUSH secretory cargos.

(A-G) LQ vs time plots of various RUSH secretory cargos indicate that they could exit
the Golgi at either the trans-Golgi or the TGN. Experiments were performed as
described in Figure 32(D-F, J-L, O-P). The adjusted R? (Adj. R?) and plateau of fitted
curve are indicated in each plot. Error bars, SEMs. N, number of analysed Golgi mini-
stacks. Note that A-B, D-E and F were shown in Figure 32-33. (H) The comparison of
plateaus of secretory cargos. The LQ of the plateau is indicated on top of each bar.
For Lampl, the mean of LQs of 3 independent experiments was shown. Error bar, SD.
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6.8 Secretory cargos access and exit at the TGN in a signal-
dependent manner

Previously, CD8a-Furin was reported to exit the Golgi at the TGN (Tie et al., 2016a).
However, after the tyrosine motif and acidic clusters in the Furin cytosolic tail were
mutated, the mutant CD8a-Furin(Y+AC) changed its exit site to the trans-Golgi (Tie et
al., 2016a). This suggested that either the tyrosine motif or the acidic clusters is
sufficient for Furin to access and exit at the TGN. In this section, a few pairs of
reporters, including VSVG-tso45 vs. VSVG-tso45-Furin, Lampl vs. Lampl1Y4%4A and
CD-MPR vs. CDMPRYYAA (Figure 31,39), were investigated for the potential role of

their cytosolic signal(s) in determining their Golgi exit sites.
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Figure 39: ER hook, Lamp1Y4%%A CD-MPRIYAA VSVG-tso45 and VSVG-tso45-
Furin.

The schematic diagram shows ER hooks and secretory reporters that are used in
Figure 40-41: 1) Strep-KDEL (soluble hook), 2) ss-SBP-GFP-Lamp1Y4%#A, 3) ss-SBP-
GFP-CD-MPRMYWAA - 4) VSVG-ts045-GFP, 5) VSVG-tso45-Furin-GFP. ss-SBP-GFP-
Lamp1Y4%#A contains Y404A mutation. ss-SBP-GFP-CD-MPRMYAA contains LL274-
275AA mutations. VSVG-tso45-Furin, the cytosolic tail of VSVG-tso45 is substituted
by that of Furin. KDEL, an ER-retention signal; ss, signal sequence; SBP, streptavidin-
binding peptide.
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6.8.1 The cytosolic tail of Furin enables VSVG-ts045 to access and exit at the
TGN

Previously, VSVG-tso45-GFP was observed to plateau at the trans-Golgi
(plateau=0.86; Figure 40A) (Tie et al., 2016a, Figure 6D). In contrast, VSVG-tso45-
Furin-GFP, in which the cytosolic domain of VSVG-tso45 was substituted by that of
Furin, plateaued at the TGN (plateau=1.59; Figure 40B). These results were
consistent with our previous findings on CD8a-Furin and CD8a-Furin(Y+AC) (Tie et
al., 2016a). Collectively, the results suggest that either the tyrosine motif or the acidic

clusters is sufficient for Furin to access and exit at the TGN.
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Figure 40: The cytosolic tail of Furin enables VSVG-ts045 to exit the Golgi at the
TGN.

(A-B) VSVG-tso45 and VSVG-tso45-Furin exit the Golgi at the trans-Golgi and TGN,
respectively. HelLa cells transiently expressing GalT-mCherry and either one of the
temperature sensitive reporters were incubated at 40°C. Cells were then incubated at
32°C for different times in the presence of cycloheximide. Cells were fixed and
immuno-stained by the GM130 antibody. They were imaged by a wide-field
fluorescence microscope and GLIM was performed to obtain the axial localization of
reporters. The adjusted R? (Adj. R?) and plateau of fitted curve are indicated in each
plot. Error bars, SEMs. n, number of analysed Golgi mini-stacks. Note that (A) is from
our previous report (Tie et al., 2016a, Figure6D).

6.8.2 The tyrosine motif in the cytosolic tail of Lampl determines its Golgi exit
site

In order to assess whether the cytosolic signal(s) in other cargos plays a similar role
to that suggested by the data for Furin, two TGN-exiting RUSH reporters, Lampl and

CD-MPR, were investigated.
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In the cytosolic tail of Lampl, the only known sorting signal, a tyrosine motif, was
mutated from Y#%4QTI to A*%4QTI. Subsequently, the LQs of the mutant during the
biotin chase were measured. The LQ vs. time plot indicated that the mutant plateaued
at the trans-Golgi (plateau=1.17), which is different from the plateau of the wild-type
protein (plateau=1.65, corresponding to the TGN; Figure 41A-B). This result suggests
that the tyrosine motif of Lampl could function as the TGN-targeting signal and

determine the Golgi exit site of Lampl.

CD-MPR possesses two cytosolic signals, a tyrosine-based and a dileucine-based
motif (Bonifacino and Traub, 2003). The dileucine-based motif can interact with GGAs,
a class of clathrin-associated monomeric adaptors (Puertollano et al., 2001a). The
dileucine motif mutant, CD-MPRYAA (Chen et al., 2017), was investigated to
determine the role of its cytosolic signals in the location of Golgi exit. Both CD-MPR
(plateau=1.53) and CD-MPRYWAA (plateau=1.46) were found to plateau at the TGN
(Figure 41C-D), suggesting that the tyrosine motif might be sufficient for TGN targeting.
Notably, the CD-MPR"YA*was prohibited from exiting the Golgi (Chen et al., 2017). It
would be interesting to look into the Golgi exit site of tyrosine-motif and dual-motif

mutants of CD-MPR in the future.

Collectively, our results suggest that the trans-Golgi and the TGN can both function as
Golgi exit sites. The necessity and the nature of cytosolic signal(s) on secretory cargos

could determine their Golgi exit sites.
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Figure 41: The tyrosine motif of Lampl determines its access and exit at the
TGN, whereas the dileucine motif of CD-MPR does not affect its access to the
TGN.

(A-B) Lamp1l and LamplY4%4A exit the Golgi at the TGN and trans-Golgi, respectively.
(C-D) Both CD-MPR and CD-MPRY"WAA can access the TGN. (A-D) Experiments were
performed as described in Figure 32(D-F, J-L, O-P). The adjusted R? (Adj. R?) and
plateau of fitted curve are indicated in each plot. n, number of analysed Golgi mini-
stacks. Error bars, SEMs.
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Chapter 7: Discussion

7.1 LQs, en face views and side views of Golgi proteins reveal the
spatial and molecular organization of the Golgi mini-stack

The LM study of the localization of Golgi proteins has been challenging, mainly due to

the complicated architecture of the Golgi and the resolution limit of LM.

By analysing the structurally simplified nocodazole-induced Golgi mini-stacks using
our previously developed method, GLIM, we investigated the axial localization of Golgi
proteins by mapping their LQs (Tie et al., 2016a). In principle, the LQs of all Golgi
proteins can be accurately measured using GLIM, provided that the SNR of the
fluorescence signals is high enough (Waters, 2009). A mini-stack is accepted for GLIM
analysis only when the SNRs of the fluorescence signals in three channels are high
enough. This is because the center™ass of a protein could be skewed if the SNR of the
image is low, and the accuracy of GLIM relies heavily on the measurement of the
center™ss of individual proteins. In GLIM, the center™ss is determined by the
distribution/concentration of the protein in 2D space. Theoretically, the fluorescence
intensity is proportional to the concentration of a fluorescently labelled protein. As long
as the fluorescence signal of the protein does not saturate the detector (e.g. SCMOS
camera), the center™ss can accurately reflect the distribution/concentration of the

protein. This, in turn, results in accurate and reproducible LQs.

One must be cautious when investigating exogenous Golgi proteins, as they might
introduce undesirable biological effects on the Golgi organization (Cosson et al., 2005).
Ideally, endogenous Golgi proteins would be imaged, either by antibody staining or
gene tagging. As an alternative good practice, cells with moderate or low expression

of exogenous protein(s) were chosen for our imaging. By expanding the LQ database,
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we hope to generate a comprehensive axial localization map of Golgi proteins, which

could be a useful resource for Golgi research.

The lateral localization of Golgi proteins, on the other hand, can best be demonstrated
from their en face and side views. Using cisternal rim-localized proteins, such as
Golgin84, GCC185, Giantin and GPP130, a method was developed to discern the en
face and side views of Golgi mini-stacks (Figure 7B). The ring and double-punctum
staining patterns demonstrated by cisternal rim-localized proteins were validated to
represent the en face and side views of Golgi mini-stacks, respectively. The method
is applicable not only to nocodazole-induced Golgi mini-stacks, but also to the less-
dense region of a native Golgi (Figure 27). The method was further developed by
averaging the en face and side views of Golgi proteins (Figure 13-14), which aims to

enhance common features and suppress random ones.

A limitation of GLIM is that it cannot visually reveal the cisternal distribution of Golgi
proteins. The lateral localization study has successfully uncovered such information.
Thus, using GLIM and our newly established analytical methods to determine lateral
localization, we provided imaging data for the molecular organization of the Golgi mini-

stack.

Golgi enzymes that appear as either disks or inner-rings were found to mainly localize
in the interior of medial- and trans-Golgi cisternae (Figure 23-25). This is consistent
with a recent cryo-ET study on algal Golgi that revealed the zipper-like intra- and inter-
cisternal protein arrays localized to the interior of medial- and trans-cisternae (Engel
et al., 2015). The protein arrays were suggested to mainly comprise Golgi enzymes.
These enzymes might be organized into an ‘enzyme matrix’, and we speculate that

the ‘enzyme matrix’ could have three functional roles: 1) to stack cisternal membrane,
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2) to create a favourable environment for the localization of Golgi enzymes or other

proteins and 3) to exclude components of trafficking machinery to cisternal rims.

Indeed, components of trafficking machinery were found to localize at the rim of the
medial- and trans-Golgi, the entire cis- and trans-Golgi and the TGN (Figure 16-21),
thereby complementing the localization of Golgi enzymes (Figure 23-24,30). The Golgi
was proposed to contain many processing and export subdomains that distribute
throughout the Golgi stack (Patterson et al., 2008). This study has provided the
imaging evidence to demonstrate the spatial separation of processing and transport

domains to the interior and rim of the Golgi stack, respectively (Figure 30).

GLIM and the lateral localization study were together exploited to generate two
guantitative maps of the molecular organization of the Golgi mini-stack (Figure 28-29).
The stacked region of the Golgi is spindle-shaped, with medial-cisternae having the
largest diameter. The diameter of cisternae is smaller toward the cis- and trans-poles
(Figure 28-29). This description is supported by our measurement of the lateral size
of GM130 and Giantin (Figure 14D). Consistently, during the transition from the cis- to
trans-cisternae, the averaged en face views of RUSH reporters, including VSVG and
TfR, demonstrated a similar trend in radius size (Figure 36). Of note, the smaller
diameter of the cis-cisternae has been observed in multiple studies (Bykov et al., 2017;
Donohoe et al., 2013; Engel et al., 2015; Henderson et al., 2007; Staehelin and Kang,

2008).

In the non-stacked region of the Golgi (i.e. the ERES, the ERGIC and the TGN), the
lateral localization of proteins is generally expansive, and their radii could be >50%
larger than that of Giantin, as exemplified by y-Adaptin (normalized radius=1.69) and

others (Figure 28-29, Table 8-9). This could be explained by the pleiomorphic nature

136



of the structure of non-stack regions. For instance, the TGN is portrayed as a region
with anastomosed tubules originating from the rims of trans-cisternae (Ladinsky et al.,
1994; Ladinsky et al., 1999). Tubular domains and budding carriers at the TGN could
extend into a wide space and result in the relatively large radii and lateral sizes of

TGN-localized proteins.

The TGN structure could vary significantly across cell types. A comparison of EM
studies on the TGN from 14 different mammalian cell types reported extensive and
multi-layered TGNs in cell types that do not possess large secretory granules
(Clermont et al., 1995). In our study, the multi-tier organization of the TGN was
observed in HelLa cells. Each tier seemed to be characterized by a different molecular
composition, as suggested by the averaged side view images of different TGN proteins
(Figure 22D). To our knowledge, such TGN organization has never been reported
using LM imaging. In addition, two distinct localization patterns were observed in the
TGN: compact lumps and scattered puncta (Figure 20-21, 22A-B). Although the
membrane architecture corresponds to the compact lump or the tier-like organization
remains unclear, the non-layered zone might be occupied mainly by dissociative
transport carriers, as suggested by the localization of proteins associated with CCVs
(e.g. GGA2, CI-MPR, GGA1, y-Adaptin and CLCB), which are either clathrin adaptors

or clathrin-dependent cargos.

7.2 Size-dependent lateral partitioning of molecules in the Golgi
mini-stack

Almost one-third of the eukaryotic proteome traverses the secretory pathway. Most of
these proteins can undergo post-translational modifications, such as glycosylation, in
the Golgi (Ghaemmaghami et al., 2003). Since our results revealed the preferential

localization of components of trafficking machinery and Golgi enzymes to the rim and
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interior of the Golgi mini-stack, respectively, secretory proteins are expected to localize
to the cisternal interior in order to access Golgi enzymes for modification during intra-
Golgi trafficking. Indeed, synchronous RUSH reporters, including GFP, CD59,
mCherry-GPI, VSVG, E-cadherin, CD8a-Furin, Lampl, TfR and CD-MPR, were
observed to reside at the cisternal interior. Budding profiles can be observed from
these reporters at later time points, and these could represent the post-Golgi exocytic
transport carriers (Figure 32). Notably, these reporters were not obviously
concentrated at cisternal rims where components of transport machinery localize. This
could be due to the relatively short residence time of secretory cargos at the rim, where
they can quickly transit to subsequent cisternae or be retrieved to the interior, possibly
to ensure complete modifications. Hence, as a result of the net movement between
transition and retrieval, they mainly localize to the cisternal interior kinetically. The
retrieval of molecules into the cisternal interior could occur by default and might be
independent of modifications, as GFP, which is not post-translationally modified, was

also found predominantly in the cisternal interior (Figure 32N).

In contrast, several cargos that form protein aggregates, including collagenX, FM4-
CD8a and FM4-moxGFP, were clearly partitioned to the cisternal rim during their intra-
Golgi trafficking. This could be due to the incompatibility of these cargos within the
interior environment of cisternae, which is occupied by the ‘enzyme matrix’. For
example, bulky cargos might not be well accommodated in the tightly-packed cisternal
interior environment, in which the intracisternal and intercisternal spaces were
reported to be around 10-20 nm (Engel et al., 2015; Klumperman, 2011). The
phenomenon of rim-partitioning of bulky cargos in the Golgi was also noted in several
EM studies (Bonfanti et al., 1998; Engel et al., 2015; Lavieu et al., 2013; Volchuk et

al., 2000).
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Collectively, the lateral localization study of secretory cargos demonstrates that small
cargos (<115 kDa) and large protein aggregates, including collagenX (~20,000 kDa),
GFP-FM4-CD8a (~81,000 kDa) and FM4-moxGFP (~50,000 kDa), preferentially
localize to the cisternal interior and rim, respectively. Hence, our imaging data from
various cargos provide LM evidence to support the size-dependent lateral partitioning

of secretory cargos in Golgi cisternae.

Of note, the rim-partitioning based on the size of molecules could indirectly account
for the preferential interior localization of most Golgi enzymes. In general, Golgi
enzymes are type Il transmembrane proteins that share the common feature of having
a short N-terminus cytosolic tail (Lairson et al., 2008). Therefore, they are compatible
with cisternal interiors, which have tightly packed intercisternal spaces of ~10 nm
(Engel et al., 2015). In contrast, Golgins, such as Giantin, Golgin84 and GCC185, that
have long (yet flexible) coiled-coil cytosolic domains, are mainly found at the cisternal
rim. This may be due to the incompatibility of their extended coiled-coil domains with
the small intercisternal space. In line with this hypothesis, the mScarlet-Giantin-C129,
which contains only 129 aa of the Giantin C-terminus, demonstrated substantial
interior localization (Figure 9C). Hence, these observations further support a size-

dependent lateral partitioning mechanism.

7.3 Secretory cargos could exit the Golgi at the trans-Golgi by default,
whereas the access to and exit at the TGN might be signal-
dependent

Although the TGN is regarded as the hub for cargo sorting and exit (Griffiths and
Simons, 1986), the notion that the trans-Golgi functions as the alternative Golgi exit
site was documented previously (Chen et al., 2017; Ladinsky et al., 1999; Ladinsky et
al., 2002; Mogelsvang et al., 2004; Storrie et al., 2012; Tie et al., 2016a). In this study,
the Golgi exit site of various secretory cargos was examined by measuring their LQs
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during intra-Golgi trafficking. Most of them, including mCherry-GPI, collagenX, VSVG,
TfR and the previously reported E-cadherin and CD59, were found to leave the Golgi
at the trans-Golgi. As the boundary between the trans-Golgi and TGN is not definitive,
one could alternatively interpret the exit site of these cargos as the TGN, but in a region
proximal to the trans-cisternae. Nonetheless, in contrast, Lampl, CD-MPR, Vamp4
and the previously reported CD8a-Furin could access and exit at the TGN (Tie et al.,

2016a) (Figure 38).

What decides a cargo’s exit site? It was noted that all of our tested TGN-exit cargos,
but not the trans-Golgi-exit cargos, possess cytosolic signals that could potentially
interact with TGN-localized adaptor proteins. Hence, we hypothesize that a cargo that
possesses a sorting signal(s) that interacts with TGN-localized adaptor protein(s) can
access and exit at the TGN, whereas a cargo without such a signal exits at the trans-

Golgi by default.

Of note, in polarized epithelial cells, E-cadherin, VSVG and TfR were reported to leave
the Golgi in AP-1B-associated CCVs via direct or indirect interaction with the ylB
subunit (Folsch et al., 1999; Folsch et al., 2003; Gravotta et al., 2012; Ling et al., 2007).
However, nonpolarized cells, such as HelLa cells, express only ul1A, not y1B. Hence,
these three molecules are unlikely to be sorted into CCVs in nonpolarized HelLa cells,
which were used in our study, therefore leading to their exits at the trans-Golgi.
Moreover, detailed EM studies of the Golgi export of VSVG demonstrated that non-
coated pleiomorphic transport carriers might facilitate its Golgi exit (Polishchuk et al.,
2003; Polishchuk et al., 2000). This suggests that the origin of VSVG-containing
transport carriers might not be the TGN. In addition, a comparison between E-cadherin
and VSVG using LM demonstrated that they shared similar transport carriers and
kinetics in HelLa cells (Lock et al., 2005).
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Collectively, these observations suggest that a secretory cargo lacking the signal that
interacts with a TGN-localized clathrin adaptor can exit at the trans-Golgi by default.
In support of this idea, GPI-anchored (e.g. mCherry-GPIl and CD59) and soluble

proteins (e.g. collagenX) were also observed to exit at the trans-Golgi (Figure 38B).

In contrast, proteins that exit at the TGN, such as CD-MPR, Furin, Lamp1l and Vamp4,
are known to interact with clathrin-associated adaptors via their cytosolic signals. In
brief, the YXX® and acidic clusters-DXXLL of CD-MPR interact with AP-1 and GGAs,
respectively (Honing et al., 1997; Puertollano et al., 2001a); the YXX® and acidic
clusters of Furin interact with AP-1 and Mint3, respectively (Han et al., 2008; Teuchert
et al., 1999); the YXX® of Lampl interacts with AP-1 (HOning et al., 1996); and the
[DE]XXX|LI] and acidic clusters of Vamp4 interact with AP-1 (Hinners et al., 2003;

Peden et al., 2001).

Additionally, the three following experimental observations from our laboratory support
our hypothesis that a sorting signal is required for the TGN exit. First, the cytosolic tail
of Furin is sufficient for VSVG-tso45 to exit the Golgi at the TGN (Figure 40). Second,
the tyrosine motif mutant of Lampl, Lampl1Y4%#A exits the Golgi at the trans-Golgi
(Figure 41A-B). Third, we reported previously that the tyrosine motif and acidic clusters
mutant of CD8a-Furin, CD8a-Furin(Y+AC), exits the Golgi at the trans-Golgi (Tie et al.,

2016a).

Cytosolic signals play crucial roles in anterograde and retrograde trafficking pathways
(Bonifacino and Traub, 2003; De Matteis and Luini, 2008; Guo et al., 2014; Mancias
and Goldberg, 2005). For instance, the internalization of Furin at the PM is mediated
by its cytosolic tyrosine motif and AP2-associated CCVs (Teuchert et al., 1999), the

interaction between phosphofurin acidic cluster sorting protein 1 (PACS1) and the
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cytosolic acidic clusters of Furin mediates the latter’s recycling from endosomes to the
Golgi (Crump et al., 2001) and the cytosolic tyrosine motif of Lampl can mediate its
lysosomal targeting either directly or indirectly via the PM (H6ning and Hunziker, 1995;
Janvier and Bonifacino, 2005). However, the role of cytosolic sorting signals in
determining a cargo’s Golgi exit site is not well established. In this study, we proposed
and demonstrated that the cytosolic signal is required to guide a secretory cargo to
access and exit at the TGN. In contrast, cargos that do not possess a TGN-targeting

cytosolic signal exit at the trans-Golgi by default.

Notably, in this study, all membrane cargos that exit at the trans-Golgi are targeted to
the PM. In contrast, cargos that exit at the TGN are predominantly targeted to
subcellular compartments, such as lysosomes and endosomes. Hence, our findings
suggest that cargos destined for the PM and endolysosomes might predominantly exit
at the trans-Golgi and TGN, respectively.

7.4 Secretory cargos can traverse the Golgi stack in synchronous
cargo waves

The mechanism by which secretory cargos traverse Golgi cisternae is still under
debate, although the cisternal maturation model is generally most well-received
among the current models (Glick and Luini, 2011). By using GLIM to quantitatively
localize synchronous RUSH reporters, | successfully measured the progressive
movements of various secretory cargos from the cis- to trans-face of the Golgi in the
current and previous studies (Tie et al., 2016a). However, the cisternal distributions of
cargos remain unclear because GLIM does not provide visual evidence. For instance,
if the LQ of a transiting cargo is 0.5, its cisternal distribution could indicate either of the
following scenarios: the cargos are concentrated in the medial-Golgi or they are

homogenously distributed throughout the entire Golgi stack. This puzzle has been
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solved using observations from the averaged side view images of two RUSH reporters,
VSVG and TfR. During intra-Golgi trafficking, these synchronous cargos clearly

demonstrated single-peak transiting cargo waves (Figure 36).

However, such observations might be insufficient to distinguish between the three
prevalent intra-Golgi trafficking models (see Section 1.4). Although we observed
neither COPI-like vesicular profiles nor intercisternal continuities, our findings don’t
rule out the stable compartment and intercisternal continuities trafficking models for
several reasons. First, vesicular profiles, such as COPI vesicles, might not be
detectable under our sample preparation conditions. Small vesicles might not be well
preserved in the cytoplasm once cells are permeabilized, which is necessary for IF
protocols. Second, even if cargos are concentrated in COPI vesicles, these signals
might be too weak to be detected. Third, given the resolution limit of Airyscan
microscopy (140 nm in the x-y plane), we cannot resolve COPI vesicles and
intercisternal continuities, which were estimated to be in the range of 50 nm and 20—
80 nm in diameter, respectively (Beznoussenko et al., 2014; Bykov et al., 2017; Marsh
et al., 2004; Trucco et al., 2004). Fourth, the intra-Golgi trafficking via intercisternal
continuities might occur for only certain groups of secretory cargos. For example, it
has been reported that albumin, but not VSVG and procollagen |, was found in
intercisternal tubules under EM (Beznoussenko et al., 2014). Therefore, it is possible

that only small and soluble cargos can access these tubules to traverse the Golgi.

Nonetheless, the observation of cargo waves under physiological temperature is direct
evidence against the rapid partitioning trafficking model (Patterson et al., 2008), which
predicts that the Golgi behaves like a single mixed compartment in which any new
arrivals can mix within the compartment stochastically. According to this model, cargos

are predicted to equilibrate in the Golgi within a short time of arrival and not
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demonstrate synchronous compact cargo waves. Therefore, our observations from

the averaged side views of VSVG and TfR do not support this model.

In fact, the observation of the spatial separation of processing and transport domains
into the cisternal interior and rim, respectively, agrees with the rim progression model
(to a certain extent) (Lavieu et al., 2013). This model predicts that a Golgi cisterna
consists of two domains, an immobile central domain and mobile rim domain.
Secretory cargos are assumed to access the mobile rim domain to traverse the Golgi,
while the central domain remains stationary. This model satisfactorily accounts for our
observation of the rim partitioning of bulky cargos, including collagenX and FM4-
chimeras, but fails to account for the lack of concentration of most conventional or

small cargos at cisternal rims.

Altogether, the Golgi might adopt multiple mechanisms to facilitate efficient intra-Golgi
trafficking of various secretory cargos. Our current results only resolve the lateral
localization of cargos (i.e. cisternal rim and interior) during intra-Golgi trafficking. It
might be important to investigate Golgi enzymes’ localization pattern in the presence
of synchronous cargo waves in order to distinguish different intra-Golgi trafficking
models. Although we did not observe any significant change in the lateral distribution
of ST6Gall in the presence of VSVG cargo waves (Figure 35), a more detailed and

systematic effort would be needed to resolve the question in the future.

Nonetheless, the successful observation of cargo waves prompted us to re-examine
some biological events pertaining to Golgi trafficking. For example, it is widely
accepted that 15°C and 20°C incubations arrest proteins at the ERGIC and the TGN,
respectively (Griffiths et al., 1985; Matlin and Simons, 1983; Saraste and Kuismanen,

1984). However, using GLIM, CD-MPR was found to be accumulated in the
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ERGIC/cis-Golgi and the medial-Golgi at 15°C and 20°C incubations, respectively.
Similar observations were also obtained for VSVG-tso45 in our previous study (Tie et
al., 2016a). Importantly, by inspecting the averaged side view of synchronous CD-
MPR, we directly visualized its localization at the medial-Golgi, but not the TGN, at

20°C (Figure 37).

Although studies in the early 1980s reported that 20°C incubation arrested secretory
cargos at trans-cisternae (Griffiths et al., 1985; Saraste and Kuismanen, 1984), these
results might be ambiguous. For example, Griffith et al. reported that VSVG was
commonly observed not only at the trans-most cisterna, but also at several preceding
cisternae under 20°C incubation in their EM study (Griffiths et al., 1985). Given the
limitations of conventional EM techniques and the potential under-sampling of EM thin
sections, the effect of 20°C incubation on Golgi trafficking might need to be re-

examined using cutting-edge techniques, such as cryo-FIB and cryo-ET.
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Chapter 8: Conclusions and future perspectives
The main findings from this study are as follows:

1. Based on the Airyscan imaging of Golgi rim markers, including Golgin84, Giantin,
GCC185 and GPP130, a method was developed to discern Golgi mini-stack
orientations (i.e. en face and side views).

2. The averaged en face and side view images of Golgi proteins were exploited to
study their lateral localizations. Combining the results obtained using GLIM and
from the lateral localization study, a quantitative map of the molecular organization
of the Golgi mini-stack was generated.

3. The TGN could adopt a multi-tier architecture axially and two molecular localization
patterns laterally (i.e. compact lump and scattered puncta).

4. The processing and transport domains, which are mainly occupied by Golgi
enzymes and components of trafficking machinery, respectively, are spatially
separated into the cisternal interior and rim, respectively.

5. Bulky and small secretory cargos preferentially localize to the cisternal rim and
interior, respectively, during their intra-Golgi trafficking.

6. Synchronous secretory cargos appear in cargo waves during their intra-Golgi
trafficking.

7. Secretory cargos could exit the Golgi mini-stack at the trans-Golgi by default,
whereas their access and exit at the TGN could be signal-dependent.

This study combined the previously developed method GLIM and the lateral
localization study of Golgi proteins to construct the molecular organization of the Golgi
mini-stack. Airyscan microscopy was chosen for the imaging of Golgi proteins because
it is compatible with conventional fixation protocols and fluorophores. In practice,
Airyscan microscopy can reach a resolution of 140 nm in the x-y plane (Huff, 2015).
By coupling more advanced super-resolution microscopy with our methods of
analysing en face and side views of Golgi proteins, it would be possible to resolve the
molecular organization of the Golgi mini-stack in greater detail. A potential candidate
is STED microscopy, which can reach a resolution of <50 nm in the x-y plane. In
addition, it does not involve extensive post-acquisition image reconstruction, thereby
reducing the potential introduction of computational artefacts into final images (Wegel

et al., 2016).
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Alternatively, diffraction-limited Golgi features could be resolved using expansion
microscopy (ExM). The Golgi structure could be expanded isotropically using chemical
processing procedures. Thereafter, the physically expanded Golgi could be resolved
satisfactorily even by conventional wide-field fluorescence microscopy (Wassie et al.,
2019). It was reported that with ExM, the achievable resolution could reach ~25-70 nm
(Chang et al., 2017; Truckenbrodt et al., 2018), depending on the expansion factor,
which ranges from 4.5- to 10-fold. Ideally, the molecular organization of the Golgi could
be deciphered to an unprecedented detail by combining ExM and a super-resolution

LM technique, such as STED.

In addition, it would be interesting to investigate the Golgi exit of various secretory
cargos in polarized epithelial cells. The Golgi exit could be more complicated in these
cells because additional sorting and transport machinery are expected to sort proteins
destined for apical or basolateral domains, in addition to endo-lysosomes. We propose
that our methods, which include GLIM and the lateral localization analysis of resident
proteins and secretory cargos, could be useful in deciphering potential Golgi exit
domains or subcompartments and their spatial relationships. Moreover, important

signals that guide secretory cargos to their corresponding exit sites could be identified.

Lastly, it is known that virus strains, including the coronavirus strains, assemble in the
ERGIC and then traverse the Golgi to be secreted from infected cells (Klumperman et
al., 1994; Siu et al., 2008; Stertz et al., 2007). Our observation that bulky cargos transit
the Golgi mini-stack through cisternal rims might suggest that some large viral strains
could traverse the Golgi in a similar manner. Hence, we hope to visualize and
investigate the intra-Golgi trafficking routes of viral particles by examining their lateral
localization. Such fundamental research could serve as the basis for the development
of measures to constrain viral export from infected cells at the Golgi.
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Appendix 1

macro " Normalization and Giantin alignment for en face Golgi mini-stacks "
{

folder_path=getDirectory("Choose a Directory");

run("Clear Results");

title=getTitle;

selectWindow(title);

run("Properties...", "channels=3 slices=1 frames=1 unit=pixel pixel_width=1
pixel_height=1 voxel depth=1");

Image_h=getHeight();

Qx=0;

Qy=0;

Total_Intensity=0;

for (i=0; i<lmage_h; i++)

{ for (j=0; j<Image_h; j++)
{Intensity=getPixel(i, j);

{Total_Intensity=Total_Intensity+Intensity;
Qx=Qx+i*Intensity;

Qy=Qy+j*Intensity;}

}
}
mx=Qx/Total_Intensity; /[center of mass along the x-axis
my=Qy/Total_Intensity; /[center of mass along the y-axis
Q=0;

Total_Intensity=0;

for (i=0; i<Image_h; i++)

{ for (j=0; j<Image_h; j++)
{Intensity=getPixel(i,));
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{Total_Intensity=Total_Intensity+Intensity;

Q=Q+((i-mx)*(i-mx)+(j-my)*(j-my))*Intensity;}

}
gyradius=sqrt(Q/Total_Intensity);
print("image=", title);
selectWindow(title);
Image_h=getHeight();
New_h=Image_h*100/gyradius;

run("Size...", "width=&New _h height=&New_h depth=3 constrain average
interpolation=Bilinear");

run("Canvas Size...", "width=701 height=701 position=Center zero");
run("Set Measurements...", "center redirect=None decimal=4");
run("Clear Results");

run("Measure");

mx=getResult("XM", nResults-1); /InResults-1 is the last row of results;
nResults is the numbe of rows in the Results window.

my=getResult("YM", nResults-1);
x_shift=350-mx;
y_shift=350-my;

run("Translate...", "x=&x_shift y=&y_shift interpolation=Bilinear stack"); //"stack"
means the operation applies to all slices; "slice” means the operation is restricted to
the current slice.

getDimensions(widthl, heightl, channels, slicel, framel);

for (channel_i=1; channel_i<=channels; channel_i++)

{

Stack.setChannel(channel_i);

run("Translate...", "x=&x_shift y=&y_shift interpolation=Bilinear");
run("Set Measurements...", "integrated redirect=None decimal=4");
run("Select All");

run("Measure");

Integrated_intensity=getResult("IntDen", nResults-1);
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|_factor=200000000/Integrated_intensity;

run("Multiply...", "value=&I_factor slice");

}

getDimensions(width1, heightl, channels, slicel, framel);

run("Split Channels™);

for (channel_i=1; channel_i<=channels; channel_i++)
{selectWindow("C"+channel_i+"-"+title);

saveAs("Tiff", folder_path+"C"+channel_i+"-"+title); //string concatenation

}

print("files are saved at=", folder_path);

S
-------------- ");

run("Clear Results");

}
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Appendix 2

macro "radial mean intensity profile

{

run("Clear Results");

xm=349.5;
ym=349.5;
for (k=0; k<=499; k++)
{
setResult("total intensity", k, 0);
setResult("No. pixels", k, 0);
setResult("mean intensity", k, 0);
}
for (i=0;i<=700;i++)
{ for (j=0; j<=700; j++)
{ radius=sqrt((i-xm)*(i-xm)+(j-ym)*(j-ym));
n=floor(radius);
intensity=getPixel(i,j);
cumulative_intensity=getResult("total intensity", n)+intensity;
setResult("total intensity”, n, cumulative_intensity);
cumulative_pixel=getResult("No. pixels", n)+1;

setResult("No. pixels", n, cumulative_pixel);

}
}
for (i=0; i<nResults; i++)
{

cumulative_pixel=getResult("No. pixels", i);
cumulative_intensity=getResult("total intensity", i);
if (cumulative_pixel'=0)

{

average_intensity=cumulative_intensity/cumulative_pixel;
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setResult("mean intensity", i, average_intensity);

else

setResult("mean intensity", i, 0);
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Appendix 3

macro "rotation resize normalization for side view averaging"
{

folder_path=getDirectory("Choose a Directory")

run("Clear Results");

title=getTitle;

selectWindow(title);

run("Properties...", "channels=3 slices=1 frames=1 unit=pixel pixel_width=1
pixel_height=1 voxel depth=1");

run("Set Measurements...", "center redirect=None decimal=4");
roiManager("Deselect");

roiManager("Measure");

x1=getResult("XM", 0);

yl=getResult("YM", 0);

x2=getResult("XM", 1);

y2=getResult("YM", 1);

print("x1=", x1, "; yl=",y1, "; x2=", X2, "; y2=", y2);
run("Clear Results");

run("Set Measurements...", "center redirect=None decimal=4");
run("Select All");

run("Measure");

xc=getResult("XM", 0);

yc=getResult("YM", 0);

print("xc=", xc, "; yc=", yc);

Image_h=getHeight();

x_shift=(Image_h/2)-xc;

y_shift=(Image_h/2)-yc;

run("Translate...", "x=&x_shift y=&y_shift interpolation=Bilinear");
print("x_shift=", x_shift, "; y_shift=", y_shift);
Angle=0-(57.2958*atan((y2-yc)/(x2-xc)));

run("Rotate... ", "angle=&Angle grid=2 interpolation=Bilinear");
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print("Rotation angle (degree) =", Angle);
d=(sqgrt((x2-x1)*(x2-x1)+(y2-y1)*(y2-y1)))/2;

print("The radius of the Giantin puncta =", d);

selectWindow(title);

Image_wh=getHeight();

New_w=Image_wh*80/d;

New_h=Image_wh*8;

run("Size...", "width=&New_w height=&New _h interpolation=Bilinear");
run("Canvas Size...", "width=701 height=701 position=Center zero");
getDimensions(widthl, heightl, channels, slicel, framel);

for (channel_i=1; channel_i<=channels; channel_i++)

{

Stack.setChannel(channel_i);

run("Set Measurements...", "integrated redirect=None decimal=4");
run("Select All");

run("Measure");

Integrated_intensity=getResult("IntDen", nResults-1);

| _factor=50000000/Integrated_intensity;

run("Multiply...", "value=&I_factor slice");

}

getDimensions(widthl1, heightl, channels, slicel, framel);

run("Split Channels™);

for (channel_i=1; channel_i<=channels; channel_i++)
{selectWindow("C"+channel_i+"-"+title);

saveAs("Tiff", folder_path+"C"+channel_i+"-"+title); //string concatenation
}

print("The image file: ", title);

print("Processed files are saved at=", folder_path);

roiManager("Delete");}
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