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Abstract

The Golgi apparatus forms stacks of cisternae in many eukaryotic cells. However, little is

known about how such a stacked structure is formed and maintained. To address this question, plant

cells provide a system suitable for live imaging approaches because individual Golgi stacks are well

separated in the cytoplasm. | established tobacco BY-2 cell lines expressing multiple Golgi markers

tagged by different fluorescent proteins and observed their responses to brefeldin A (BFA) treatment

and BFA removal. BFA treatment disrupted cis, medial and trans cisternae but caused distinct

relocalization patterns depending on the proteins examined. Medial- and trans-Golgi proteins, as

well as one cis-Golgi protein, were absorbed into the endoplasmic reticulum (ER), but two other

cis-Golgi proteins formed small punctate structures. One of the latter was revealed to localize to the

cis-most cisternae of the Golgi stacks. After BFA removal, these puncta coalesced first and then the

Golgi stacks regenerated from them in the cis-to-trans order. | suggest that these structures function

as the scaffold of Golgi regeneration. Furthermore, | propose that the cis-most cisternae have a

special property similar to the ER-Golgi intermediate compartment. In addition, to reveal the

relationship between the Golgi and the TGN, | visualized them and observed their dynamic

behaviors similarly. The TGN behaved differently from the Golgi stacks upon BFA treatment with a

low concentration; the TGN proteins relocalized to numerous vesicle-like structures dispersed



throughout the cytoplasm. The TGN started to regenerate earlier than the Golgi stacks completed

their regeneration after BFA removal, and the two organelles were independent from each other at

the early stage of regeneration. However, the TGN and the Golgi associated later during regeneration.

I suggest that the TGN does not fully depend on the Golgi, but the association between the two

organelles is indispensable for their functions.
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Chapter 1

General Introduction



Eukaryotic cells have a variety of intracellular organelles, each of which has a distinct

identity and contributes to the efficiency of biochemical reactions. The Golgi apparatus is one of the

single-membrane-bounded organelles, and plays essential roles in intracellular trafficking and

protein and lipid modification. It was named after Camillo Golgi, who discovered it in the Purkinje

cells of the cerebellum using the staining method he had developed (Golgi, 1898). However, because

of the absence of sufficient microscopic techniques, the structure was once suspected to be an

artefact, and its existence was under a debate for a long time (Beams and Kessel, 1968; Bentivoglio,

1998). After all over the half-century of discussion, the application of electron microscopy finally

confirmed its existence (Dalton, 1951), and the fine structure of the Golgi apparatus in vertebrate

cells was revealed: concentrically arranged numerous flattened sacs of smooth-surfaced membranes

with small vesicles (Dalton and Felix, 1954; Sjostrand and Hanzon, 1954). Such characteristic

structure was soon found also in non-vertebrate organisms including various kind of plants, therefore

the Golgi apparatus became to be recognized as an intracellular structure, which is conserved among

most eukaryotes (Beams et al., 1956; Beams and Kessel, 1968). Since then, the unique stacked

structure of the Golgi apparatus is regarded as one of the biggest features of the organelle.

In each Golgi stack, the cisternae are polarized between the cis side, receiving cargo from

the endoplasmic reticulum (ER), and the trans side, sending cargo forward to post-Golgi organelles

(Mellman and Warren, 2000). Along this axis, many glycosylation enzymes for sugar chain



modification on glycoproteins and glycolipids are arranged in specific order. This sequential

distribution is thought to mirror the order of glycosylation steps, so that the cargoes are modified

sequentially by passing across the Golgi from cis to trans (Dunphy and Rothman, 1985; Moore et al.,

1991). In addition to the glycosylation enzymes, many proteins involved in membrane trafficking

such as tethering factors and SNAREs localize to the specific cisternae of the Golgi apparatus

(Uemura et al., 2004; Latijnhouwers et al., 2007; Sztul and Lupashin, 2009).

Although most eukaryotes possess stacked Golgi, there are some exceptions. In the

budding yeast Saccharomyces cerevisiae, the Golgi membranes rarely form stacks and scatter in the

cytoplasm as individual cisternae, each of which can be defined as cis, medial, and trans by the

localization of the marker proteins (Preuss et al., 1992; Matsuura-Tokita et al., 2006; Figure 1A).

Moreover, in certain parasitic protists, the stacked Golgi structure was never found and thus these

species were considered as “Golgi-lacking” organisms (Jékely, 2008; Mowbrey and Dacks, 2009).

Because many of such organisms also lack identifiable mitochondria and peroxisomes, they were

thought to have evolved very early before the innovation of the Golgi in the early studies

(Cavalier-Smith, 1987). However, improved phylogenetic analyses revealed later that they are spread

throughout the eukaryotic tree, and each of them is located in the clade of organisms with the

stacked Golgi (Mowbrey and Dacks, 2009; Klute et al., 2011). Therefore, the ancestral eukaryote

must have had stacked Golgi and the structure has been inherited to most descendants during



evolution, whereas some species such as S. cerevisiae have lost the structure secondarily. This

indicates that the stacked structure is important for the Golgi function and therefore for better

survival of most eukaryotes.

Among the organisms with stacked Golgi, in spite of the conservation of their fine stacked

structure at the electron microscopic level, the organization and dynamics of the whole Golgi

apparatus are quite different among species. In vertebrate cells, as Camillo Golgi described as

“internal reticular apparatus,” the Golgi apparatus typically exhibits a twisted network, which is

called the “Golgi ribbon” after its appearance under the light microscope (Golgi, 1898; Wei and

Seemann, 2010; Lowe, 2011; Figure 1B). It is closely associated with the centrosome (or

microtubule-organizing center; MTOC), which is usually located near the nucleus in non-polarized

mammalian cells. The Golgi ribbon consists of many pieces with typical stacked structure (the

ministacks), which are centralized by dynein motors along the radial patterned microtubules to be

laterally interconnected (Rios and Bornens, 2003). On the other hand in plant cells, the Golgi

apparatus consists of numerous, sometimes hundreds of individual stacks of disk-like cisternae, and

they are usually dispersed throughout the cytoplasm (Figure 1C). Each unit has a clearly stacked

structure and cis-trans polarity, which can be confirmed either by the fine architecture under the

electron microscope or by the localization of the marker proteins such as glycosylation enzymes and

proteins involved in the trafficking machinery (Dupree and Sherrier, 1998; Staehelin and Kang,



2008; Schoberer and Strasser, 2011). The movement of plant Golgi stacks is actomyosin dependent,

and exhibits stop-and-go pattern; the Golgi stacks alternate between pause for seconds to minutes

and rapid directed movement, for example, up to 7 um/s in highly vacuolated Arabidopsis root cells

(Boevink et al., 1998; Nebenfiihr et al., 1999; Akkerman et al., 2011; Sparkes, 2011).

The unique stacked structure of the Golgi apparatus attracts many biologists, and its

biogenesis process has been studied for a variety of cells. Especially some parasitic protozoa have

only one Golgi stack per cell, which makes it easy to track the behaviors of the single Golgi. For

example, in Trichomonas, the Golgi stack elongates laterally and undergoes medial fission before

mitosis, and the fission appears to occur from trans to cis direction in electron microscopy

(Benchimol et al., 2001). In Toxoplasma gondii, similar lateral growth and fission are followed by an

additional fission, and the resulting four stacks are partitioned to the daughter cells in pairs. They

subsequently coalesce into a single Golgi in each daughter cell (Pelletier et al., 2002). In contrast to

these species, the new Golgi stack is formed de novo near the old Golgi in Trypanosoma brucei. The

new stack is supplied with materials not only by the ER but also by the old Golgi (He et al., 2004).

Among the multicellular organisms, mammalian Golgi apparatus disassembles upon

mitosis, and reassembles in the daughter cells at telophase. What occurs during Golgi disassembly is

still under debate; whether the Golgi cisternae fragment into small vesicles, or the Golgi components
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are absorbed into the ER (Zaal et al., 1999; Axelsson and Warren, 2004; Persico et al., 2009). In

contrast, the Golgi stacks remain intact all through the cell cycle in plant cells (Dupree and Sherrier,

1998; Nebenfihr et al., 2000). Unlike the mammalian cells in which the ER export is arrested during

mitosis (Hammond and Glick, 2000), plant cells require active secretion in order to form the cell

plate for cytokinesis. Therefore, the Golgi apparatus keeps working to supply new membranes and

wall materials (Dupree and Sherrier, 1998). Because the plant Golgi stacks do not disassemble at any

stages, they must somehow increase in number during cell cycle. Actually, some reports suggest that

the plant Golgi stacks doubles in number prior to cytokinesis (Garcia-Herdugo et al., 1988;

Segui-Simarro and Staehelin, 2006).

In spite of these studies, detailed observation of time-dependent biogenesis process of the

Golgi apparatus in living cells is still missing, and the behaviors of each cisterna during stack

formation is unclear. Moreover, the molecular mechanisms that govern the formation of the stacked

structure are mostly unknown.

In order to study the dynamic behaviors of the Golgi stacked structure, it is necessary to

visualize the structure in living cells by light microscopy. S. cerevisiae greatly contributed to resolve

the molecular mechanisms of intracellular trafficking as a model organism (Schekman, 1992),

however, it is impossible to investigate the stacked structure by using it. Although major progress in

the Golgi research has been made by using mammalian cells, the complexity of the Golgi ribbon
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makes it difficult to observe the stacked structure by light microscopy. By contrast, thanks to the

simple and elegant structure, the Golgi stacking can be easily studied by light microscopy in plant

cells. The morphological features of the plant Golgi provide a great advantage for detailed analysis

of the stacked structure by live imaging (Ito et al., in press).

To discuss the formation of the Golgi structure, the long-lasting debate about intra-Golgi

trafficking cannot be skipped (Glick and Nakano, 2009; Nakano and Luini, 2010; Glick and Luini,

2011). It is about how cargo molecules are transported through the Golgi stack. Among many models

proposed, two major models were the issue of dispute; one is the vesicular transport (stable

compartments) model, and the other is the cisternal maturation model. In the vesicular transport

model, the Golgi stack is viewed as a series of distinct suborganelles, each of which has a

characteristic set of resident proteins. Cargo molecules travel from one cisterna to the next by

anterograde COPI vesicles, and the Golgi resident proteins remain in the cisterna by exclusion from

the vesicles (Figure 2A). On the other hand, in the cisternal maturation model, the Golgi cisternae

themselves are thought as the cargo carriers, which are transient and continuously turn over.

Homotypic fusion of ER-derived COPII vesicles nucleates the new cis-cisternae, which progress

forward along the secretory pathway. The Golgi resident proteins are recycled from later to earlier

cisternae by retrograde COPI vesicles, and the nature of the cisternae gradually changes into that of
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the later cisternae (maturation; Figure 2B).

Recent data from S. cerevisiae by high-resolution confocal microscopy have revealed that

the protein components in a single cisterna change from cis-Golgi proteins to trans-Golgi proteins

over time, giving a strong support for cisternal maturation (Losev et al., 2006; Matsuura-Tokita et al.,

2006). Detailed morphological studies by electron tomography of many kinds of cells with stacked

Golgi also support the cisternal maturation model (Mogelsvang et al., 2003; Storrie et al., 2012;

Donohoe et al., 2013). Therefore, the basic concept of the cisternal maturation model appears to be

more widely accepted now. However, there are also some conflicting data to the model (Orci et al.,

2000; Cosson et al., 2002; Kweon et al., 2004; Patterson et al., 2008). Recently, two studies using

similar procedures reported completely opposite results; one supported the cisternal maturation, and

the other did not (Lavieu et al., 2013; Rizzo et al., 2013). The debate is still going on, and further

investigations are needed.

13



Golgi apparatus
@ trans

@D medial
@ cis Centrosome

ER

‘ Actin filament

ER

\ R
74 \

7 WA\
& { ‘\T\\‘\

Microtubule ERGIC

W
- W%
-

(A) Yeast (S. cerevisiae) (B) Mammalian cell

Figure 1. Comparison of the Golgi organization among eukaryotes.

Vacuole

(B) Plant cell

(A) In S. cerevisiae, the Golgi apparatus rarely forms stacks, and individual cis, medial, and trans cisternae

scatter in the cytoplasm.

(B) In mammalian cells, microtubules are organized in a radial pattern around the centrosome. The Golgi
stacks are centralized by dynein motors on the microtubules and interconnected to form the Golgi ribbon.
ERGIC is formed near the ER, and ERGIC itself or transport vesicles from it travel to the Golgi ribbon

along the microtubules.

(C) In plant cells, individual Golgi stacks with clearly stacked structure are spread in the cytoplasm. Actin
filaments are often arranged along the ER, and the Golgi stacks move on them by myosin motors.
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Figure 2. Two major models for intra-Golgi trafficking.

(A) The vesicular transport (stable compartments) model. In this model, the Golgi cisternae are stable and
distinct suborganelles with different resident proteins. Cargo proteins are transported from one cisterna to
the next by anterograde COPI vesicles, whereas the Golgi proteins are excluded from them and remain in
the cisternae. Cargo proteins reach the TGN and exit by clathrin-coated vesicles or other carriers.

(B) The cisternal maturation model. In this model, the Golgi cisternae themselves function as the cargo
carriers. They are transient compartments that are newly formed by homotypic fusion of COPII vesicles,
progress from cis to trans, and break down at the TGN stage. The Golgi proteins recycle back from later
to earlier cisternae by retrograde COPI vesicles, and the nature of the cisternae gradually changes as they
progress.
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Chapter 2

cis-Golgi proteins accumulate near the ER exit sites and act as the scaffold
for Golgi regeneration after brefeldin A treatment in plant cells
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Introduction

The transport between the ER and the Golgi apparatus is thought to be achieved mainly by

COPI and COPII vesicles. COPI vesicles act in Golgi-to-ER retrograde trafficking, and COPII

vesicles act in the opposite ER-to-Golgi anterograde rout (Mellman and Warren, 2000; Brandizzi and

Barlowe, 2013). COPI vesicles are also believed to function in intra-Golgi transport between

cisternae, whereas the transport direction is still controversial between the two intra-Golgi transport

models (Glick and Nakano, 2009; Nakano and Luini, 2010; Glick and Luini, 2011; Figure 2).

Formation of COPI and COPII vesicles is regulated by small GTPases ARF1 and SARL, respectively.

The two GTPases cycle between GDP-bound inactive cytosolic state and GTP-bound active

membrane-anchored state, and their activation is necessary for recruitment of coat proteins on the

membranes. This activation step is catalyzed by specific guanine nucleotide exchange factors (GEFs)

(Sato and Nakano, 2007; Popoff et al., 2011).

Brefeldin A (BFA), an antibiotic compound produced by fungi, is known as a potent

inhibitor of GEFs for ARF1 (Donaldson et al., 1992; Helms and Rothman, 1992). ARF GEFs are

characterized by a conserved Sec7 catalytic domain, and BFA is hypothesized to bind between

ARF1-GDP and the Sec7 domain to stabilize abortive ARF1-GDP:BFA:Sec7 domain complex

(Chardin and McCormick, 1999; Jackson and Casanova, 2000). In mammalian cells, BFA treatment
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has been shown to cause the release of ARF1 and COPI coats from the Golgi membranes, and

subsequent disassembly of the Golgi apparatus with Golgi resident enzymes being absorbed into the

ER (Fujiwara et al., 1988; Lippincott-Schwartz et al., 1989; Donaldson et al., 1990; Robinson and

Kreis, 1992; Scheel et al., 1997). Such effects by BFA treatment are reversible; the Golgi apparatus

regenerates and recovers its functions after removal of the compound (Lippincott-Schwartz et al.,

1989; Alcalde et al., 1992).

Similar effects of BFA have also been reported for tobacco and Arabidopsis cultured cells

(Takeuchi et al., 2000; Ritzenthaler et al., 2002; Takeuchi et al., 2002). In tobacco BY-2 cells, hybrid

structures of the ER and the Golgi stacks have been observed upon BFA treatment by electron

microscopy, which indicates direct fusion of the two organelles (Ritzenthaler et al., 2002). The

absorption of the Golgi proteins to the ER is proposed to be caused by this fusion. This phenomenon

is hypothesized to be due to Golgi accumulation of the SNARE proteins responsible for fusion of

Golgi derived COPI vesicles to the ER, whereas there is no experimental support.

In this study, in order to get insights into the mechanisms of Golgi biogenesis in plant cells,

I investigated the dynamic behaviors of each cisterna of the Golgi stacks upon BFA treatment and its

removal. | have shown that particular membrane proteins located at the cis-Golgi cisternae

accumulate in small punctate structures upon BFA treatment. After BFA removal, coalescence of

these punctate structures initiates the Golgi regeneration, therefore, | propose that the punctate
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structures act as the scaffold for Golgi regeneration. Moreover, because the cis-Golgi protein which

localizes to the punctate structures upon BFA treatment has been shown to localize at the cisternae

nearer to the cis-end of the stacks in untreated cells, | suggest that the cis most cisternae have special

features compared to the later cisternae.
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Results

Visualization of the Golgi stacks

To observe the dynamics of each cisterna of the Golgi apparatus in living cells, |

established a tobacco BY-2 cell line expressing the cis-Golgi marker SYP31 (Qa-SNARE; Uemura

et al., 2004) tagged with green fluorescent protein (GFP-SYP31) and the trans-Golgi marker ST (the

cytoplasmic, transmembrane, and stem regions of rat sialyltransferase; Boevink et al., 1998) tagged

with monomeric red fluorescent protein (ST-mRFP). By confocal laser scanning microscopy, many

dual-colored punctate structures were observed (Figure 3A), and they were moving actively in the

cytoplasm. The fluorescence of GFP and mRFP were located side by side with partial overlap, which

was apparent from the fluorescence profile across the structure (Figure 3B). These dual-colored

punctate structures are typical images of the Golgi stacks. Because overexpression of a similar

construct was reported to perturb the endomembrane system (Bubeck et al., 2008), the effects of

overexpression of GFP-SYP31 were carefully assessed by looking at localization patterns of the

markers of the later compartments of the secretory pathway: ST-mRFP and mRFP-VAM3

(Qa-SNARE of the vacuole; Uemura et al., 2004). In my experimental system, GFP-SYP31 did not

affect the normal localization of the marker proteins (Figure 3 and 4).
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Behaviors of SYP31 and ST upon BFA treatment

I first observed the dynamics of the Golgi stacks upon BFA treatment in the cells

expressing GFP-SYP31 and ST-mRFP. As previously reported (Saint-Jore et al., 2002), ST-mRFP

relocalized to the ER membrane after BFA treatment (Figure 5A). This relocation of ST-mRFP was

confirmed by observation of BY-2 cells expressing the ER luminal marker SP-GFP-HDEL (Takeuchi

et al., 2000) with ST-mRFP (Figure 6). On the other hand, GFP-SYP31 localized to punctate

structures, which were smaller in size and larger in number compared with the cis-Golgi cisternae in

untreated cells (Figure 5A). These punctate structures of GFP-SYP31 were also different in their

shape from the untreated cis-Golgi cisternae; they were small dot-like structures, whereas

GFP-SYP31 resided on the flat, disk-like structures in untreated cells. A similar result was obtained

when BFA treatment was performed with cycloheximide, a protein synthesis inhibitor (Figure 7).

In addition to the major relocalization to the punctate structures, GFP-SYP3L1 signal

seemed to increase slightly in the cytoplasm by BFA treatment (Figure 5A). Because SYP31 is a

membrane protein, the cytosolic GFP signal may arise from tiny membrane vesicles. To test this

possibility, 1 performed total internal reflection fluorescence microscopy (TIRFM), which enables

selective visualization of sample surface regions with high resolution and high signal-to-noise ratio

(Fujimoto et al., 2007; Konopka and Bednarek, 2008). TIRFM detected many small punctate GFP

signals in BFA-treated cells but only a few in control cells (Figure 5B).
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For detailed investigation of the behaviors of the Golgi cisternae upon BFA treatment, |

performed time-lapse observation. First (at 10 min after BFA addition), the double-colored Golgi

stacks began to congregate and coalesce into several aggregates in the cytoplasm (Figure 8A).

Subsequently, the aggregates gradually disassembled; GFP-SYP31 relocated to the small punctate

structures, whereas ST-mRFP was absorbed into the ER membrane (Figure 8A). GFP-SYP31 and

ST-mRFP in each aggregate seemed to disperse almost simultaneously from 20 to 25 min after BFA

addition (Figure 8B). These results indicate that the disassembly of the Golgi apparatus by BFA

treatment follows formation of Golgi aggregates, and that cis- and trans-Golgi components show

different behaviors subsequently.

Distinct behaviors of the cis-Golgi markers upon BFA treatment

Next, | observed the behaviors of another cis-Golgi protein, RER1B. RER1B is a homolog

of yeast Rerl, which is responsible for retrieving a subset of ER membrane proteins from the Golgi

to the ER by recognizing the transmembrane region (Sato et al., 1995; Sato et al., 2001; Sato et al.,

2003). There are three Rerl homologs in Arabidopsis (RER1A, RER1B, and RER1C), and RER1B

can complement yeast rerl deletion the best among them (Sato et al., 1999). | established BY-2 cells

expressing GFP-RER1B and ST-mRFP and observed them by confocal microscopy. The

fluorescence pattern of GFP-RER1B and ST-mRFP was similar to that of GFP-SYP31 and ST-mRFP
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in control and BFA-treated cells (Figure 9A). GFP-RER1B was distributed to small punctate

structures similarly to GFP-SYP31. To examine whether the punctate structures of GFP-RER1B

were identical to those of GFP-SYP31 observed upon BFA treatment, | observed a BY-2 cell line

expressing GFP-RER1B and mRFP-SYP31. After BFA treatment, the two cis-Golgi markers

colocalized almost completely on small punctate structures (Figure 9B). Thus, SYP31 and RER1B

appear to share the common sensitivity to BFA.

In contrast, another cis-Golgi protein, ERD2 tagged with GFP, responded to BFA in a

distinct manner from the former two cis-Golgi proteins. ERD2 protein is a Golgi receptor of ER

proteins, first identified in yeast, and acts in retrieval of KDEL-harboring proteins from the Golgi

apparatus to the ER (Lewis et al., 1990; Semenza et al., 1990). Homologs of ERD2 are widely

conserved among eukaryotes, and Arabidopsis ERD2 has been shown to complement the yeast erd2

deletion mutant and localize to the Golgi apparatus in Arabidopsis and tobacco cells (Lee et al.,

1993; Boevink et al., 1998; Takeuchi et al., 2000; Saint-Jore et al., 2002; Takeuchi et al., 2002). In

BY-2 cells coexpressing ERD2-GFP and ST-mRFP, ERD2-GFP localized side-by-side with

ST-mRFP (Figure 10A). Upon BFA treatment, ERD2-GFP redistributed to the ER, colocalizing with

ST-mRFP after formation of aggregates (Figure 10B). This behavior was clearly different from the

other cis-Golgi markers described earlier (compare Figure 10B with Figures 5A and 9A). Thus there

appear to be at least two types of cis-Golgi membrane proteins: one relocates to the ER membrane,
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and the other localizes to small punctate structures by BFA treatment.

In order to know what makes ERD2 behave differently from SYP31 and RERI1B, |

performed detailed observation of intra-Golgi localization of ERD2. By triple-color imaging of

GFP-SYP31, ST-mRFP, and ERD2-YFP in BY-2 cells, | found that ERD2 showed slightly different

localization from SYP31 (Figure 11A). The peak of the fluorescent signal of ERD2-YFP located

between those of GFP-SYP31 and ST-mRFP, which indicates that ERD2 mainly localizes to the

cisternae nearer to the trans-side than SYP31 (Figure 11B).

intra-Golgi localization of AtCASP and behaviors upon BFA treatment

To gain further insight into the behavior of the Golgi stacks, | searched for a Golgi-resident

protein with a property different from the aforementioned Golgi markers. The Golgi proteins that are

not solubilized by detergent are called “Golgi matrix,” and they are thought to function in membrane

tethering and maintenance of the Golgi structure (Slusarewicz et al., 1994; Nakamura et al., 1995;

Barr et al., 1998). In plant cells, a zone surrounding the Golgi stack and the TGN, from which

ribosomes are excluded, has been reported by electron microscopic observations (Staehelin et al.,

1990; Staehelin and Kang, 2008). This “ribosome-exclusion zone” is thought to be occupied by the

Golgi matrix. AtCASP, which was identified based on similarity to human AtCASP in

transmembrane region, is one of the putative Golgi matrix proteins of Arabidopsis (Renna et al.,
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2005). It has been shown to localize to the Golgi cisternal rims in tobacco leaf cells (Latijnhouwers

et al., 2007). In BY-2 cells, | could observe similar ring-shaped signals by expressing YFP-AtCASP

(Figure 12A). When coexpressed with GFP-SYP31 and ST-mRFP, YFP-AtCASP localized mainly at

intermediate cisternae between GFP-SYP31 and ST-mRFP with partial overlap (Figure 12B). The

peak of YFP fluorescence located between those of GFP and mRFP along the stack (Figure 12C).

BFA treatment resulted in relocalization of most of the YFP-AtCASP fluorescence to the

ER, and a very weak signal was observed on the punctate structures of GFP-SYP31 (Figure 13). In

time-lapse observation, YFP-AtCASP and ST-mRFP behaved in a similar time course. At 20 min

after BFA treatment, YFP-AtCASP and ST-mRFP were absorbed into the ER membrane, whereas

GFP-SYP31 relocated to the small punctate structures (Figure 13).

Disassembly of the Golgi stacks by BFA treatment without actin filaments

To examine whether actin filaments play roles in disassembly of the Golgi upon BFA

treatment, | observed the effects of BFA under an actin-depolymerizing condition. With the

actin-depolymerizing reagent latrunculin B (LatB), actin filaments visualized with Lifeact-Venus

disappeared almost completely by 10 min in BY-2 cells (Figure 14A). After incubating the BY-2

cells expressing GFP-SYP31 and ST-mRFP with LatB for 30 min, | added BFA and performed

time-lapse observation of the Golgi apparatus. | found no substantial differences in the response of
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the Golgi markers to BFA treatment between LatB-treated and control cells (Figure 14B). Thus I

concluded that the response of the Golgi stacks to BFA was independent of actin filaments.

Golgi regeneration after BFA removal

To observe the process of Golgi regeneration, | washed out BFA after 2 h of treatment and

chased the behaviors of the Golgi markers. In BY-2 cells coexpressing GFP-RER1B and ST-mRFP,

ST-mRFP that had been localized to the ER gradually formed punctate structures probably as

cisternae, and GFP-RER1B accompanied these regenerated cisternae (Figure 15). At 2 h after BFA

removal, most of the mRFP signal in the ER was relocalized to the Golgi cisternae (Figure 15).

Next, | treated the cells expressing GFP-SYP31 and ST-mRFP with LatB to stop the

movement of the organelles during Golgi regeneration, so that the detailed processes of the

regeneration could be observed. LatB was added to the cell suspension 30 min before BFA removal,

and the regeneration of the Golgi stacks was observed in the presence of LatB and cycloheximide to

avoid the involvement of newly synthesized Golgi marker proteins. The time-lapse observation

revealed that the punctate structures of GFP-SYP31 gathered first, and subsequently ST-mRFP

became concentrated at the structures (Figure 16A and C). The numbers of the punctate structures of

GFP-SYP31 were compared between short (0 h) and long (3 h) times after BFA removal. It

decreased to about half in 3 h (39 dots at 0 h and 18 dots at 3 h). On the other hand, the average of
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the longest diameter of each dot increased by 200 nm (750 nm at 0 h and 960 nm at 3 h; Figure

16B).

In the cells expressing GFP-SYP31, ST-mRFP, and YFP-AtCASP, | found that

YFP-AtCASP accumulated to the punctate structures of GFP-SYP31 before ST-mRFP did after BFA

removal (Figure 17). These results presumably indicate that small punctate structures bearing

GFP-SYP31 reassembled after BFA removal to generate the cis-Golgi cisternae, and the regeneration

proceeded in a cis-to-trans order.

Relationship between the punctate structures and the ERES

COPII vesicles are known to bud from specialized domains of the ER membrane called

transitional ER (tER) or ER exit/export sites (ERES). In mammal and yeast cells, the COPII coat

components have been revealed to be enriched in the ERES by immunoelectron microscopy,

therefore, the COPII components became convenient markers for the ERES (Orci et al., 1991; Kuge

et al., 1994; Paccaud et al., 1996; Rossanese et al., 1999). By immunofluorescence imaging or live

imaging using fluorescent-protein-tagged COPII components, the ERES appear as multiple discrete

puncta (Rossanese et al., 1999; Hammond and Glick, 2000; Horton and Ehlers, 2003; Okamoto et al.,

2012).

I considered it likely that the small puncta with GFP-SYP31 and GFP-RER1B observed
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after BFA treatment were the ERES. To test this possibility, | visualized the ERES by one of the

COPII coat proteins SEC13 tagged by YFP, the similar construct used successfully to visualize yeast

ERES (Rossanese et al., 1999; Okamoto et al., 2012). In BY-2 cells, SEC13-YFP was observed in

the cytosol, on the nuclear envelope in medial optical sections, and on many dot-like structures in

confocal sections near the plasma membrane (Figure 18A). The distribution on the nuclear envelope

is consistent with previous reports because SEC13 is also a member of the nuclear pore complex

(Siniossoglou et al., 1996; Alber et al., 2007). Thus focusing at the cell periphery is appropriate to

observe only the ERES. | established a cell line coexpressing SEC13-YFP, GFP-SYP31, and

ST-mRFP and examined spatial relationship between these markers. The Golgi stacks were closely

associated with the SEC13 dotty signals (Figure 18B). The number of the SEC13 spots was larger

than that of the Golgi stacks, and there were SEC13 spots that were free from the Golgi stacks

(Figure 18B, arrows). GFP-SYP31 and SEC13-YFP puncta were localized closer than in the case

between ST-mRFP and SEC13-YFP (Figure 18C). This perhaps reflects the role of the cis-Golgi

cisternae receiving COPII vesicles from the ER. Short-interval time-lapse observation demonstrated

that one ERES signal moved together with a Golgi stack (Figure 19). | saw no dissociation of the

Golgi from its partner ERES.

In the cells expressing YFP-SEC13 and mRFP-SYP31, the rapid motion of the punctate

signals of SEC13-YFP that were not associated with the Golgi stacks was unaffected by LatB
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treatment. In contrast, the puncta of SEC13-YFP accompanied by the Golgi stacks stopped together

with their partner Golgi (Figure 20A). This result suggests that the SEC13-YFP spots with associated

Golgi stacks are the active ERES that are exporting cargo to the Golgi.

Using the cell line expressing SEC13-YFP, GFP-SYP31, and ST-mRFP, | examined the

relationship between the ERES and the BFA-induced, SYP31-positive punctate structures. After BFA

treatment, ST-mRFP dispersed into the ER membrane, and GFP-SYP31 localized to the small

dot-like structures as described earlier. On the other hand, the fluorescent pattern of SEC13-YFP did

not substantially change by BFA treatment. Almost all punctate structures of GFP-SYP31 appeared

to associate with the SEC13-YFP spots, but these signals did not completely overlap (Figure 21A). |

also occasionally observed SEC13-YFP signals without accompanying GFP-SYP31 signals (Figure

21A, arrows). By additional LatB treatment, only the movement of the SEC13 spots associated with

SYP31 was sensitive, as was the case of control cells (Figure 20A). Thus the relationship between

the SEC13 spots and the punctate structures of SYP31 remained similar before and after the BFA

treatment (Figure 21B).

In the cell line expressing only SEC13-YFP, | observed similar LatB-sensitive and

LatB-insensitive motions of SEC13 puncta with or without BFA treatment (Figure 20B). These

results suggest that it is unlikely that the association between SYP31 and the ERES is caused by

SYP31 overexpression.
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The relationships between the SYP31 puncta and the ER or the ERES were also examined

by using super-resolution confocal live imaging microscope (SCLIM), which enables multicolor

observation with extremely high speed and sensitivity (Matsuura-Tokita et al., 2006; Nakano and

Luini, 2010; Okamoto et al., 2012; Kurokawa et al., 2013; Suda et al., 2013). The cells expressing

GFP-SYP31 and ST-mRFP were observed by SCLIM with optical slices 0.2 um apart on the Z-axis,

and the images were reconstructed into three dimensions with deconvolution to achieve high spatial

resolution. After BFA treatment, the GFP-SYP31 puncta located very close to the ER labeled by

ST-mRFP, but the GFP signal did not entirely overlap with the mRFP signal (Figure 22A). The

punctate structures were frequently clinging to the tips of the protruding regions of the tubular ER

(Figure 22A, arrowheads). Next the BY-2 cell line expressing SEC13-YFP and mRFP-SYP31 was

observed in the same way. In control cells, MRFP-SYP3L1 signals were closely associated with those

of SEC13-YFP, as observed by two-dimensional confocal images (Figure 22B). Moreover, by

SCLIM, 1 found that the signal of SEC13-YFP surrounded the Golgi stacks at the cisternal rims,

making ring-shaped fluorescent patterns (Figure 22B). This may suggest that the Golgi stacks

interact with the ERES at their cisternal rims. By 3D time-lapse imaging, | observed the Golgi stacks

moving together with the SEC13 ring (Figure 23). After BFA treatment, the punctate structures of

MRFP-SYP31 were still in the proximity of SEC13-YFP spots without full overlap (Figure 22B).

The ring patterns of SEC13-YFP around the Golgi cisternae, which were often observed in control
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cells, rarely appeared in BFA-treated cells (Figure 22B).

These results indicate that the punctate structures depicted by GFP-SYP31 after BFA

treatment are not the ERES themselves but unique structures existing in the close vicinity to the

ERES, which have not been characterized before.

Behaviors of the Golgi proteins in Arabidopsis cells upon BFA treatment

In Arabidopsis thaliana root cells, an ARF GEF GNOM-LIKE 1 (GNL1) regulates

ER-Golgi trafficking. GNL1 primarily localizes to the Golgi stacks and regulates COPI coat

recruitment there (Richter et al., 2007). GNL1 has been shown to be BFA insensitive, and BFA

treatment does not cause Golgi disruption in Arabidopsis root cells unlike in mammalian and tobacco

cells (Teh and Moore, 2007). However, BFA sensitivity of GNL1 can be engineered by single

amino-acid substitution without affecting protein function. In the gnll knockout Arabidopsis plants

complemented by BFA sensitive GNL1 (gnl1/GNL1%*™), a release of COPI coat into the cytosol and

an accumulation of ST in the ER upon BFA treatment were reported (Richter et al., 2007).

To examine whether the responses of the cis-Golgi proteins observed in tobacco BY-2 cells

e and wild

upon BFA treatment also occur in Arabidopsis root cells, I transformed gnl, gnl1l/GNL1
type (Columbia) plants with GFP-RER1B. In all of the backgrounds, GFP-RER1B labeled

intracellular disk-shaped punctate structures, the typical images of the Golgi stacks (Figure 24). In

31



wild type root cells, the Golgi stacks visualized by GFP-RER1B made some aggregates by BFA
treatment, but they were largely unaffected (Figure 24). In contrast, GFP-RER1B relocalized to

sens

many small punctate structures in gnll or gnl1/GNL1™" plants upon BFA treatment, which was very

similar to its behavior in tobacco BY-2 cells (Figure 24). | also transformed gnl1/GNL1%*"™

plants
with GFP-SYP31, and a very similar result was obtained (Figure 24). On the other hand, ERD2-GFP
expressed in the gnl1/GNL1*™ plants almost completely relocated to the ER membrane by BFA
treatment (Figure 24). These results indicate that the three cis-Golgi proteins visualized in

Arabidopsis root cells behaved similarly to how they do in tobacco cells upon BFA treatment under

the condition that GNL1 is BFA sensitive.
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Discussion

BFA responses

BFA provides a nice way to study Golgi organization because in mammalian cells its

treatment causes relocation of the Golgi proteins into the ER, and its washout leads to reformation of

the Golgi. Similar effects have been observed in plant cells as well (Takeuchi et al., 2000;

Ritzenthaler et al., 2002; Saint-Jore et al., 2002; Takeuchi et al., 2002; daSilva et al., 2004; Yang et

al., 2005; Hanton et al., 2009; Schoberer et al., 2010; Madison and Nebenfihr, 2011). Reversibility

of the effects after BFA removal would give a good opportunity to observe Golgi stack

reorganization by live imaging. In previous studies on the effects of BFA in plant cells, Ritzenthaler

et al. (2002) reported that the Golgi stacks in BY-2 cells lost their cisternae in a cis-to-trans direction

by ultrastructural level using electron microscopy. Schoberer et al. (2010) looked at tobacco leaf

epidermal cells and showed that Golgi markers redistributed to the ER in the trans-to-cis order by

BFA treatment. Madison and Nebenfiihr (2011) also examined the effect of BFA on Golgi proteins in

BY-2 cells. Both cis- and trans-cisternae fused with the ER upon BFA treatment, but no significant

difference was found for different cisternae.

In this study, | perforemed detailed time-lapse observation by high-resolution confocal

laser scanning microscopy with short time intervals (30-60 s) and demonstrated that the Golgi stacks
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formed aggregates first, and then breakdown of GFP-SYP31 labeled cis-cisternae into small

compartments and the dispersion of the trans-Golgi marker ST-mRFP into the ER occurred almost at

the same time. The reason for the difference from previous studies is unknown, but the resolution in

time and space of microscopic observation could be a critical factor. My data clearly indicate that the

collapse of cis- and trans- cisternae by BFA occurs almost at the same time after the aggregation of

Golgi apparatus in tobacco BY-2 cells.

Difference among cis-Golgi proteins

In this study, | noticed a difference in the behaviors of the cis-Golgi proteins upon BFA

treatment. That is, one membrane protein (KDEL receptor ERD2) is almost completely absorbed

into the ER, whereas others (Qa-SNARE SYP31/SED5 and retrieval receptor RER1B) shift their

localization to novel structures in the vicinity to the ERES. Although they are closely associated with

the ERES, their localizations do not completely overlap with the ERES. What do these structures

represent?

There are relevant interesting results in the previous work from our laboratory. Takeuchi et

al. (2002) examined the effects of the transient expression of dominant mutants of ARF1 on

localization of the Golgi proteins (ERD2, RER1B, and SYP31) in tobacco BY-2 and Arabidopsis

cultured cells. In summary, the ARF1 constitutive active (GTP fixed) mutant caused ER relocation of



ERD2 and some alteration of Golgi-like punctate structures for RER1B and SYP31. Furthermore,

BFA treatment phenocopied the expression of the ARF1 dominant-negative mutant. These results

were interpreted as follows. The steady-state localization of the Golgi proteins was shifted to the ER

by the blockade of anterograde ER-to-Golgi traffic. The yeast COPI mutants have primary defects in

the retrograde Golgi-to-ER traffic, but they are also impaired in the anterograde ER-to-Golgi traffic

indirectly (Gaynor and Emr, 1997). This might be true to plant cells, thus the ARF1 mutants

relocated ERD?2 to the ER. The reason that RER1B and SYP31 were not significantly affected by the

ARF1 mutants was explained as due to the difference of timing between the folding of GFP-tagged

proteins and invocation of the secondary anterograde block, because a transient expression system

was used in this work. ERD2 might be more slowly folded than RER1B and SYP31, so that when

the exogenously expressed GFP-ERD2 became fluorescent the secondary ER-to-Golgi blockade was

already in effect, whereas earlier-folding RER1B and SYP31 could escape this block. The difference

of BFA effect between ERD2 and RER1B/SYP31 was explained similarly.

In revisiting these results, | was surprised to see the reproducibility of the difference

between ERD2 and RER1B/SYP31. In the former work, the Golgi structures of RER1B and SYP31

were judged to be slightly or not significantly affected by the ARF1 mutants or by BFA, but the data

now seem to indicate that RER1B and SYP31 may be relocated to smaller dotty structures like those

I see in the present study. Because | used the cells stably expressing the fluorescent Golgi markers,
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the difference is most probably not due to the folding problem. In addition, I could observe the

similar difference of the behaviors upon BFA treatment among the cis-Golgi proteins in Arabidopsis

root cells with BFA sensitive GNL1. These results indicate that these two classes of cis-Golgi

proteins might have an intrinsic difference in their properties.

By detailed observation in BY-2 cells, | found that the precise intra-Golgi localizations of

SYP31 and ERD2 are different; SYP31 localizes at the cisternae nearer to the cis-pole than ERD2

does. From this result, | suggest that this difference of intra-Golgi localization might cause the

different behaviors of the proteins upon BFA treatment, although I cannot exclude the possibility that

some other properties of the proteins affect their behaviors.

Relationship between the Golgi stacks and the ERES

In the cells with discrete Golgi stacks such as Pichia pastoris, Caenorhabiditis elegans,

and Drosophila melanogaster, the ERES and the Golgi stacks are almost always associated to form

“secretory units” (Rossanese et al., 1999; Kondylis and Rabouille, 2009; Witte et al., 2011). In

mammalian cells, although the Golgi stacks are concentrated near the centrosome, microtubule

disruption by nocodazole treatment causes fragmentation of the Golgi ribbon into many “ministacks,”

and the ministacks locate near the ERES like in invertebrate cells (Polishchuk et al., 1999;

Hammond and Glick, 2000).
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Also in plant cells, many punctate signals can be observed by using COPII coat subunits as

markers. However, conflicting results have been reported about the relationship between the ERES

and the Golgi stacks. By immunofluorescence observation of COPII coat proteins, the signals have

been shown to label many punctate structures greatly outnumbering the Golgi stacks. Some of them

were associated with the Golgi stacks, and such signals were often found on the areas of the ER

tubules associated with the Golgi stacks. Moreover, by live imaging of tomato SEC13 tagged with

GFP in tobacco BY-2 cells, the signal pattern was similar to the immunofluorescence, and the Golgi

stacks were associated with the SEC13-GFP signal (Yang et al., 2005). From these data, the

“kiss-and-run” model was suggested: the ERES are relatively stable, and the Golgi stacks

temporarily associates with them. The ER-to-Golgi transport takes place during their contacting

periods (Figure 25A). On the other hand, tobacco SAR1 and Arabidopsis SAR1 and some COPII

coat proteins (SEC23, SEC24, and SEC13) fused with fluorescent proteins have been reported to

mark puncta associated with the Golgi stacks, without signals independent from the Golgi. The

COPII signals moved always with the associated Golgi stacks (daSilva et al., 2004; Stefano et al.,

2006; Hanton et al., 2007; Hanton et al., 2008; Hanton et al., 2009). The punctate signals of

YFP-SEC24 increased in number and become more definite by expression of the cargo with

COPII-dependent ER export motif, indicating the involvement of the puncta of YFP-SEC24 in ER

export (Hanton et al., 2007). Moreover, fluorescence recovery after photobleaching (FRAP) analysis
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showed that ER-to-Golgi protein transport can occur while the Golgi stacks are moving (daSilva et

al., 2004). Therefore, the “secretory unit” model was suggested: the Golgi stacks and the ERES are

continuously associated and ER-to-Golgi transport continues during rapid movement (Figure 25B).

My observation demonstrated that SEC13-YFP expressed in BY-2 cells labels many

puncta outnumbering the Golgi stacks, and some of them are associated with the Golgi in ring-like

shapes surrounding the Golgi rims. Moreover, the SEC13-YFP signals move together with the

associated Golgi stacks. From these results, | suggest that the truth is in between the two extreme

models (hybrid model, Figure 25C). Some of the ERES are continuously associated with the Golgi

stacks, and the others are not. Because the SEC13-YFP puncta without associated Golgi stacks were

smaller and extremely mobile independently of actin filaments, | speculate that they become stable

and active when they encounter the Golgi stacks.

There is a report suggesting that the COPII signal is not on the ER but in the small gap

between the ER and the Golgi in tobacco leaf epidermal cells, which represents the COPII vesicles

accumulating at the cis-face of the Golgi, not the ERES (Langhans et al., 2012). Therefore,

Langhans et al. (2012) proposed a difficulty to observe the ERES by using the COPII coat proteins

as the markers. However, a most recent study has demonstrated that the localization of one of the

Arabidopsis Sec16 homologs largely overlap with those of COPII coat components (Takagi et al.,

2013). Yeast Secl6 is a large multi-domain peripheral protein of the ER membrane, and binds to the
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COPII components through independent domains for each subunit (Espenshade et al., 1995; Gimeno

et al., 1996; Shaywitz et al., 1997). It localizes to the ERES, and is speculated to act as the scaffold

for COPII coat assembly at the ERES (Yorimitsu and Sato, 2012). Therefore, | conclude that it is

reasonable to use COPII coat components as the ERES marker in plant cells.

Golgi regeneration and intra-Golgi traffic

Golgi regeneration after BFA removal has attracted attention in mammalian research,

especially to reveal the mechanisms of Golgi biogenesis and reassembly after mitosis (Seemann et

al., 2000; Puri and Linstedt, 2003; Glick and Nakano, 2009). With plants, attempts also have been

made by electron microscopy and live-cell imaging to observe the Golgi after BFA removal

(Ritzenthaler et al., 2002; Langhans et al., 2007; Schoberer et al., 2010), but time-dependent

regeneration processes of the Golgi stacks have not been sufficiently described.

In this study, | performed multicolor time-lapse live-cell imaging with short intervals,

which enabled me to analyze detailed behaviors of multiple Golgi membrane proteins in the same

cells with the passage of time. From time-lapse confocal images, | found that the punctate structures

of the cis-Golgi marker GFP-SYP31 gather first, and the trans-Golgi marker ST-mRFP concentrates

later during Golgi stack regeneration after BFA removal. Furthermore, YFP-AtCASP, which is found

by tricolor fluorescence imaging to localize mainly at the cisternae between SYP31 and ST, begins
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to concentrate before ST-mRFP does. These results suggest that the Golgi stacks regenerate in the

cis-to-trans order, as reported before in mammalian cells and tobacco leaf epidermal cells (Alcalde

et al., 1992; Puri and Linstedt, 2003; Schoberer et al., 2010). This is consistent with the cisternal

maturation model, in which a new cisterna is formed at the cis-side of the stack by ER-derived

carriers and progress from the cis- to the trans-Golgi pole as it matures (Glick and Nakano, 2009;

Nakano and Luini, 2010; Glick and Luini, 2011). The vesicles with SYP31 observed by TIRFM in

BFA-treated cells might well be the ER-derived COPII vesicles to form the first cisternae.

The SYP31/RER1B compartment acts as the scaffold for Golgi regeneration

As described here, there are two types of cis-Golgi proteins; upon BFA treatment, one

(SYP31 and RER1B) localizes to the punctate structures and the other (ERD2) to the ER membrane.

By super-high-resolution 3D analysis with SCLIM, | conclude that the punctate structures of SYP31

are in the very close vicinity of the ERES but not the ERES themselves. Because these structures

reassemble first to regenerate cis-Golgi cisternae after BFA removal, | propose that they function as

“seeds” of the Golgi stacks by receiving the materials for cis-cisternae. Moreover, because the

proteins that localize to the punctate structures upon BFA treatment appear to localize at the cis-most

cisternae in the steady state, | suggest that the cis-most cisternae of the plant Golgi stacks have

different BFA sensitivity compared to the later cisternae, which might indicate their special features
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and functions (Ito et al., 2012).
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Figure 3. Visualization of the plant Golgi stacks in living cells.

(A) Confocal image of a tobacco BY-2 cell expressing GFP-SYP31 (cis-Golgi, green) and ST-mRFP (trans-
Golgi, magenta). Double-colored dot-like structures represent the Golgi stacks. The insert image shows a
higher magnification of a single stack. Scale bar = 20 um (in the insert; 1 um).

(B) The fluorescence profile along the arrow across a Golgi stack.
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merged GFP-SYP31 mRFP-VAM3

Figure 4. Expression of GFP-SYP31 and the localization of a vacuolar membrane protein.
Confocal images of BY-2 cells expressing GFP-SYP31 (cis, green) and mRFP-VAM3 (vacuole, magenta).
Scale bars = 20 um.
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(A)  GFP-SYP31 ST-mRFP merged

- -

-BFA

+BFA

(B) -BFA +BFA

Figure 5. Effects of BFA on GFP-SYP31 and ST-mRFP.

(A) Confocal images of BY-2 cells expressing GFP-SYP31 (cis, green) and ST-mRFP (trans, magenta).
Before BFA treatment (-BFA) and after 2 h of 50 uM BFA treatment (+BFA). Scale bars = 20 um.

(B) GFP signals in BY-2 cells expressing GFP-SYP31 (cis) and ST-mRFP (trans) were observed by TIRFM.
(Left) Without BFA treatment. (Right) 50 uM BFA treatment for 2 h. Scale bars = 10 um.



(A) _SP-GFP-HDEL ST-mRFP

-BFA

+BFA

SP-GFP-HDEL ST-mRFP merged

Figure 6. Relocalization of ST-mRFP to the ER.

BY-2 cells expressing SP-GFP-HDEL (ER lumen, green) and ST-mRFP (trans, magenta).

(A) Without BFA treatment (-BFA) and with 50 uM BFA treatment for 1.5 h (+BFA). Scale bars = 20 um.
(B) Confocal image of a BFA treated cell at cell periphery. Scale bar =5 um.
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GFP-SYP31 ST-mRFP merged

Figure 7. Effects of cycloheximide during BFA treatment.

Time-lapse observations of BY-2 cells expressing GFP-SYP31 (cis, green) and ST-mRFP (trans, magenta)
during BFA treatment. The cells were treated with 100 uM cycloheximide for 30 min prior to the addition of
BFA at 50 uM. The indicated times mean the elapsed time after BFA addition (minute:second). Scale bar = 20
um.
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Figure 8. Time-lapse observation of the Golgi disassembly during BFA treatment.

(A) Time-lapse images of BY-2 cells expressing GFP-SYP31 (cis, green) and ST-mRFP (trans, magenta)
during BFA treatment. BY-2 cells were treated with 50 uM BFA, and the fluorescent images were
captured at 1-min intervals from just after the addition of BFA. The indicated times mean the elapsed
time after the observation was started.

(B) Magnified images of the boxed region in (A).

Scale bars = 20 um.
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(A) GFP-RER1B ST-mRFP merged

-BFA

+BFA

(B)  GFP-RER1B mRFP-SYP31 ieraed

Figure 9. Effects of BFA on GFP-RER1B.

(A) BY-2 cells expressing GFP-RER1B (cis, green) and ST-mRFP (trans, magenta). Before BFA treatment (-
BFA) and after 1.5 h of 50 uM BFA treatment (+BFA).

(B) BY-2 cells expressing GFP-RER1B (cis, green) and mRFP-SYP31 (cis, magenta). Before BFA treatment
(-BFA) and after 1.5 h of 50 uM BFA treatment (+BFA).

Scale bars =20 um.



(A) ERD2-GFP ST-mRFP merged

Figure 10. Effects of BFA on ERD2-GFP.

(A) BY-2 cells expressing ERD2-GFP (cis, green) and ST-mRFP (trans, magenta).

(B) Time-lapse observation of the cells expressing ERD2-GFP and ST-mRFP during BFA treatment. The
cells were treated with 50 uM BFA, and the fluorescent images were captured at 30-sec intervals after
BFA addition. The indicated times mean the elapsed time after BFA addition (minute:second).

Scale bars =20 um.
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Figure 11. Intra-Golgi localization of ERD2.

(A) A BY-2 cell expressing GFP-SYP31 (cis, green), ST-mRFP (trans, magenta), and ERD2-YFP (yellow).
Scale bar =20 um.

(B) The fluorescence profile along the arrow across a Golgi stack.
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Figure 12. Intra-Golgi localization of AtCASP.

(A) Confocal image of BY-2 cells expressing YFP-AtCASP. Scale bar = 20 um

(B) Confocal image of a BY-2 cell expressing GFP-SYP31 (cis, green), ST-mRFP (trans, red) and YFP-
AtCASP (blue). The arrow indicates the Golgi stack used for the analysis in (C). Scale bar = 2 pm.

(C) The fluorescent profile along the arrow across a Golgi stack.
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Figure 13. BFA treatment of AtCASP.
Time-lapse observation of BY-2 cells expressing GFP-SYP31 (cis, green), ST-mRFP (trans, red) and YFP-
AtCASP (blue) during BFA treatment. Cells were treated with 50 uM BFA, and the fluorescent images were

captured at 30-sec intervals after the addition of BFA. The indicated times mean the elapsed time after BFA
addition. Scale bar = 10 um.
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Figure 14. Effects of LatB during BFA treatment.

(A) Time-lapse observation of a BY-2 cell expressing Lifeact-Venus during LatB treatment. The indicated
times represent the elapsed time after the addition of LatB at 2 uM.

(B) Time-lapse observation of a BY-2 cell expressing GFP-SYP31 (cis, green) and ST-mRFP (trans,
magenta) during BFA treatment. The cell was treated with 2 uM LatB for 30 min prior to the addition of
BFA at 50 uM. The fluorescent images were captured at 30-sec intervals after BFA addition. The
indicated times mean the elapsed time after BFA addition (minute:second).

Scale bars =10 um.
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GFP-RER1B ST-mRFP merged

120 min

Figure 15. Golgi regeneration after BFA removal visualized by GFP-RER1B and ST-mRFP.

Time-lapse observation of BY-2 cells expressing GFP-RER1B (cis, green) and ST-mRFP (trans, magenta)
after BFA removal. The cells were treated with 50 uM BFA for 2 h, and then BFA was removed. The
fluorescent images were captured at 2-min intervals after BFA removal. The indicated times mean the elapsed
time after the observation was started. Scale bars =20 um.
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Figure 16. Golgi regeneration after BFA removal visualized by GFP-SYP31 and ST-mRFP.

(A) Time-lapse observation of BY-2 cells expressing GFP-SYP31 (cis, green) and ST-mRFP (trans, magenta)
after BFA removal. The cells were treated with 50 uM BFA for 2 h, and then BFA was removed. LatB (2
uM) was added 30 min before BFA removal, and cycloheximide (100 uM) was added at the point of
BFA removal. The fluorescent images were captured at 2-min interval after BFA removal. 15 min after
BFA removal (left) and 149 min after BFA removal (right). Scale bar = 20 um.

(B) Comparison of the longest diameter of each dot of GFP-SYP31 between 15 min after BFA removal (0 h,
white bars) and 193 min after BFA removal (3 h, gray bars).

(C) Magnified images of the boxed region in (A). The indicated times mean the elapsed time after BFA
removal. Arrowheads indicate the regenerated Golgi stacks. Scale bar = 10 um.
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Figure 17. Golgi regeneration after BFA removal visualized by GFP-SYP31, ST-mRFP, and YFP-
AtCASP.

BFA removal experiment of BY-2 cells expressing GFP-SYP31 (cis, green), ST-mRFP (trans, red), and YFP-
AtCASP (blue). The cells were treated with 50 uM BFA for 2 h, and then BFA was washed out. LatB was

added 30 min before BFA removal. The fluorescent image was captured 10 min after BFA removal. Scale bar
=20 um.
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Figure 18. Relationship between the Golgi markers and the ERES.

(A) Confocal images of BY-2 cells expressing SEC13-YFP. Cell periphery (left) and the confocal plane
passing through the nucleus (right). Scale bar = 20 um

(B and C) Confocal images of BY-2 cells expressing GFP-SYP31 (cis), ST-mRFP (trans) and SEC13-YFP

(ERES). Scale bars =5 um.

(B) Image of cell periphery. GFP-SYP31 (green), ST-mRFP (red), and SEC13-YFP (blue). Arrows indicate
the ERES without partner Golgi stacks.

(C) Images of two colors extracted from (B). GFP-SYP31 (green) / SEC13-YFP (magenta) in the upper panel,
and ST-mRFP (green) / SEC13-YFP (magenta) in the lower panel.
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Figure 19. Movement of the Golgi stacks and the ERES.

Time-lapse images of BY-2 cells expressing GFP-SYP31 (cis), ST-mRFP (trans) and SEC13-YFP (ERES)
with short-interval (7.6 sec). GFP-SYP31 (green), ST-mRFP (red), and SEC13-YFP (blue). Arrowheads
indicate a unit of a Golgi stack and an ERES moving toward lower right. Scale bar = 2 um.
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Figure 20. Relationship between SYP31 and SEC13 signals.

(A) BY-2 cells expressing SEC13-YFP (ERES, green) and mRFP-SYP3L1 (cis, magenta) were treated with 2
uM LatB for 30 min (-BFA) and 50 uM BFA for 1.5 h additionally (+BFA). Left three panels are time-
lapse images with 3 sec intervals. Right two panels are maximum intensity projection (MIP) images of
each marker, with pseudo-colors associated with time (0 sec: red, 3 sec: green, 6 sec: blue.)

(B) Time-lapse observation of BY-2 cells expressing SEC13-YFP alone. The cells were treated with 2 pM
LatB for 30 min prior to the addition of BFA at 50 uM. Just after BFA addition (-BFA) and 1.5 h after
BFA addition (+BFA). Left three panels are time-lapse images with 3 sec intervals. Rightmost panels are
MIP images with the pseudo-colors same as (A).

Scale bars = 10 pum.
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Figure 21. BFA treatment of the Golgi stacks and the ERES.

Confocal images of BY-2 cells expressing GFP-SYP3L1 (cis), ST-mRFP (trans) and SEC13-YFP (ERES).

(A) Effects of BFA treatment. GFP-SYP31 (green), ST-mRFP (red), and SEC13-YFP (blue). The cells were
treated with 50 uM BFA for 150 min. Arrows indicate the dots of SEC13-YFP without partner GFP-
SYP31 signal. Scale bar =5 um

(B) Comparison of positional relationship between GFP-SYP31 (green) and SEC13-YFP (magenta) signals
before and after BFA treatment. Scale bar =1 um.
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Figure 22. Three-dimensional deconvolution observations of the Golgi markers and the ERES.

BY-2 cells were observed by SCLIM with optical slices 0.2 pum apart in the Z axis. 3D images were

reconstructed, deconvolved by parameters optimized for the Yokogawa spinning-disk confocal scanner.

(A) GFP-SYP31 (cis, green) and ST-mRFP (trans, magenta). Before BFA treatment (-BFA) and after 2 h of
50 uM BFA treatment (+BFA). Arrowheads indicate the punctate compartments of GFP-SYP31 on the
tips of the tubular ER.

(B) SEC13-YFP (ERES, green) and mRFP-SYP31 (cis, magenta). Before BFA treatment (-BFA) and after
1.5 h of 50 uM BFA treatment (+BFA).

Scale bars =2 um.
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Figure 23. Three-dimensional observation of the movement of the Golgi stacks and the ERES.

A BY-2 cell was observed by SCLIM with optical slices 0.2 um apart in the Z axis with 200 ms intervals. 3D
images were reconstructed, deconvolved by parameters optimized for the Yokogawa spinning-disk confocal
scanner. SEC13-YFP (ERES, green) and mRFP-SYP31 (cis, magenta). Scale bar =3 um.
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Figure 24. Effects of BFA on the cis-Golgi proteins in Arabidopsis root cells.

Confocal images of Arabidopsis root cells. GFP-RER1B was introduced into the wild type, the gnll mutant,
and the gnll mutant complemented by BFA sensitive GNL1 (gnl1/GNL1%"s). Similarly, GFP-SYP31 and
ERD2-GFP were expressed in gnll/GNL1%" plants. The plants 5 days after germination were observed.
Without BFA treatment (-BFA) and after 50 uM BFA treatment for 1.5-2 h. Scale bars =10 um.
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Figure 25. Models for ERES-Golgi organization in plants cells.

(A)The kiss-and-run model. In this model, the ERES are relatively stable, and the Golgi stacks travel from
one ERES to another. ER-to-Golgi transport takes place during the temporal association of the Golgi stacks
and the ERES. (B) The secretory unit model. In this model, the Golgi stacks and the ERES are continuously
associated and move together. ER-to-Golgi transport occurs not only during their pauses but also during rapid
movement. (C) The hybrid model. In this model, some of the ERES are continuously associated with the
Golgi stacks similarly to the secretory unit model, but the others are not. The ERES without associated Golgi
stacks are smaller and move independently from the Golgi stacks. They get stable and active when they
encounter the Golgi stacks.



Chapter 3

Regeneration of the TGN starts independently of the Golgi apparatus but is
followed by association with each other in tobacco cells
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Introduction

The trans-Golgi network (TGN) was first defined as a specialized compartment composed

of tubular networks on the trans-side of the Golgi apparatus in mammalian cells (Roth et al., 1985;

Griffiths and Simons, 1986; Taatjes and Roth, 1986). Similarly to the Golgi cisternae, the TGN also

contains many resident enzymes for cargo processing (Rabouille et al., 1995). However, in addition

to function as the sequel to the cargo processing line of the Golgi, the TGN sorts cargo proteins

destined for the plasma membrane and endosomes (Keller and Simons, 1997). The Golgi cisternae

and the TGN can be distinguished by the vesicles they form, because the Golgi cisternae generate

COPI vesicles but not clathrin-coated vesicles, and the opposite is true for the TGN (Ladinsky et al.,

2002).

In plant cells, the TGN was first identified as “partially coated reticulum,” a

vesiculo-tubular compartment with clathrin-coated buds (Pesacreta and Lucas, 1985), and later the

word TGN was applied from mammalian studies (Staehelin et al., 1990). Similarly to the

mammalian TGN, clathrin-coated vesicles are formed from the TGN, but not from the Golgi

cisternae in plant cells (Donohoe et al., 2007). Recently, the plant TGN is suggested to act not only

in the secretory pathway, but also in the endocytic pathway in plant cells. An endocytosis tracer

FM4-64 has been demonstrated to localize at the TGN before late endosomes, indicating that the
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TGN functions as an early endosome (Dettmer et al., 2006). This is also supported by the

observations by time-lapse imaging and immunoelectron microscopy, which have shown that the

plasma membrane proteins internalized by endocytosis pass through the TGN (Viotti et al., 2010).

Thus, the TGN acts as the trafficking hub that both the secretory and endocytic pathways pass

through.

In addition to the functional difference, dynamic behavior of the TGN is distinct from the

Golgi cisternae. By electron tomography in Arabidopsis cells, the TGN seems to get separated from

the Golgi (Staehelin and Kang, 2008). Further observation by spinning disc confocal microscopy has

revealed that the plant TGN moves independently of the Golgi apparatus and transiently associates

with it (Viotti et al., 2010; Uemura and Nakano, 2013; Uemura et al., in press). Such differences

between the Golgi apparatus and the TGN may reflect their protein composition. Now it is becoming

possible to isolate and characterize the Golgi and the TGN proteins separately, and a recent study

suggests that almost 30% of the proteins identified in the Arabidopsis TGN are non-Golgi proteins

(Parsons et al., 2013).

In this study, in order to get insights into the relationship between the Golgi apparatus and

the TGN, | observed the dynamic behaviors of the TGN during BFA treatment and its removal in

living plant cells. | have demonstrated that the TGN proteins relocalize to numerous tiny structures

dispersed throughout the cytoplasm by weak BFA treatment in tobacco BY-2 cells. Furthermore,
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after BFA removal, the TGN started to regenerate independently from the Golgi apparatus, but they

were associated at the later stage of the regeneration. Therefore, | suggest that the TGN is not a mere

extension of the Golgi maturation, whereas the association of the TGN with the Golgi stacks is

indispensable.
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Results

Behaviors of the TGN proteins upon BFA treatment

In order to observe the dynamic relationship between the TGN and the Golgi stacks, |

visualized the two organelles by different fluorescent colors. As the TGN marker, | used SYP41, one

of the Qa-SNAREs at the TGN (Bassham et al., 2000; Uemura et al., 2004). | established a BY-2

cell line coexpressing GFP-SYP41 and ST-mRFP. By confocal microscopy, | observed many

punctate signals of GFP moving throughout the cytoplasm. Some of them were associated with the

disk-shaped Golgi cisternae labeled by ST-mRFP, and the others were not (Figure 26A). Similar

spatial relationship between the signals of GFP and mRFP was also observed in the cells expressing

GFP-SYP31 and mRFP-SYP41 (Figure 26B). These results were similar to a previous report that

visualized the Golgi and the TGN in Arabidopsis hypocotyl cells (Viotti et al., 2010).

In plant cells, the TGN is known to form aggregates upon BFA treatment, while their

appearances are different among species. In Arabidopsis root cells, in which the Golgi stacks do not

disappear by BFA, the TGN forms large aggregates called BFA bodies (or BFA compartments) with

endosomal components (Langhans et al., 2011; Uemura and Nakano, 2013). On the other hand, in

tobacco leaf protoplasts, in which the Golgi stacks fuse and get absorbed into the ER upon BFA

treatment, the TGN forms what look like BFA bodies, which are much smaller than those in
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Arabidopsis root cells (Langhans et al., 2011). This difference may be because the Golgi maturation

continues and supplies materials to the TGN in the presence of BFA in Arabidopsis cells but not in

tobacco cells.

In the BY-2 cells expressing GFP-SYP41 and ST-mRFP, ST-mRFP was absorbed into the

ER and GFP-SYP41 localized to some aggregates upon 50 uM BFA treatment, as previously

reported in protoplasts (Figure 27A). Similar fluorescent pattern was obtained in the same cell line

with 25 uM BFA (Figure 28). Time-lapse observation during 50 uM BFA treatment revealed that the

TGN and the Golgi stacks formed aggregates together, and subsequently ST-mRFP mostly relocated

to the ER, whereas GFP-SYP41 remained in the clumps (Figure 27A).

On the other hand, with 10 uM BFA, | found that most of the signal of GFP-SYP41

seemed to be dispersed in the cytosol, and punctate structures or aggregates were rarely observed

(Figure 27B). Although GFP-SYP41 behaved differently between the two BFA concentrations,

ST-mRFP relocalized to the ER by 10 uM BFA treatment similarly to when treated with 50 uM BFA

(Figure 27B). Similar relocalization of the two markers was also observed upon 5 uM BFA treatment

(Figure 28). By time-lapse observation during 10 uM BFA treatment, | could observe that the TGN

formed aggregates with the Golgi stacks at the early stage, however, they became dispersed at the

later stage when the Golgi stacks disassembled (Figure 27B). These results indicated that the TGN

proteins behaved differently depending on the BFA concentration.
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In order to examine the behavior of non-SNARE TGN protein upon BFA treatment with a

low concentration, | established a cell line expressing VHA-al-GFP. VHA-al is a subunit of

V-ATPase, and has been demonstrated to localize at the TGN and colocalize with SYP41 (Dettmer et

al., 2006). In tobacco BY-2 cells, VHA-al-GFP labeled many punctate structures (Figure 29). After

10 uM BFA treatment, VHA-al-GFP exhibited cytosol-like localization with few punctate structures

left, similarly to SYP41 (Figure 29).

Moreover, | confirmed the behavior of the Golgi proteins upon weak BFA treatment. In the

cells coexpressing GFP-SYP31 and ST-mRFP, GFP-SYP31 localized at small punctate structures,

and ST-mRFP was absorbed into the ER membrane upon 10 uM or 5 uM BFA treatment (Figure 30).

This result was almost identical to what | observed with 50 uM BFA as described in the chapter 2

(Figure 5A).

Localization of SYP41 upon weak BFA treatment

Because SYP41 and VHA-al are transmembrane proteins, it is highly unlikely that they

become soluble and disperse into the cytosol. Therefore, | considered that their cytosolic localization

patterns upon weak BFA treatment represented that they localized to numerous tiny membrane

vesicles that could not be distinguished by normal confocal microscopy.

To test this hypothesis, | performed TIRFM observation of GFP-SYP41. Without BFA

71



treatment, | observed that GFP-SYP41 localized to punctate structures (Figure 31A). Some of them

were much larger than the others (Figure 31A, arrowhead). Time-lapse observation with short

intervals revealed that the smaller structures moved rapidly but the larger ones were relatively stable

(Figure 31B). | presumed that the larger structures were the TGN, which could be observed by

confocal microscopy, according to their size. The smaller structures were likely to be vesicles or

small clusters of vesicles.

Upon weak BFA treatment, the larger structures disappeared as was observed by confocal

microscopy. Instead, the number of the smaller structures significantly increased compared to the

control cells (Figure 31A). By time-lapse observation, these small dot-like structures were revealed

to move very actively (Figure 31B). These results indicated that the cytosolic signal of GFP-SYP41

upon weak BFA treatment was not from the protein solubilized in the cytosol, but from the protein

localizing on many small vesicle-like structures.

Uptake of FM4-64 in the presence of weak BFA

Recently, plant TGN is suggested to act as the early endosome in the endocytic pathway

(Dettmer et al., 2006; Viotti et al., 2010). To examine the effects of weak BFA treatment on the

endocytic pathway, | observed internalization of FM4-64, which is well known as an endocytosis

tracer. Without BFA treatment, FM4-64 was gradually internalized from the plasma membrane, and
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many punctate structures were labeled (Figure 32). Later, | could observe the vacuolar membrane

clearly, which indicated that FM4-64 had been transported through the endocytic pathway and

reached the vacuole (Figure 32, 4 h). On the other hand, with 10 uM BFA treatment, FM4-64

internalized into the cytoplasm exhibited cytosolic fluorescent pattern, and punctate structures were

rarely observed (Figure 32). However, it subsequently reached the vacuole similarly to the control

cells (Figure 32, 4 h). This result indicated that weak BFA treatment did not affect the transport of

FM4-64 from the plasma membrane to the vacuole, and moreover, that FM4-64 did not pass through

any compartments that are large enough to be observed by confocal microscopy in this condition.

To examine the relationship between the vesicle-like structures with SYP41 and FM4-64

transport in the presence of BFA with a low concentration, | observed the internalization of FM4-64

in the BY-2 cells expressing GFP-SYP4L1. | treated the cells with 10 uM BFA for 90 min in advance,

added FM4-64 to the cell suspension, and washed the cells immediately with fresh medium

containing 10 uM BFA. By TIRFM, dotty signals of FM4-64 were observed, which presumably

represented endosomes just beneath the plasma membrane (Figure 33). Some of the punctate signals

of GFP-SYP41 were very close to some of the FM4-64 dots, however, the two signals did not

overlap completely (Figure 33A, arrows). By time-lapse observation with short intervals, | observed

a punctate structure of GFP-SYP41 approached a dot of FM4-64, seemed to associate briefly, and

moved away (Figure 33B, arrowheads). These results suggested that FM4-64 did not pass through
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the same compartments where SYP41 localized, but there was some association between the

structures with FM4-64 and SYP41.

TGN regeneration after BFA removal

Next, | observed the regeneration process of the TGN in relation to that of the Golgi

apparatus. The cells expressing GFP-SYP41 and ST-mRFP were treated with 10 uM of BFA, and

time-lapse observation was performed after BFA removal. Similarly to the experiment described in

the chapter 2, | added LatB and cycloheximide to stop the movement of the organelles and inhibit

the synthesis of the marker proteins. Confocal microscopy revealed that bright punctate structures of

GFP-SYP41 appeared very early after BFA removal (Figure 34, 0 min). The number of the structures

gradually increased as time elapsed, whereas ST-mRFP still mainly localized at the ER (Figure 34,

30 min). ST-mRFP became punctate much later than GFP-SYP41 (Figure 34, 90-180 min). This

indicated that the TGN began to regenerate before the trans-Golgi cisternae did.

To examine the relationship between the regeneration of the TGN and the punctate

structures of cis-Golgi proteins, | also performed regeneration experiment with the cells expressing

GFP-SYP31 and mRFP-SYP41. At the early stage of the regeneration, the punctate structures of

GFP-SYP31 and the regenerated puncta of mRFP-SYP41 seemed independent from each other

(Figure 35, 09:44). Subsequently, however, as the punctate structures of GFP-SYP31 gathered to
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form larger clumps, the puncta of mRFP-SYP41 also gathered together (Figure 35, 27:45-91:48).

The two signals kept associated while the regeneration proceeded. After regeneration, almost all the

Golgi stacks and the TGN were in pairs (Figure 35, 121:49). From these results, | suggest that the

TGN starts to regenerate independently from the Golgi stacks, but the association between the two

organelles might be indispensable to complete their regeneration.
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Discussion

Distinct behaviors of the TGN proteins dependent on BFA concentration

The plant TGN has been known to form aggregates with endosomal components by BFA

treatment (Langhans et al., 2011; Uemura and Nakano, 2013). Also in this study, | confirmed that a

TGN marker SYP41 aggregates in BY-2 cells upon 25-50 uM BFA treatment. However, | have also

shown that SYP41 behaves differently in the same cell line only by decreasing the BFA

concentration to 5-10 uM; it does not localize to any recognizable structures but exhibits hazy

cytosolic pattern. Another TGN marker VHA-al responds similarly to weak BFA treatment. Because

Golgi markers including Qa-SNARE SYP31 do not show different behaviors by decreasing the BFA

concentration, such concentration dependency is not shared between the Golgi and the TGN, neither

among Qa-SNAREs. TIRFM observation has revealed that SYP41 localizes at numerous small

punctate structures upon weak BFA treatment, indicating that the cytosolic signal comes from these

punctate structures, which are too small to be distinguished by normal confocal microscopy. SYP41

is a transmembrane protein, thus the small structures are presumed to be membrane-bounded

compartments such as vesicles (Figure 36B).

Unlike the Golgi cisternae, the TGN produces clathrin-coated vesicles (Ladinsky et al.,

2002; Donohoe et al., 2007), and their formation step is regulated by ARF1 (Memon, 2004;
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Robinson et al., 2011). Because BFA inhibits the GEFs for ARF1, the formation of clathrin-coated

vesicles at the TGN is thought to be inhibited by BFA treatment (Ritzenthaler et al., 2002; Langhans

et al., 2011). However, the causal relationship between such transport inhibition and the formation of

aggregates is unknown. In this study, | have found that the TGN gathers with the Golgi stacks at the

very early stage of weak BFA treatment, but the aggregates do not remain until the later stage. From

these facts, | suggest that formation and retention of the aggregates of the TGN are different steps

with different BFA sensitivity. Both steps are caused by strong BFA, but weak BFA cause only the

former step. It might be because these two steps are regulated by different GEFs with different

sensitivity to BFA.

What occurs during weak BFA treatment?

There are several possibilities about what occurs when SYP41 disperses throughout the

cytoplasm localizing on the small vesicle-like structures. It has been reported that SCAMP2, which

mostly colocalizes with SYP41, relocalizes to the plasma membrane by 5 ug/mL (about 18 uM) BFA

treatment in BY-2 cells (Toyooka et al., 2009). Therefore, SYP41 might also be once transported to

the plasma membrane and rapidly internalized by endocytosis, or excluded from the compartments

where SCAMP2 localizes (secretory vesicle clusters: SVCs) before they reach the plasma membrane.

On the other hand, the plant TGN is recently suggested to mature into multivesicular endosomes
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(MVESs) along the endocytic pathway (Scheuring et al., 2011; Choi et al., 2013). In this context,

SYP41 might be excluded from the TGN during the maturation into MVE. It is also possible that the

TGN itself becomes fragmented into small vesicles.

In any case, the vesicle-like compartments do not gather to form larger structures in the

presence of a low concentration of BFA. Is it because the Golgi stacks have disappeared and there is

no target to fuse with? After BFA removal, SYP41 started to localize at larger structures very rapidly

before the Golgi stacks complete their regeneration (see discussion later). This result indicates that

the small structures can assemble without the Golgi stacks. Therefore, | suggest that there are

scaffolding or tethering proteins that collect the vesicles independently of the Golgi apparatus, and

their function is inhibited by weak BFA treatment. One candidate of such proteins is AtGRIP. In

animal cells, some of the long coiled-coil tethering factors have a GRIP domain and localize at the

TGN (McConville et al., 2002; Goud and Gleeson, 2010). An Arabidopsis GRIP domain protein

AtGRIP has been shown to localize at the far trans side of the Golgi stacks and the TGN (Gilson et

al., 2004; Latijnhouwers et al., 2005; Latijnhouwers et al., 2007; Osterrieder, 2012). This

localization of AtGRIP to the membranes depends on the direct interaction with a small GTPase

ARF-LIKE 1 (ARL1; Latijnhouwers et al., 2005), whose homologs are known to be inhibited by

BFA in mammalian cells (Lowe et al., 1996; Man et al., 2011).
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Transport from the plasma membrane to the vacuole with weak BFA

Because the plant TGN is suggested to act as the early endosome in the endocytic pathway,

| first thought that the transport from the plasma membrane to the vacuole would be inhibited when

the TGN proteins do not show normal localization upon weak BFA treatment. However, uptake and

transport of FM4-64 from the plasma membrane to the vacuolar membrane were not affected. This

might indicate that the small vesicle-like structures with the TGN proteins can achieve the function

as the early endosome. It is also possible that the transport route via the TGN is blocked but those do

not pass through the TGN remain unaffected. Nevertheless, | have observed the association between

the vesicle-like structures with FM4-64 and SYP41, although they did not colocalize completely.

Whether such association has physiological significance is unknown. The behaviors of the cargo

proteins that are transported along the endocytic pathway via the TGN should be examined.

Moreover, FM4-64 rarely labeled recognizable structures before the vacuole in the

presence of a low concentration of BFA. This might indicate that the late endosomes are also

fragmented into small structures. It is important to visualize the late endosomes and examine their

responses to weak BFA.

TGN regeneration and its relationship with the Golgi stacks

In this study, | have demonstrated that the regeneration of the TGN begins very early after
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BFA removal. Regeneration of the trans-Golgi cisternae is significantly later than the start of TGN

regeneration. In addition, at the early stage of regeneration, the punctate TGN appears to be formed

independently of the punctate structures of cis-Golgi protein, which act as the scaffold for Golgi

regeneration (Figure 36C). In the chapter 2, | have shown that the regeneration of the Golgi stacks

proceeds in the cis-to-trans order, and this is consistent with the cisternal maturation model. If the

TGN is formed completely by cisternal maturation that continues from the Golgi apparatus, it would

start to regenerate near the Golgi scaffold after the trans-Golgi cisternae have been completed.

Therefore, | suggest that the plant TGN is not just the sequel to the Golgi maturation; at least a

portion of its components can reassemble without supply from the Golgi.

Furthermore, | have found that almost all the Golgi stacks and the TGN are associated in

pairs after regeneration. This is different from the untreated cells, in which significant proportion of

the two organelles are apart from each other. Time-lapse observation has revealed that the TGN,

which has started to regenerate independently from the Golgi, gets associated with the Golgi stacks

at the later stage of the regeneration (Figure 36D). The previously regenerated part of the TGN

without Golgi might receive materials from the associated Golgi.

From the results above, | propose that the TGN does not fully depend on the Golgi, but the

association between the two organelles is indispensable step for their regeneration.
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Figure26. Visualization of the TGN with the Golgi stacks in BY-2 cells.

(A) Confocal image of BY-2 cells expressing GFP-SYP41 (TGN, green) and ST-mRFP (trans-Golgi, magenta).

(B) Confocal image of BY-2 cells expressing GFP-SYP31 (cis-Golgi, green) and mRFP-SYP41 (TGN,
magenta).

Scale bars = 20 um.
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Figure27. Behaviors of SYP41 upon BFA treatment with 50 uM or 10 uM.

Time-lapse images of BY-2 cells expressing GFP-SYP41 (TGN, green) and ST-mRFP (trans-Golgi, magenta)
during BFA treatment. The indicated times mean the elapsed time after BFA addition (minute:second). (A) 50
uM BFA. (B) 10 uM BFA. Scale bars = 10 um.
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Figure28. Behaviors of SYP41 upon BFA treatment with 25 uM or 5 pM.
Confocal images of BY-2 cells expressing GFP-SYP41 (TGN, green) and ST-mRFP (trans-Golgi, magenta).
Without BFA treatment, and after 25 uM or 5 uM BFA treatment for 1.5 h. Scale bars = 20 um.
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Figure29. Weak BFA treatment of VHA-al-GFP.
Confocal images of BY-2 cells expressing VHA-al-GFP. Without BFA treatment (-BFA) and after 10 uM
BFA treatment for 1.5 h (+BFA). Scale bars =20 um.
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Figure 30. Effects of weak BFA on SYP31.
Confocal images of BY-2 cells expressing GFP-SYP31 (cis, green) and ST-mRFP (trans, magenta). Without
BFA treatment, and after 10 uM or 5 uM BFA treatment for 2 h. Scale bars =20 um.
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Figure 31. TIRFM observation of SYP41 upon weak BFA treatment.

(A) TIRFM images of the GFP signal of BY-2 cells expressing GFP-SYP41 (TGN) and ST-mRFP (trans).
Without BFA treatment (-BFA), and after 10 uM BFA treatment for 1.5 or 2 h. The arrowhead indicates
the larger structure, which is presumed to be the TGN.

(B) Maximum intensity projection of the time-lapse images of the same cells in (A) with pseudo-colors
associated with time (0 sec: red, 1 sec: green, 2 sec: blue.)

Scale bars = 10 um.
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Figure 32. Uptake of FM4-64 with under the presence of weak BFA.
Time-lapse images of BY-2 cells treated with 10 ug/ml FM4-64. Without BFA treatment (-BFA) and the cells

treated with 10 uM BFA for 30 min prior to FM4-64 addition (+BFA). The indicated times mean the elapsed
time after FM4-64 addition. Scale bars = 20 pum.
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(A) merged GFP-SYP41 FM4-64

Figure 33. TIRFM observation of SYP41 and FM4-64 upon weak BFA treatment.

BY-2 cells expressing GFP-SYP41 (TGN, green) were treated with 10 uM BFA for 90 min prior to brief

FM4-64 treatment (magenta), and washed by fresh medium containing BFA.

(A) TIRFM images. Arrows indicate the partial colocalization of GFP and FM4-64 signals.

(B) Time-lapse images by TIRFM. Arrowheads indicate a punctate signal of GFP that moves toward a FM4-
64 dot, seems to associate briefly, and goes away.

Scale bars =3 um.
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Figure 34. Regeneration of the TGN and trans-Golgi after BFA removal.

Time-lapse images of BY-2 cells expressing GFP-SYP41 (TGN, green) and ST-mRFP (trans-Golgi, magenta)
after BFA removal. The cells were treated with 10 uM BFA for 2 h, and then BFA was removed. LatB (2 pM)
was added 30 min before BFA removal, and cycloheximide (100 uM) was added at the point of BFA removal.
The indicated times mean the elapsed time after the observation was started. Scale bar = 20 um.
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Figure 35. Regeneration of the TGN and cis-Golgi after BFA removal.

Time-lapse images of BY-2 cells expressing GFP-SYP31 (cis-Golgi, green) and mRFP-SYP41 (TGN,
magenta) after BFA removal. The cells were treated with 10 uM BFA for 2 h, and then BFA was removed.
LatB (2 uM) was added 30 min before BFA removal, and cycloheximide (100 uM) was added at the point of
BFA removal. The indicated times mean the elapsed time after BFA removal. Scale bar = 20 pum.
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Figure 36. A model for the behaviors of the Golgi apparatus and the TGN upon BFA treatment and

removal in plant cells.

(A) The Golgi stacks are located near the ERES, and there might be some ERES without associated Golgi.

(B) By BFA treatment, the proteins of the cis-most cisternae localize to the punctate compartments closely
associated to the ERES, while other cis-, medial-, and trans-Golgi proteins relocate to the ER membrane.
Some of the TGN proteins relocalize to small vesicle-like structures dispersed throughout the cytoplasm.

(C) After BFA removal, the TGN proteins begin to localize at larger structures, which are not related to the
ERES or the punctate compartments of cis-Golgi proteins.

(D) The punctate compartments with cis-Golgi proteins gather to form the cis-most cisternae. The
regenerating TGN associates with them. The Golgi stacks reassemble from the regenerated cis-most
cisternae in the cis-to-trans order (back to A).
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Chapter 4

General Discussion and Perspectives
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BFA has been used as a nice tool to investigate Golgi organization especially in

mammalian cells in order to know whether the Golgi biogenesis occurs de novo from the ER or

requires preexisting templates. Those studies have revealed that a subset of Golgi proteins including

some cis-Golgi components (mammalian homologs of SYP31, RER1, and ERD2) are segregated

from other Golgi components including Golgi enzymes by BFA treatment. Such proteins localize at

punctate structures adjacent to the ERES, whereas the others are absorbed into the ER (Tang et al.,

1993; Nakamura et al., 1995; Fillekrug et al., 1997a; Fullekrug et al., 1997b; Seemann et al., 2000).

These structures are often called “Golgi remnants” because they appear to be left behind after the

Golgi absorption into the ER. However, it is not evident whether these structures are indeed left

behind or are re-formed after fusion with the ER.

Compared to plants, fungi, and invertebrates, the Golgi apparatus is far from the ERES in

mammalian cells because the Golgi is concentrated near the nucleus. In order to achieve this

long-distance transport, mammalian cells have the specialized compartment called ERGIC

(ER-Golgi intermediate compartment). In the ERGIC, sorting and concentration of anterograde and

retrograde cargoes by COPI vesicles are thought to take place (Martinez-Menarguez et al., 1999).

ERGIC consists of vesiculo-tubular clusters, and is marked by a lectin ERGIC-53 (Schweizer et al.,

1990; Appenzeller-Herzog and Hauri, 2006). Similarly to some Golgi proteins, ERGIC-53 is known

to localize at the Golgi remnants upon BFA treatment (Lippincott-Schwartz et al., 1990). In the
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organisms with discrete Golgi, the Golgi stacks are frequently found in the vicinity of the ERES,

thus they have been believed to have no ERGIC. However, a recent report on C. elegans Golgi

suggests that an ERGIC-like compartment also exists in invertebrate cells, in the region sandwiched

between the ERES and the Golgi stack (Witte et al., 2011).

The punctate structures of cis-Golgi proteins | have discovered in plant cells upon BFA

treatment are very similar to the Golgi remnants in mammalian cells. From this similarity, and

moreover from the result that the proteins which localize to the punctate structures seem to originally

localize at the cis-most cisternae without BFA, | propose that the cis-most cisternae of the plant

Golgi stacks have the properties equivalent to both the ERGIC and the cis-Golgi in mammalian cells.

A recent report by electron tomography which suggests that the cis-most cisternae in plant cells are

biosynthetically inactive supports this idea (Donohoe et al., 2013).

Among the proteins that localize at the Golgi remnants upon BFA treatment, some are

suggested to be the candidates for the “Golgi stacking factors”; GRASP65, GRASP55, and GM130

(Seemann et al., 2000). GRASP65 was identified as the major target of a compound that prevents

Golgi reassembly after mitosis (Barr et al., 1997), and its homolog GRASP55 was also revealed to

have a similar nature (Shorter et al., 1999). Both of them are Golgi matrix proteins, and were shown

to interact with another Golgi matrix protein GM130 (Barr et al., 1998; Shorter et al., 1999).
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GRASPs are suggested to function after tethering by GM130 (Shorter and Warren, 1999;

Puthenveedu et al., 2006; Marra et al., 2007). However, although in vitro inhibition of GRASP65

after Golgi disassembly led to the formation of single cisternae without stacking upon reassembly

(Barr et al., 1997), in vivo inhibition of either GRASP65 or GRASP55 caused only Golgi ribbon

fragmentation into ministacks and did not affect the stacked structure (Puthenveedu et al., 2006;

Feinstein and Linstedt, 2008). Because double depletion of GRASPs in vivo resulted in significant

reduction of stacked structure of the Golgi apparatus, mammalian GRASPs are suggested to act in

Golgi stacking redundantly, but independently in Golgi ribbon formation (Xiang and Wang, 2010).

However, in spite of their prominent roles in the Golgi structure formation in mammalian

cells, the function of GRASP homologs as the “Golgi stacking protein” is not very obvious in other

organisms without the Golgi ribbon. Deletion of the only GRASP homolog Grhl in P. pastoris has

no significant effect on the Golgi structure (Levi et al., 2010). S. cerevisiae also has a GRASP

homolog, which localizes to the cis-Golgi membrane, in spite of the unstacked Golgi (Behnia et al.,

2007). On top of them, GRASP and GM130 are lacking in plants (Latijnhouwers et al., 2007; Klute

et al., 2011). Green algae also lack GRASP but red algae have it, indicating the secondary loss of

GARSP in the chloroplastida stem lineage (Klute et al., 2011). Whether conservation of the genes

involved is too low or completely different components substitute GRASP and GM130 in plants

remain obscure. Considering the close relation between the Golgi stacking and the Golgi ribbon
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formation in mammalian cells, the organisms with the Golgi ribbon might have developed a different

system to maintain the Golgi structure.

From the similarity between the punctate structures in this study and the Golgi remnants in

mammalian cells, | speculate that the “Golgi stacking factors” localize at the structures in plant cells.

Because | have confirmed that the similar structures can be observed not only in tobacco cells but

also in Arabidopsis root cells, now the way to genetical analyses is open. Identification of the

components that localize at the structures should contribute to reveal the molecular mechanisms for

Golgi biogenesis and maintenance.

Also in this study, the TGN has been revealed to have a special feature different from the

other Golgi cisternae. Although the cisternal maturation model appears to be widely accepted now,

some conflicting data have been reported. One of them is about the export kinetics of cargo proteins

from the Golgi apparatus. In mammalian cells, it has been demonstrated that both big and small

secretory cargoes exit the Golgi with exponential kinetics (Patterson et al., 2008). However, in the

cisternal maturation model, the cargoes are predicted to exit the Golgi with linear kinetics. The

problem can be avoided by modifying the model to include a post-Golgi organelle as a compartment

that does not transport the cargoes only by its maturation. From the results | have obtained in this

study, I suggest that there is a border of the simple cisternal maturation between the trans-Golgi and
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the TGN in plant cells. Further investigation of cargo transport not only within the Golgi but also

between the Golgi and the TGN will provide more insights.

Although the plant Golgi stacks are believed to double in number prior to cytokinesis

(Garcia-Herdugo et al., 1988; Segui-Simarro and Staehelin, 2006), the Golgi biogenesis around

mitosis has never been observed in living cells, mostly because of the technical problems

(Nebenflhr et al., 2000). From this study using BFA treatment, | speculate that the cis-most cisternae

might play a key role in Golgi biogenesis around mitosis. Moreover, because the TGN is not likely

to be formed only from the Golgi apparatus, the biogenesis process of the TGN might be different

from that of the Golgi stacks. | believe that the discoveries in this study will contribute to the future

analyses of the biogenesis of plant Golgi and TGN, which would be realized soon by the advance in

live imaging techniques.
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Experimental Procedures

Construction of plasmids

The dual site Gateway vectors harboring GFP-SYP31 and ST-mRFP

(GFP-SYP31/ST-mRFP), GFP-SYP31 and mRFP-SYP41 (GFP-SYP31/mRFP-SYP41), and

GFP-SYP41 and ST-mRFP (GFP-SYP41/ST-mRFP) were kindly provided by Dr. T. Uemura (The

University of Tokyo). mRFP-SYP31 cloned in pDD301, ST-mRFP cloned in pDD302, mRFP-VAM3

cloned in pGWBL1, and GFP-SYP31 cloned in pGWB1 were also presented by Dr. T. Uemura. The

DNA fragment coding Pzss-GFP-RER1B-Tyos Was digested from RER1B/pSKP1 (Takeuchi et al.,

2000) by Sall and Notl and entered into pENTR1A. P3s55-GFP-RER1B-Tyos in pENTER1A and

MRFP-SYP31 in pDD301 or ST-mRFP in pDD302 were recombined into pPGWB3501 (kindly gifted

by Dr. T. Nakagawa, Shimane University) by LR clonase (Invitrogen), and resulting plasmids were

designated as GFP-RER1B/ST-mRFP and GFP-RER1B/mRFP-SYP31,  respectively.

P3ss-GFP-RER1B-Tyos in pPENTERLA was also used for the LR reaction to generate GFP-RER1B in

PGWBL.

To generate ERD2-GFP in pGWB1, the DNA fragment coding Pzss-ERD2-GFP-Tyos Was

amplified by PCR using a primer set (5’-CACC-GATTAGCCTTTTCAATTTCAGAAAG-3’ and

5’-TTGCGGGACTCTAATCATAA-3’). The fragment was cloned into pENTR/D-TOPO
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(Invitrogen) and recombined into pGWB1 by LR clonase. For the construction of ERD2-YFP, the

DNA fragment coding ERD2 was amplified by PCR by wusing a primer set

(5’-CACC-ATGAATATCTTTAGATTTGCTGGCG-3’ and 5’-AGCCGGAAGCTTAAGTTTGG-3’),

cloned into pENTR/D-TOPO, and recombined into pK7YWG2 (Karimi et al., 2005). The DNA

fragment coding ST  was amplified by PCR using a primer set

(5’-CACC-ATGATTCATACCAACTTGAAGAAAAAGTTC-3’ and

5-CATGGCCACTTTCTCCTGG-3’), cloned into pENTR/D-TOPO, and recombined into

pPH7RWG2 (Karimi et al., 2005). GFP-SYP31 and mRFP-SYP31 cloned in pENTR/D-TOPO (gifted

by Dr. T. Uemura) were recombined into pHGW (Karimi et al., 2002) similarly.

For the construction of SEC13-YFP and YFP-ATCASP, each cDNA was amplified by PCR

and cloned into pENTR/D-TOPO. The primer sets (5’-CACCATGCCTCCTCAGAAGATTGA-3’

and 5’-TGGCTCAACAACAGTCACTT-3’ for SEC13) and

(5’-CACCATGGAGGTTTCGCAAGATGG-3’ and 5’-TTAAAGACCGTGAGGAAGGTTT-3’ for

ATCASP) were used. The entry clones of SEC13 and ATCASP were then recombined with

pK7YWG2 and pK7WGY 2, respectively (Karimi et al., 2005).

SP-GFP-HDEL, Lifeact-Venus, and VHA-al-GFP have been already described in Takeuchi

et al. (2000), Era et al. (2009), and Dettmer et al. (2006), respectively.
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Establishment of transgenic BY-2 cell lines

WT bright yellow-2 (BY-2) tobacco (Nicotiana tabacum) cell suspension cultures were
grown in modified Murashige and Skoog medium enriched with 0.2 mg I* 2-4-D and were
maintained as described in previous study (Nagata et al., 1992). Three- and four-day-old BY-2 cells
were used for the microscopic observations.

Ti plasmids were individually transformed into Agrobacterium tumefaciens strain EHA105.
Three 5 ml aliquots of 3-day-old BY-2 cells were incubated with 40 pl, 100 ul and 400 wl of the
overnight culture of the transformed A. tumefaciens as the method described previously (An, 1985).
After 48 h incubation at 28 °C, cells were washed three times in 5 ml of modified MS medium, and
resuspended in modified MS medium containing 200 mg I* claforan with suitable antibiotics for
selection: 50 mg It hygromycin for ST-mRFP, mRFP-SYP31, GFP-SYP31, GFP-SYP31/ST-mRFP,
GFP-RER1B/ST-mRFP, GFP-RER1B/mRFP-SYP31, GFP-SYP31/mRFP-SYP41, and
GFP-SYP41/ST-mRFP; 50 mg It kanamycin for Lifeact-Venus, SEC13-YFP, and VHA-al-GFP.
Then, the suspended cells were plated onto solid modified MS medium containing the same
antibiotics as the medium used for suspension (excluding claforan). After about 3 weeks, selected
calli were transferred onto new plates and cultured for about 2 weeks additionally. As each callus
reached a size of 1-2 cm in diameter, suitable lines expressing marker proteins at the appropriate

level for microscopic observation were selected. Each selected line was transferred to 30 ml of new
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modified MS medium, and cultured with continuous shaking similarly to WT cells.

Transgenic BY-2 cells expressing SEC13-YFP/GFP-SYP31/ST-mRFP were established by
introducing the SEC13-YFP into the cell line expressing GFP-SYP31/ST-mRFP as the method
described above with the A. tumefaciens EHA105 with Ti plasmids harboring SEC13-YFP.
Transformants were suspended in modified MS medium containing 200 mg I"* claforan with 50 mg
I"* kanamycin, and selected on plates of solid modified MS medium containing 50 mg I™* kanamycin.
The selected calli were transferred onto plates of modified MS medium containing 25 mg I*
hygromycin  and 25 mg I kanamycin. Transgenic BY-2 cells expressing
ERD2-YFP/GFP-SYP31/ST-mRFP or YFP-ATCASP/GFP-SYP31/ST-mRFP were established
similarly by using Ti plasmids harboring ERD2-YFP or YFP-ATCASP, respectively. Transgenic
BY-2 cell lines expressing ERD2-GFP/ST-mRFP and SP-GFP-HDEL/ST-mRFP were also
established similarly by introducing ERD2-GFP or SP-GFP-HDEL into the cell line expressing
ST-mRFP with Ti plasmids harboring ERD2-GFP or SP-GFP-HDEL, respectively. BY-2 cells
expressing GFP-SYP31/mRFP-VAM3 were also established similarly by introducing mRFP-VAM3

into the cell line expressing GFP-SYP31. BY-2 cells expressing SEC13-YFP/mRFP-SYP31 was also

established by introducing SEC13-YFP into the cell line expressing mRFP-SYP31.
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Transformation and growth conditions of Arabidopsis plants

GFP-RER1B in pGWB1 was used for transforming wild type (Col-0), gnll, and

gnl1/GNL1*"™ Arabidopsis plants (Richter et al., 2007). Transformation was performed by floral

dipping (Clough and Bent, 1998) using Agrobacterium tumefaciens strain GV3101::pMP90.

GFP-SYP31 in pPGWB1 and ERD2-GFP in pGWB1 were also used for transforming gnl1/GNL1%*"™

plants similarly.

Arabidopsis seeds were sterilized and planted on 0.3% agar plates containing half-strength

Murashige and Skoog medium, 1% wi/v sucrose and vitamins (pH 6.3). Plants were growth in a

climate chamber at 23°C under the continuous light.

BFA treatment and removal

50 mM Brefeldin A (BFA; Sigma-Aldrich) diluted in DMSO was prepared as stock

solution. Aliquots of stock solution were added to suspension cultures at 50 uM in the final

concentration. For Golgi regeneration experiments, BY-2 cells treated with BFA were washed twice

by fresh modified MS medium (BFA-free), and resuspended in the modified MS medium containing

drugs indicated in the figure legends.
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Drug treatments

To depolymerize actin filaments, 2 uM of latrunculin B (LatB; Sigma-Aldrich, stock

solution was prepared at 2 mM in DMSO) was added to suspension cultures. To inhibit the protein

synthesis, 100 uM of cycloheximide (Sigma-Aldrich, stock solution was prepared at 100 mM in

DMSO) was used. The timings when these drugs were added are indicated in the figure legends.

Confocal microscopy

For 2D observation of BY-2 cells expressing fluorescent proteins, two microscopic settings

were used: 1) Olympus 1X81-ZDC fluorescence microscope equipped with a confocal scanner unit

(model CSU10, Yokogawa Electric) and a cooled digital CCD camera (model ORCA-R2,

Hamamatsu Photonics) and 2) confocal laser scanning microscope (model LSM710; Zeiss). The

latter was also used for confocal observation of Arabidopsis root cells. For long time-lapse

observations of BY-2, cells were placed on 35 mm glass bottom dishes with PLL coat (Matsunami).

Images were processed and analyzed with MetaMorph (Molecular Devices), ImageJ 1.43 (National

Institutes of Health) and Photoshop CS5 (Adobe Systems).

For high-resolution 3D imaging, Super-resolution Confocal Live Imaging Microscopy

(SCLIM) was employed. In the SCLIM system we developed (Matsuura-Tokita et al., 2006; Nakano

and Luini, 2010; Kurokawa et al., 2013), Olympus IX-70 microscope was equipped with a
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custom-made, super-low-noise and high-speed confocal scanner (Yokogawa Electric), custom-made,

cooled image intensifiers (Hamamatsu Photonics) and high-speed and high-sensitivity EM-CCD

cameras (Hamamatsu Photonics). The objective lens was oscillated vertically to the cover slip by a

custom-made, high-speed and low-vibration piezo actuator system (Yokogawa Electric). Data were

oversampled and subjected to a deconvolution analysis with Volocity (Improvision) by using the

point-spread function optimized for the Yokogawa spinning-disk confocal system.
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