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Abstract

Autophagy is a degradation system that recycles intracellular components
conserved in eukaryotic cells. In the yeast Saccharomyces cerevisiae, autophagy-related
(Atg) proteins essential for autophagosome (AP) formation form a restricted punctate
structure near the vacuole to expand isolation membranes (IMs), which mature to become
enclosed APs. Recently, our group has shown that these Atg proteins play a critical role in
IM expansion by developing an IM visualization technique under a fluorescence
microscope. Thus, morphological analysis of autophagy-related structures (ARSs)
including IMs is a powerful method for understanding the mechanisms of AP formation.
However, this method was performed manually and was time-consuming. The only fully
expanded IMs were subjected to the analysis. Therefore, the high-throughput and
comprehensive analyses of ARSs were awaited. To analyze the process of AP formation
comprehensively, I developed a high-throughput morphological analysis system for ARSs
with a combination of image analysis and machine learning, which named Quantitative
autophagy-related structure analysis system (Qautas). Qautas can analyze morphological
features of IMs much faster than a conventional manual method with equal detection
accuracy.

Atgl is a multi-functional protein that has a scaffolding function and a kinase

D211A

activity. atgl cells are defective in the kinase activity but has the scaffolding function,

whereas atglA cells have neither function. In atg?A cells, both functions of Atgl are



normal although AP formation is absolutely inhibited. Qautas can classify ARS in IM
visualized cells as elongated ones or dot-shaped ones. Morphometric analysis of ARSs in

D211A

wild-type cells and autophagy mutants (atg/A, atgl and atg?A cells) by Qautas

showed that the frequency of elongated structures markedly increased in wild-type and

1P2"'% cells but not in atgIA and atg2A cells. Next I analyzed the elongated structures

atg
by principal component analysis (PCA) and hierarchical clustering, resulting that the
elongated ones were divided into six groups. I found that the clusters including large
cup-shaped structures were only present in wild-type cells. The majority of elongated
structures belonged to the clusters including small bar-shaped structures. From these
analyses, I succeeded to separate morphological phenotypes among wild-type, atg/A,

atg]DZI]A

and atg?A cells, which could not be distinguished previously. This analysis
suggests that the scaffold function and kinase function of Atgl act different steps in AP
formation. Moreover, I found that Atg2 did not localize to ARSs in azgl®*''* cells. This
indicates that Atgl is involved in localization of Atg2 through its kinase activity.

In W303 diploid cells, APs can be visualized without IM visualization. The
major advantage using W303 diploid cells is that the whole process of autophagy, which
are IM expansion, AP maturation, fusion to the vacuole, and degradation of autophagic
bodies inside the vacuole, can be traceable using Atg8 as a marker of ARSs. ARSs were
extracted from autophagy-induced W303 diploid wild-type cells, and their morphological
parameters were analyzed with the Gaussian mixture model (GMM), resulting that the

ARSs were separated into seven morphological clusters. I noticed that two of seven clusters

were found only in wild-type cells. Thus, I conclude that these clusters are AP clusters.



Next, I focus on the ARSs in AP clusters. Localization analysis of Atg proteins to the ARSs
revealed that Atgl, Atg8, Atgl7 and Atg29 had puncta at the contact site between the
vacuole and ARS. Atg2 is known to localize at the edge of IMs as multiple puncta during
IM expansion. I found that Atg2 still localized to the ARS in the AP clusters as multiple
puncta.

Previously, it has been widely believed that APs are formed through the following
steps; assembly of Atg proteins, assembly of membranes (nucleation), IM expansion and
IM closure. In this model, an AP is always formed via the cup-shaped IM as an
intermediate structure. Time-lapse morphological analysis of ARSs revealed that after
spherical ARS emerged, they gradually increased in volume with keeping their high
roundness, and finally fused to the vacuole. Astonishingly, this observation suggests that
the large IM does not appear during AP formation. Rather, this suggests that APs are
inflated after nucleation. In this study, I propose a novel model of AP formation without

large IMs, that is, the inflation after nucleation model.
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General Introduction

Macroautophagy, (hereafter referred to as autophagy) is a bulk degradation
system that highly conserved among eukaryotes. It is important for balancing degradation
and biosynthesis to keep homeostasis of cells (Mizushima et al., 2011). Targets of
autophagy are not only proteins and organelle but also pathogens that invade into cells
(Mizushima and Komatsu, 2011). It has been reported that autophagy is related to several
incurable diseases such as Parkinson’s diseases, Alzheimer’s diseases, Crohn’s diseases and
cancer (Banerjee et al., 2010; Rioux et al., 2007; White, 2012). Autophagy modulation has
a possibility to cure those intractable diseases (Rubinsztein et al., 2012). However the basal
mechanism that performs autophagy has poorly understood, hence the mechanical analysis
has been needed. Accumulation of Atg proteins to a restricted perivacuolar site is a first
step of AP formation in yeast (Kirisako et al., 1999; Suzuki et al., 2001) (Fig. 1). The IM, a
cup-shaped membrane structure expands and encloses cargoes to be degraded (Kirisako et
al., 1999). Subsequently, the IM matures to become a double-membrane compartment
called an AP, the outer membrane of an AP fuses with the vacuole membrane (Baba et al.,
1994). The digestive enzymes degrade the inner membrane structure, an autophagic body,
derived from an AP and its contents diffuse throughout the vacuole (Nakatogawa et al.,
2009). It is known that 19 Atg proteins are critical for AP formation (Araki et al., 2013;
Mizushima and Komatsu, 2011; Tsukada and Ohsumi, 1993). Morphological phenotypes of
expanding IMs in those Atg proteins mutants are very difficult to separate in electron

microscopy, because all mutants showed defect of AP formation. Thus, a method to
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discriminate IMs from other autophagic structure by fluorescence microscopy was long
awaited.

IMs can be visualized with overexpression of the premature form of
aminopeptidase 1 (prApel), a selective cargo of autophagy and observation of Atg8, a
marker of ARSs (Suzuki et al., 2013). This study describes three patterns in the localization
of other Atg proteins, the vacuole-IM contact site (VICS) pattern, IM-Edge pattern and IM
pattern in Aminopeptidase I (Apel) overexpressing cells (Suzuki et al., 2013). This IM
visualization technique enables us to examine morphological phenotypes of IMs during AP
formation. The result of measurement of IM lengths in autophagy mutants are in accord
with autophagic activity estimated by the alkaline phosphatase (ALP) assay, which reflects
bulk autophagic activity (Noda et al., 1995; Noda and Klionsky, 2008). Morphological
analysis of autophagy mutants and localization analysis of Atg proteins revealed that
intra-organellar interaction is important for AP formation and Atg proteins have several
localization patterns reflecting their functions. However, dynamics of Atg proteins during
AP formation remains unknown.

Atg proteins change their localization during IM expansion and contact with
other organelles such as the ER and vacuole. However, localizations of Atg proteins on the
APs are still unknown. Visualization of Atg proteins on the AP will lead to a novel model

of AP formation.
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Part 1

Morphological analysis of ARSs at the early stage of AP formation

Introduction

It is known that 19 Atg proteins essential for AP formation can be divided into
five functional units (Nakatogawa et al., 2009), the Atgl kinase complex,
phosphatidylinositol 3-kinase (PI3-kinase) complex I, Atgl2 conjugation system, Atg8
conjugation system and membrane protein complex (Fig. 2). The localizations of Atg
proteins are basically consistent with the functional units (Suzuki et al., 2013) (Fig. 3). The
Atgl complex and PI3-kinase complex localize at the VICS, ubiquitin-like conjugation
systems (Atg8-binding proteins and Atgl2-binding proteins) localize throughout the IM,
and the membrane protein complex localizes at the IM edges. On the other hand, it is
reported that only Atgl transits to the IM among the components of the Atgl complex
(Suzuki et al., 2013), indicating that Atgl has an additional role during IM expansion.

When cells face with starvation, the target of rapamycin complex I (TORCI1)
receives a starvation signal and becomes inactivated (Fig. 4). Then, Atgl3 is
dephosphorylated and binds to Atgl. The Atgl-Atgl3 complex binds to the
Atgl7-Atg29-Atg31 complex and it works as a scaffold of the ARS (Kawamata et al., 2008,

Chew et al., 2015). Atgl is an only protein kinase among Atg proteins. The kinase activity
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of Atgl is elevated by the formation of the scaffolding complex (Kamada et al., 2000).
Atgl has a kinase domain at the N-terminal region (Matsuura et al., 1997), and the kinase
activity of Atgl is activated through its autophosphorylation (Kijanska et al., 2010). The

P211A strain, which lacks the kinase activity, is defective in autophagy (Yeh et al., 2010).

atgl
A recent study has revealed that activated Atgl phosphorylates Atg9 and is involved in
lipid recruitment (Papinski et al., 2014). At the C-terminal region of Atgl, there is a tandem
repeat of microtubule-interacting and transport (MIT) domains that consist of three
a-helices and bind to the MIT-interacting motif (MIM) domain of Atgl3 (Fujioka et al.,
2014; Jao CC et al., 2013; Noda and Fujioka, 2015). This interaction is important for
formation of scaffolding complex and progression of autophagy. Mutations in the Atgl
MIT domain and the MIT binding domain of Atgl3 cause a defect in the formation of the
scaffold complex, leading to a defect in Atgl autophosphorylation. Atgl is a

multi-functional protein that has a scaffolding function and a kinase activity, but the precise

functions of both domains are still remaining unrevealed.

The mechanisms of IM expansion have been unknown because of the
complicated interactions among 19 Atg proteins. Besides, there has been no way to analyze
expanding IMs because ARSs were too small to observe by fluorescence microscopy and

the ARSs were not recognized by electron microscopy. A previous study revealed that Atgl

K54A D211A

kinase mutants (atgl™""", atgl ) had short IMs by morphological analysis of ARSs in
IM visualized cells (Suzuki, 2013). Development of an IM visualization technique suggests

a possibility to be a breakthrough of the morphological analysis of ARSs including IMs, but
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there were some problem in quantification steps; quantification was performed manually
(Fig. 5). During the manual quantification of ARSs, it took about 10 minutes to analyze one
structure. Thus, I aim to develop a high-throughput measurement system of the
morphological features of ARSs and to perform the comprehensive morphological analysis
of ARSs in wild-type cells and autophagy mutant cells. This analysis will provide new

insight into the mechanisms of IM expansion.
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Results

Development of high-throughput ARS morphological analysis system

To develop the high-throughput measurement system of the length of ARS, I

D211A K54A

tried to measure the length using image analysis (Fig. 6). Wild-type, atgl and atgl

D211A K54A
are

cells were used to test the detection accuracy of the system. atgl and argl
kinase mutants of Atgl and those mutants showed shorter maximum lengths than wild-type
(Suzuki et al., 2013). atgI™>** has a weak autophagic activity and shows a slightly longer

maximum length than a kinase-dead mutant, azg/”*''*

. With only an image analysis, any
difference in the structure lengths of these strains was not detected (Fig. 7 A). Histograms
of the length showed that there were a large amount of small-sized structures in each strain
(Fig. 7 B). These small-sized structures were recognized as small dot-shaped structures,
which seemed unlikely the IMs, under a fluorescence microscope. Thus, I think that the
detection accuracy would increase by removing small dot-shaped structures from analysis.
To remove dot-shaped structures, the machine learning algorism, Random Forest
was implemented in the procedure (Fig. 8). The discriminator of dot-shaped and elongated
structures was created using a half of the training data (study data). The accuracy of this
discriminator was estimated as 91.5% using the remaining half of the training data (test
data). After discrimination, lengths of the classified structures were compared in each strain.
Comparison of the lengths of dot-shaped structures showed that there were no significant
differences among the structures in these strains (Fig. 9 A). But the lengths of elongated

structures in atgl mutants were shorter than that of wild-type cells. Furthermore, atgl®*''*
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cells had shorter elongated structures than argl®>** cells (Fig. 9 C). This result well
correlates with a previous study (Suzuki et al., 2013). This system could measure over 100
structures in 10 minutes. With a conventional manual method, it took 10 minutes per one
structure. Thus, this new system is 100 times faster than the conventional method with an

accuracy of the similar level. I name this system as the Qautas.

Qautas reveals the dynamics of ARSs

Qautas can rapidly and comprehensively analyze the ARSs in fluorescence
microscopic images. The frequency of ARSs increased just after autophagy induction and
reached a peak at 1.5 h (Fig.10 A). Subsequently, the frequency slightly decreased and
reached a steady state. This might reflect that the biogenesis and degradation of APs come
to equilibrium in wild type cells. Frequencies of dot-shaped and elongated structures
reached a peak at 1 h and 1.5 h, respectively (Fig.10 B, C). This suggests that at least a part
of dot-shaped structures are transformed into elongated structures in 30 minutes.
The frequency of elongated structures markedly increased in azg! D211A

To analyze morphological difference between autophagy defective mutants,
ARSs of atgl and atg? mutant were analyzed. It is considered that the kinase activity of
Atgl works after the scaffolding function of Atgl (Kawamata et al., 2008). Atg2 localizes
on the edge of IM and tethers ER and IM (Suzuki et al., 2013, Kotani et al., 2018). It is
considered that Atg2 is essential for the IM expansion because lipids stained by R18 are not

transferred into IM in afg2 A cells (Hirata et al., 2017). However, morphological
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D211A

differences among in atglA, atgl and atg?A cells were still known. Qautas has

possibility to separate the morphological difference of ARSs between atgl deleted (atglA)

cells and atg] kinase-dead (atgI™''*) cells. The frequencies of ARSs in atgIA, atgl®*''*

and arg2?A cells were analyzed. The atg?A cells are analyzed as another autophagy defect
strain.

The frequencies of dot-shaped structures were increased after autophagy
induction in each strain (Fig. 11 B, E, H). The frequency of elongated structures was slowly
increased in atgIA cells (Fig. 11 C) and was markedly increased in atgI™*''* (Fig. 11 F).

But in atg?A, the frequency of elongated structures did not increased (Fig. 11 I). Using

D211A

Qautas, frequencies of ARSs could be analyzed and phenotype of atg! , atgl A and

atg? A were different.

D211A

Elongated structures in azgl/ A and atgl cells are bar-shaped structures

D211A

It has been thought that atg/A and atgl strain could not expand IMs. But

D211A

elongated structures were increased in afg/A and atgl cells. So, I analyzed

morphological differences between ARSs formed in these mutants. In microscopic images,

large cup-shaped structures were observed in wild-type cells but not in atg/A and atgl®*''*

cells (Fig. 12). Instead of large cup-shaped structures, small bar-shaped structures were

D211A

observed in atgl/A and atgl cells. To analyze morphological differences of elongated

structures observed in wild-type, atgIA and arg/®*''*

cells, quantified morphological
parameters were compared. There were significant differences between wild-type and

autophagy mutants in parameters that were related to the circularity of structures (axis ratio
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and roundness) (Fig.13 A, B). Parameters that related to the size of structures (Area,
Perimeter and Major axis length) were significantly larger in wild-type cells compared with
autophagy mutants (Fig.13 C, D, E). Remarkably, there were significant differences in

Area”, “Perimeter” and “Major axis length” parameters of structures in atg/A and arg/°*''*

D211A

cells, suggesting that elongated structures in atg/A and atgl cells are morphologically

different. Taken together, I conclude that elongated structures observed in wild-type, atg/A

and atg/™*''A

cells have different morphological features.
Elongated structures in wild-type cells are classified into six morphological clusters
To examine the differences among the elongated structures observed in wild-type

atglA, atgl b211A

and atg?A cells, nine morphological parameters of elongated structures
were subjected to the PCA. The loadings of each principal component (PC) were listed in
Table 3. PC1 to PC4 contributed to compress the over 90% of variance in quantified data
(Fig. 14 A). Next, all the elongated structures were clustered using PC1 to PC4 (Fig. 14 B).
The elongated structures were divided into six clusters with hierarchical clustering using
Euclidean distances. The cluster 1 is a group of elongated structures that are small
bar-shaped (Fig. 14 C). The structures in the cluster 2 showed a thick and highly bent
cup-shaped form. The structures in the cluster 3 were thin bar-shaped. The structures in the
cluster 4 were long and thick bar-shaped. The structures in the clusters 5 and 6 were large

cup-shaped and the curvature and minor axis length of the ones in the cluster 5 were larger

than those of cluster 6 (Fig. 14C, Table 3).
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The frequency of six morphological clusters
As shown above, the elongated structures have divided into six clusters based on
their morphological parameters (Fig. 14). Next, the elongated structures in wild-type, atg/A,

atg]DZI]A

and atg?A cells were clustered and analyzed. The vast majority of elongated
structures were small bar-shaped structures belonging to the cluster 1 (Fig. 15 A). The
clusters 5 and 6 appeared only in wild-type cells indicating that large cup-shaped structures
are formed in wild-type cells but not in autophagy mutants (Fig. 15 B). In addition to the
clusters 5 and 6, the cluster 4 did not appear in azg?A cells. In Figure 11 F, the frequency of

D211A

elongated structures markedly increased in atg/ cells. The ratios of the cluster 1

structures were particularly high in arg/°*''* cells (Fig. 15 A). The frequencies of the
q

cluster 1 structures in arg/°*''*

cells increased similarly as wild-type cells until 1.5 hours
after autophagy induction. However, the frequency increased until 3 hours and reached a
plateau (Fig. 15 C). Time-lapse image acquisition of wild-type revealed that a dot-shaped
structure appears at the beginning and becomes a bar-shaped structure belongs to the cluster
1. Then it finally becomes a cup-shaped IM (Fig. 16). These results indicate that the

cup-shaped IM formation is normal only in wild-type cells (Fig. 17). Bar-shaped structures

are formed and accumulated in an Atgl scaffold function dependent manner.
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The kinase activity of Atgl kinase is essential for Atg2 localization and lipid transfer
Atg?2 is a lipid transfer protein (Osawa et al., 2018) and lipids stained with R18
are not transferred to IMs in atg2A cells (Hirata et al., 2017). It is known that Atgl is
essential for Atg2 localization to the ARS (Suzuki et al., 2007). To understand if the kinase
activity of Atgl affects lipid recruitment into ARSs, colocalization of R18 with ARSs were

D211A

examined (Fig. 18). Lipid transfer from ERES to IM was impaired in atg/ and atglA

cells. R18 stained lipids could not localize on the ARS without Atgl kinase activity. It is
already known that Atg? loses its localization to the ARS in atg/A cells (Suzuki and
Ohsumi, 2007). To test if Atg2 localization is depending on Atgl kinase function, Atg2

D211A

localization in atgl cells were observed (Fig. 19). Atg2 lost its localization to the ARS

in argIP?'A

cells. That result indicates that Atgl kinase function is essential for Atg2
localization and transport of R18 positive lipids. So, localization of Atg2 is essential for the

R18 staining of ARSs.
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Discussion

Qautas analyzes ARSs in quickly and objectively

Visualization and morphological analysis of ARS had been powerful tool for
phenotypic analysis for autophagy mutants (Suzuki et al., 2013). However, only fully
expanded IMs are subjected to the analysis because morphological features are measured
by manually. To perform the high-throughput and objective morphological analysis for
ARS, I developed a system to measure the length of ARSs by using only image processing
(Fig. 7). However, it was impossible to detect the difference of the length among wild-type
and atg! mutants. Focusing on the histograms of the length, it is assumed that there are so
many structures that have short length in each strain. Seeing microscopic images realizes
me that there were so many dot-shaped structures in each strains. This result implies that
many ARSs stay as dot-shaped structure before IM expansion and Atg proteins assembly
takes time to assemble essential materials for IM expansion. So, measuring all structures
containing dot-shaped structures is inadequate for this analysis. I need to focus on the
morphological phenotype of elongated ARSs. Next, I developed the discrimination system
of dot-shaped structure and elongated structure using machine learning algorism, random
forest (Breiman, 2001) (Fig. 8). With this system I can automatically discriminate ARSs

before or after expansion. After discrimination, this system detected difference between

D211A K54A

wild-type, atgl and atgl with over 100 times efficiency. And this system analyzes
the all structures captured in microscopic images that had been impossible with

conventional method (Kawaoka et al., 2017). The strengths of this system are the speed and
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objectivity of the quantification. Combination of IM visualization and Qautas has
possibility to perform the comprehensive analysis of morphological features of ARSs.
Those detailed and comprehensive analysis might obtain the new findings about
complicated mechanisms of IM expansion. In this system, all ARSs were discriminated into
two structures based on training data made by human. This is a disadvantage of Qautas and

clustering with data-driven method could be the solution for this problem.

Small bar-shaped structures are formed in an Atgl scaffold function dependent
manner

In previous method, most of elongated ARS had been ignored because measuring
all structures is time consuming. After development of Qautas, it has become possible to
analyze objective phenotypic analysis of all elongated ARSs. The time-dependent change in
frequency of ARS reflected the dynamics of AP formation in wild-type cells (Fig. 10). The

D211A
cells

remarkable increase of elongated structures was observed in wild-type and atg!/
after 1.5 hours of autophagy induction (Fig. 10 C, Fig. 11 F). But it wasn’t observed in
atgl A (Fig. 11 C). The scaffold function of Atgl may contribute the formation of elongated
structures just after the autophagy induction.

The results of microscopic observation (Fig. 12) and comparison of quantified
morphological parameters (Fig. 13) showed that the elongated structures contain typical IM
structure, cup-shaped structures and newly characterized structure, bar-shaped structures.

To analyze those structures separately, elongated structures were subjected to PCA and

hierarchical clustering and divided into 6 morphological clusters (Fig. 14). The groups of
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large cup-shaped structures, cluster 5 and cluster 6 observed only in wild-type cells (Fig. 15

D211A

B). Comparison of the frequency of cluster 1 in wild-type and atg/ cells showed that

the small bar-shaped structures, cluster 1 accumulated in atgI™*''* cells (Fig. 15C). After

D211A

autophagy induction, atg/ cells showed constant increase until 3 hours and reached a

plateau while wild-type cells settled the steady state. This may reflect the dynamics of AP

formation had stacked at some point in artg/”*''*

cells. The small bar-shaped structures
accumulated in an Atgl kinase dependent manner. It reflects that the Atgl scaffold function
acts at very beginning of AP formation and form the scaffold complex before IM expansion.

Qautas succeed to detect subtle difference between ARS with or without the Atgl scaffold

function.

Atgl kinase activity is essential for Atg2 localization and R18 localization to the ARS

R18 staining analysis in azg/™*''*

and atglA cells revealed that the Atgl kinase
function is essential for the lipid transfer from ERES to ARS (Fig. 18). The Atgl kinase
function is essential for the Atg2 localization to the ARS (Fig. 19). Atg2 works as the
tethering factor of ER and IM (Kotani et al., 2018). Atg2 transfers lipids in vitro (Osawa et
al., 2018). Atg?2 is responsible for the transfer of R18 stained lipid to the ARS (Hirata et al.,
2017). So, the Atgl scaffold function is essential at the initial step of AP formation and the
Atgl kinase function is essential at the IM expansion step via localization of Atg2 (Fig. 20).
It is reported that the Atgl kinase phosphorylates Atg2 and Atg9 in vitro (Papinski et al.,

2014). atg1®*''* cells showed accumulation of Atg9 to the ARS (Reggiori et al., 2004).

Considering these reports, the kinase function of Atgl is essential for the IM expansion step
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because it regulates Atg2, Atg9 and Atgl8 localization and dynamics (Suzuki et al., 2007;
Suzuki et al., 2013). The Atgl kinase function is essential for the Atg2 localization to the
ARS. Formation of Atg2, Atg9 and Atgl8 complex at edges of IMs are essential for an
intra-organellar interaction between ER and ARS. The objective morphological analyses of
ARS succeed to detect subtle differences among atzg/ mutants. It has also uncovered that
functions of Atgl as the member of scaffold complex and the protein kinase may act in

different steps of the AP formation.
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Figures

Isolation membrane(IM)
expansion

Autophagosome(AP)
Atg proteins assembly formation

Vacuole

Autophagy induction

Fig. 1. Model for the process of autophagy
After induction of autophagy with starvation or rapamycin treatment, Atg proteins are
assembled at the restricted position on the surface of vacuole. Subsequently, IM expands to

enclose degradation targets and forms AP.
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Ubiquitin-like conjugation systems

Atg1 kinase complex Atg12-binding Atg8-binding

system system

Membrane protein
complex

J J

Fig. 2. Functional units of Atg proteins

Essential 19 Atg proteins can be separated into 5 functional units. The Atgl kinase complex
plays a role as a scaffold of Atg proteins assembly. The PI3 kinase complex interacts with
Vpsl5 and Vps34. There are two ubiquitin-like conjugation systems, Atgl2-binding
proteins and Atg8-binding proteins. Atg9 is a sole transmembrane protein among Atg
proteins. It is known that Atg2 and Atgl8 bind to Atg9 but their molecular functions are

poorly understood.
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IM pattern
+ Ubiquitin-like ) IMedge pattern

conjugation systems

* Membrane protein complex

VICS pattern

+ Atg1 kinase complex

* PI3-kinase complex

Fig. 3. Localizations of Atg proteins during IM expansion.

Atg proteins show different patterns of localization during IM expansion. The Atgl kinase
complex and PI3 kinase complex localize to the VICS. The membrane protein complex
localizes at the edges of the IM near the endoplasmic reticulum exit site (ERES). Two

ubiquitin-like conjugation systems and Atgl localize to the entire IM.
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Fig. 4. Regulation and functional domains of Atgl

(A) Regulation of the Atgl complex after nutrient starvation or rapamycin treatment.
Under nutrient rich conditions, Atgl3 is phosphorylated by TORCI1 and kept inactivated.
By nutrient starvation or rapamycin treatment, TORC1 becomes inactivated and Atgl3 is
dephosphorylated. Dephosphorylated Atgl3 binds to Atgl to form the Atgl complex
including Atgl3, Atgl7, Atg29 and Atg31. (B) Functional domains of Atgl. Atgl has a
kinase domain at the N-terminal region and an Atgl3 binding domain at the C-terminal

region.
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Fig. 5. Manual method to measure the length of ARSs

(A) Histogram of fluorescence intensities was extracted from the cup-shaped structure. (B)
The manual method to measure the length of ARSs. Draw a background lines (Line A)
and its parallel line (Line B) through the maximum value of the intensity. Add a line
vertical to the X-axis (Line C) from the maximum value point (Point A). Point the
intersection of Line A and Line C (Point B). Calculate the middle point of Point A and B
(Point C). Draw a line parallel to the background line through the Point C (Line D). Point
the intersections of the intensity profile and Line D at two points (Point D and E). Measure

the distance on the X-axis between Points D and E.

31
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Fig. 6. Automatic method to measure the length of ARSs by image analysis
At first, microscopic images were normalized with its fluorescence intensities, then filtered
by a bandpass filter to emphasize ARSs. Finally, ARSs were extracted by binarization.

Nine morphological parameters were extracted from the ARSs by particle analysis.
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Fig. 7. Comparison of the size of ARSs

After extraction of IM length, perimeters of ARSs were compared as an index of the

D211A D211Ai

structure length. ARSs in wild-type, atg/*>** and atg! were analyzed. atgl s a

kinase-dead mutant and the azgl>**

is a leaky kinase-defective mutant. (A) Comparison of
the structure length. ARSs in atg/ mutants showed significantly short structure length.
There was no significant difference between ARSs in azgl®™** and arg/®*''*. (B)
Distribution of structure length data. There were some structures which has longer structure

length in argl™* than in arg/®*''®. *P < 0.05; **P < 0.001; N.S. (not significant)

indicates P > 0.05 (two tailed Student’s #-test).
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Fig. 8. Scheme of randomForest discrimination

Nine morphological parameters (area, perimeter, majorr length, minor length, angle,

circularity, axis ratio, roundness and solidity) of ARSs were extracted by image analysis.

336 structural data were discriminated into elongated structures, which contain IMs, or dot

shaped structures, which contain the VICS manually. Half of them were used for learning

of discriminator and the other half were used for accuracy verification of discriminator.

Discriminator had been made of group learning of 500 weak learners (decision trees),

which can discriminate unclassified data into the IM or VICS based on the training data.
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Fig. 9. Size of ARSs after dot-shaped or elongated structure discrimination

After discrimination by randomForest algorism, lengths of the IM and VICS of each strain
were compared, respectively. (A) Comparison of structure length of IMs. (B) Histogram of
IM length data in each strain. The IM length of wild-type cells is longer than that of azg/

mutants. The leaky mutant, atgl*>** has longer IM length than atg/™*''

. (C) Comparison
of structure length of the VICS. (D) Histogram of structure length of VICS in each strain.

There was no significant difference between VICS length in these strains. * P < 0.05; ** P

<0.001; N.S. (not significant) indicates P > 0.05 (two tailed Student’s #-test).

(ABE DRGSR, B2 LU Part Il O NF T FIEEICRK T E TH D712 DFRINLT2)
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Material and methods

Strains and Plasmids

Yeast strains and plasmids are listed in Tables 1 and 2. Cells were cultured in YPD
medium (1% yeast extract, 2% bacto-peptone, 2% glucose) or SD/CA medium (0.17%
Bacto yeast nitrogen base w/o amino acids and ammonium sulfate, 0.5% ammonium sulfate,
0.5% Bacto casamino acids, 2% glucose) with appropriate supplements. Plasmids were
amplified by utilizing Escherichia coli cells in LB medium (1% Bacto tryptone, 0.5% Bacto
yeast extract, 1% NaCl). Amplicillin was added to LB medium at a concentration of 60
pg/mL. To induce the Cu2+-inducible CUP1 promoter, cells were cultured for 1 day in
SD/CA medium containing 250 uM CuSO4. Rapamycin (0.2 pg/mL) was added to induce

autophagy. Each sample was acquired every 30 minutes after addition of rapamycin.

Fluorescence microscopy

Cells were cultured to a concentration of 2.0x10” cells/mL in SD/CA medium and
cultured with 0.2 pg/mL of rapamycin (1 mg/mL stock dissolved in dimethyl sulfoxide) for
2 hours. Cells were collected with a microcentrifuge, suspended to the remaining medium,
and observed by fluorescence microscopy. An IX83 inverted system microscope (Olympus,
Japan) and a CoolSNAP HQ CCD camera (Nippon Roper, Japan) were used for image
acquisition. U-FGFP and U-FMCHE filter sets (Olympus, Japan) were used for GFP and

RFP visualization. Images were acquired with MetaVue software (Molecular Devices)
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Confocal fluorescence microscopy

W303 strain background yeast cells were cultured until mid-log phase (2.0x10’
cells/mL) in filtered YPD medium and cultured with 0.4 pg/mL of rapamycin (1 mg/mL
stock dissolved in dimethyl sulfoxide) for 1 hour. Cells were collected with a
microcentrifuge, suspended to the remaining medium. Cells were stabilized with 1 mg/ puL
Concanavalin A for time-lapse imaging. A FLUOVIEW FV3000 with 1X83 inverted
system microscope was used for image acquisition. (Olympus, Japan) Images were

acquired with FV31S-SW software (Olympus, Japan).

Extraction of ARS from microscopic images

ARSs were extracted from microscopic image with Imagel software. At first,
microscopic images were normalized those fluorescence. ARSs were filtered with a
bandpass filter to detect drastic change in intensity. Images were binarized with a threshold
value. The threshold value was determined the value that not detect autofluorescence and
can detect cup-shaped structure. Binarized structures were analyzed with particle analysis
algorism in Imagel. Nine parameters (area, majour, minor, angle, circularity, axis ratio,

roundness and solidity) of each ARSs were extracted by particle analysis.

Discrimination with machine learning

As training data, 336 ARSs were discriminated into VICS or IM manually. Using

training data, discriminator was made with randomForest algorism (randomForest version
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4.6-10) in R (R version 3.1.3). Extracted 9 parameters from Imagel] were used for this
discriminator. In randomForest algorism, discriminator was constructed with group
learning of decision tree. Each decision tree makes criteria of VICS or IM based on
randomly chose 2 parameters. Half of pre-discriminated data was used for making
discriminator and the other half data was used for testing accuracy of discriminator.
Importance of each parameter was calculated based on the accuracy rate of decision tree

used that parameter. Final accuracy of the discriminator was 91.5%. ARSs were extracted

D211A K54A

from microscopy image of wild-type SEY6210 (WT), atgl and atgl™"", and
discriminated into VICS or IM by machine learning. The half value of perimeter is a
parameter that reflects length of cup-shaped structure well. So, a half value of perimeter is

called structure length. Structure length of IM and VICS are called IM length and VICS

length, respectively. Structural length of VICS and IM were compared in each strain.

Optimization of bandpass filter

To improve the accuracy of Qautas, optimization of filter process were performed.
Ground truth data were made by manually with plotting every dot that looks ARS. By using
Imagel] macro language, every 45 patterns of filter range between 1 pixel to 10 pixels were
generated. Auto-threshold function of ImagelJ was used for threshold decision and ARSs
were extracted. Difference between extracted area and ground truth data were calculated
(Fig. 39). The subtraction of ground truth data from extracted data leaves false positive.
The subtraction of extracted data from ground truth data leaves false negative. Precision

and Recall were calculated as below formula.
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True Positive

Precision =

False positive + True positive

True Positive

Recall =

False negative + True positive

Parameter which showed high-recall score and better precision (filter range 2 to 5px) is

used (Fig. 40) .

PCA and hierarchical clustering

To figure out the morphological difference of elongated structure among WT and
autophagy mutants, [ performed PCA. Nine morphological parameters were subjected to
extract the PC. Euclidean distances of each structure were calculated using PC score of PC
1 to 4. Structures were clustered with maximum distance method of hierarchical clustering

method. These processes were performed by “R” software.

Clustering with GMM

For the establishment of discriminator for ARSs with non-supervised learning,
GMM are constructed by R (version 3. 1. 3). Nine morphological parameter data (area,
perimeter, majour length, minor length, angle, circularity, axis ratio roundness and solidity)
are subjected to the PCA using “prcomp” command. Library “mclust” (version 5. 0. 1) are
used for optimization of distribution number for the model. Before clustering, all data are

normalized with distribution and mean value of original data that used for model creation.
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Then, normalized data are subjected to the clustering based on GMM.

Three-dimensional image analysis
Fluorescence microscopic images are acquired with confocal microscopy.
Time-lapse images are acquired with z stack images are acquired each 41 nm and 1 minute

time interval.

Colocalization analysis of fluorescence signals

Fluorescence microscopic images are subjected to normalization of intensity,

bandpass filter and binarization.
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Tables

Table 1. Yeast strains used in this study

Strain Genotype Source

SEY6210 MATa lys2 suc2 his3 leu2 trpl ura3 Robinson et al., 1988
YMM275 SEY6210 MATa lys2 suc2 his3 leu2 trpl ura3 ATG1-2xGFP:kanMX Suzuki et al., 2013
SCHY_OI SEY6210 MATo lys2 suc2 his3 leu2 trpl ura3 atglA::atgl(D211A4):kanMX Suzuki et al., 2013
§CHY_OO SEY 6210 MATo lys2 suc2 his3 leu2 trpl ura3 atglA::atgl(K54A4):kanMX Suzuki et al., 2013
GYS103 SEY 6210 MATo lys2 suc2 his3 leu2 trpl ura3 atglA::URA3 Suzuki et al., 2004
;OCSB SEY6210 MATo lys2 suc2 his3 leu2 trpl ura3 atglA::cgURA3 This study
GYS639 SEY 6210 MATo lys2 suc?2 his3 leu2 trpl ura3 atglA::kanMX Suzuki et al., 2013
GYS645 SEY 6210 MATo lys2 suc?2 his3 leu2 trpl ura3 atg2A::kanMX Suzuki et al., 2013
(\)(NH 100 SEY 6210 MATa Leu2::GFPATGS-h From Dr, Nakatogawa
TYS075 SEY6210 MATa Leu2::GFPATGS-h  atglA:kanMX This study
GYS1117  SEY6210 MATa pho8d60, Secl3-2XGFPhy::kanMX6, pRS316[2xmCherry-ATGS] From Dr. Suzuki
GYS1118 2}]?;61261[2 ;ZAC 7};0; fg?j?(g)é]Secl 3-2XGFPhy::kanMX6, atgld::LEU2, From Dr. Suzuki
GYS1119 2}]?;61261[2 ;ZAC 7};0; fg?j?(g)é]Secl 3-2XGFPhy::kanMX6, atg2d::LEU2, From Dr. Suzuki
TYS40 SEY6210 MATo lys2 suc2 his3 leu2 trpl ura3 ATG1- 2xmNeonGreen:KanMX This study

TYS93 SEY 6210 MATo lys2 suc?2 his3 leu2 trpl ura3 ATGI11- 2xmNeonGreen:KanMX This study

TYS87 SEY 6210 MATo lys2 suc?2 his3 leu2 trpl ura3 ATG13- 2xmNeonGreen:KanMX This study

TYS9%4 SEY 6210 MATo lys2 suc?2 his3 leu2 trpl ura3 ATG17- 2xmNeonGreen:KanMX This study

TYS8S SEY 6210 MATo lys2 suc?2 his3 leu2 trpl ura3 ATG29- 2xmNeonGreen:KanMX This study

TYS89 SEY 6210 MATo lys2 suc?2 his3 leu2 trpl ura3 ATG31- 2xmNeonGreen:KanMX This study
GYSI01S w303 Af4Ta ADE? leu2-3 his3-11, 15 trpI-1 ura3-1 canl-100 From Dr. Suzuki
§0C552 W303 MATa ADE2 leu2-3 his3-11, 15 trpi-1 ura3-1 canl-100 From Mr. Ri
TYS187 Z;(?leaz Z):nZRiubCyZ- /:z;;; l:;;é Sz‘rpl ura3 atglA::ATG1-mNeonGreen:kanMX This study
TYS188 Z;(?leaz Z):nZRiubCyZ- /:z;;; l:;;é Sz‘rpl ura3 atg24::ATG2-mNeonGreen:kanMX This study
TYS189 Z;(?leaz Z):nZRiubCyZ- /::;;é l:{t;é 31‘rp1 ura3 atg54::ATG5-mNeonGreen:kanMX This study
TYS195 Z;(?leaz Z):nZRiubCyZ- /::;;é l:{t;é 31‘rp1 ura3 atg94::ATG9-mNeonGreen:kanMX This study
TYS191 Z;(?leaz Z):nZRiubCyZ- /:z;;; l:;;é Sz‘rpl ura3 atgl1A::ATG11-mNeonGreen:kanMX This study
TYS192 MATala lys2 suc2 his3 leu2 trpl ura3 atgl74::ATG17-mNeonGreen:kanMX This study

atg84::2xmRuby-Atg8:HIS3
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TYS193

TYS206

TYS207

MATala lys2 suc2 his3 leu2 trpl ura3 atg274::ATG27-mNeonGreen:kanMX
atg84::2xmRuby-Atg8:HIS3
MATala lys2 suc2 his3 leu2 trpl ura3 atg204::ATG20-mNeonGreen:kanMX
atg84::2xmRuby-Atg8:HIS3
MATala lys2 suc2 his3 leu2 trpl ura3 atg244::ATG24-mNeonGreen:kanMX
atg84::2xmRuby-Atg8:HIS3

This study
This study

This study
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Table 2. Plasmids used in this study

Name Properties Marker  Source

pRS314 Centromeric plasmid TRPI Sikorski & Hieter 1989
pRS316 Centromeric plasmid URA3 Sikorski & Hieter 1989
pYEX-BX[prApel] Plasmid for expression of prApel from the CUP/ promoter URA3 Suzuki et al., 2013
pRS314[mNeonGreen-47G8] Plasmid for expression of mNeonGreen-Atg8 TRPI grl?slzn]ir Yoshinori
pRS305[BFP-APE1] Plasmid for integration of BFP-APEI LEU2 Erl?:;iry Daniel J.
pRS316[4ATGI] Plasmid for expression of wild-type ATG1 URA3 From Dr. Suzuki
pRS305[mRFP-4PE]] Plasmid for integration of mRFP-APE1 LEU2 Stromhaug et al., 2004
pRS426[Apel-EBFP] Plasmid for expression of APE1-EBFP from the CUP! promoter URA3 From Dr. Noda
pFA6a[2xmNeonGreen] Plasmid for integration 2xNeonGreen kanMX grl::;n]ir Yoshinori

pY 02244 Plasmid for replacement with URA3 URA3 Lab. Stock
pRS314[GFP-ATGS] Plasmid for expression of GFP-Atg8 TRPI Suzuki et al., 2001
pRS303[2xmRuby-47GS] Plasmid for expression of 2xmRuby-Atg8 HIS3 Lab. Stock
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Table 3. Loadings of parameters for PCs

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
Area -0.811  -0.561 0.047 -0.114  0.046 -0.036  0.004 -0.086  0.048
Perim. -0.932  -0.335 0.000  0.046  0.001 0.006  0.110 -0.005 -0.068
Major -0.931  -0.192 0.097 -0.272  0.055 0.006  0.026  0.085 0.046
Minor -0.495  -0.858 0.007  -0.003  -0.045 0.016 -0.126  0.017 -0.036
Angle 0.073  -0.005 0.973 0.220 -0.011 0.000  0.001 0.000  0.000
Circ. 0.853  -0.328 0.105 -0.320  0.225 -0.006 -0.004 -0.002 -0.027
AR -0.644  0.682 0.096 -0.287  0.029  0.161 -0.034 -0.027 -0.012
Round 0.590 -0.719  -0.101 0314  0.003 0.154  0.042  0.004  0.027
Solidity 0.664 -0.341 0.142  -0.629 -0.161 0.011 0.035 -0.007 -0.001
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