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General Introduction



1. Environmental stress response

Microorganisms are constantly challenged by evanging growth conditions in
their environment, including nutrient fluctuatiomsmotic imbalance, and nonoptimal
temperatures. The ability to sense environmentaludit including stress, activate
signal transduction, and mount appropriate acuteaaiaptive responses is crucial for
eukaryotic cell survival (Figure 0-1). Adaptatieguires physiological and metabolic
changes, including cell cycle arrest, metabolicagmamming, altered cell wall and
membrane dynamics, and is ultimately achieved titothe regulation of gene
expression (Verghesa al., 2012). Traditionally, transcriptional regulatiblas been
regarded as the major determinant of gene expressiowever, accumulating
evidence indicates that posttranscriptional modadatof mRNA stability and
translation plays a key role in the control of geng@ression and provides greater
plasticity, allowing cells to immediately adjustopgin synthesis in response to
changes in the environment (Figure 0-1) (Holcik éohenberg, 2005). Recent
studies have demonstrated that one aspect of thilsilation involves the remodeling
of mMRNAs translated from polysomes into non-tramstpa messenger
ribonucleoproteins (MRNPSs), which accumulate icrige cytoplasmic foci known as
stress granules and processing bodies (P-bodiesaliEet al., 2007; Parker and
Sheth, 2007; Anderson and Kedersha, 2009a; AndarsdiKedersha, 2009b; Buchan

and Parker, 2009; Erickson and Lykke-Andersen, 2D&tker and Parker, 2012).

2. Stress granules

Environmental stress response mechanisms in eoti@acells are characterized
by global translational inhibition, which inhibitprotein synthesis to conserve
anabolic energy and also involves the reconfigonatof gene expression to

effectively manage stress conditions. Global ti@inwhal arrest is initiated by the



activation of several stress-responsive seringthne kinases, including general
control non-derepressible-2 (GCN2), dsRNA-dependmatein kinase R (PKR),
heme-regulated inhibitor kinase (HRI), and PKR-IIER kinase (PERK), which
phosphorylate the translation initiation factor ZIHWek et al., 2006). elFa is a
subunit of elF2 (together with elfZand elF2), which is part of a ternary complex,
consisting of elF2, GTP, and methionyl-initiatom™R (Met-tRNAi M), that delivers
initiator tRNA to the 40S ribosome (Figure 0-2) &ih and Dever, 2004; Holcik and
Sonenberg, 2005; Jackscst al., 2010). During translation initiation, GTP is
hydrolyzed to GDP, generating elF2-GDP, which ndedse recharged to elF2-GTP
by a guanine nucleotide exchange factor followirgche round of initiation.
Phosphorylation of elF2 by elkXinases inhibits the formation of elF2-GTP, thgreb
reducing the level of the ternary complex, whictinoditely limits translation initiation
(Holcik and Sonenberg, 2005). The stalled preitmtracomplexes, together with their
associated mRNAs, are routed into stress grantlesiever, a subset of mMRNAs
required for cell survival under stress conditi@ame not delivered to stress granules
but stabilized and preferentially translated in tyoplasm (Hardinget al., 2000;
Anderson and Kedersha, 2002; ket al., 2006; Powleyet al., 2009). As stress
granules are formed in response to stress, theyemerally not observable under
normal growth. Although the composition of stressangles is dynamic and
dependent on the type of stress and cell spetieg,typically contain 40S ribosomal
subunits, translation initiation factors (elFAG-4fE, elF4A, elF4B, elF3, and elF2),
and proteins involved in the regulation of mMRNA ¢tion (Table 0-1) (Buchan and
Parker; 2009; Buchaet al., 2011). The function of stress granules is ndly fu
understood; however, they have been implicatedhénpiosttranscriptional regulation
processes, such as mRNA translational repressidnstrage, and cellular signal

transduction (Arimotcet al., 2008; Buchan and Parker, 2009; Takahara and &Jaed
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2012).

3. P-bodies

Eukaryotic mRNA degradation is generally initiategt the deadenylation of
poly(A) tails, which triggers either decapping a®d to 3’ exonucleolysis or
exosome-dependent 3’ to 5’ degradation (Figure QABJusz et al., 2001; Parker and
Song, 2004; Garneaeé al., 2007; Parker, 2012). As the inhibition of tratsn
initiation increases the rate of deadenylation dadapping (Muhlract al., 1995;
Muckenthaleret al., 1997; LaGrandeur and Parker, 1999; SchwartZPamkler, 1999),
the rate of MRNA degradation and translation itidia are often inversely related
(Coller and Parker, 2005; Decker and Parker, 20T2e cellular components
involved in mRNA decapping and degradation, suchiesapping enzyme complex
Dcplp/Dcp2p, the activators of decapping and/orresgprs of translation
Dhh1lp/RCK/p54, Lsm1-7p complex, Edc3p, Patlp arel 3hto 3’ exonuclease
Xrnlp, often accumulate in P-bodies as core compusngrable 0-1) (Sheth and
Parker, 2003; Franks and Lykke-Andersen, 2008; avigs al., 2010). In addition,
proteins functioning in different posttranscriptrprocesses, including microRNA
(miRNA)-mediated silencing, AU-rich element (ARERNA decay, mRNA
surveillance (nonsense-mediated decay, NMD), andNARtorage, have also been
reported to localize in P-bodies under certain @¢omts (Brenguest al., 2005;

Eulalioet al., 2007; Franks and Lykke-Andersen, 2008).

4. Autophagy
Cellular homeostasis requires a balance betweebodsim and catabolism. In
eukaryotic cells, the two major mechanisms foraoéllular degradation are the

ubiquitin-proteasome system (UPS) and autophagglymal degradation.
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The major pathway of selective protein degradaitireukaryotic cells uses
ubiquitin as a marker that targets cytosolic andliear proteins for rapid proteolysis
(Pickart, 2001). Ubiquitin is a 76-amino-acid paypide that is highly conserved in
all eukaryotes. Proteins are marked for degraddijothe attachment of ubiquitin to
the amino group of the side chain of a lysine nesidAdditional ubiquitins are then
added to form a multiubiquitin chain that server@sognition motifs for delivery to
and degradation by a large multisubunit proteasepbex, 26S proteasomes. The UPS
is involved in rapidly eliminating single proteits regulate many cellular processes,
including cell division, signal transduction anchgeexpression.

Autophagy is a conserved and tightly regulated @sedn eukaryotic cells for the
bulk degradation of cytoplasmic components, inclgdientire organelles in the
vacuole or lysosome (Reggiori and Klionsky, 20¥8)tophagy is responsible mainly
for the degradation of long-lived proteins and entirganelles, and thereby maintains
intracellular homeostasis and contributes to maogmal physiological processes.
The defective in autophagy has found in a varidtyhhuman diseases (Huang and
Klionsky, 2007; Murrow and Debnath, 2013). Thishyedy is also stimulated by
multiple forms of cellular stress, including nutrieor growth factor deprivation,
hypoxia, reactive oxygen species, DNA damage, protggregates, damaged
organelles, or intracellular pathogens (Kroermteal., 2010). Intensive studies in the
last few years have shown that autophagy in filamenfungi is not only involved in
nutrient homeostasis but also in other cellularcesses such as differentiation,
pathogenicity, and secondary metabolite producisra consequence of adaptation to
diverse fungal lifestyles (Pollacdt al., 2009; Kharet al., 2012; Voigt and Poéggeler,
2013). Autophagy-defective mutamipatg8 disruptant, has shown grave influences
on morphogenesis and morphologyAinoryzae, including reduced numbers of aerial

hyphae, disrupted conidiation, and delayed gernangKikumaet al., 2006; Kikuma
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and Kitamoto, 2011).

There are three principal routes of autophagic at#agjion, which differ mainly
in the means of cargo delivery to the vacoule: waaophagy, microautophagy, and
chaperone-mediated autophagy (CMA) (Figure 0-4)afttu and Klionsky, 2007;
Kaushik and Cuervo, 2012). Both microautophagy amatcroautophagy include
nonselective and selective processes (ReggiorKdindsky, 2013). In the process of
microautophagy, cytoplasm or organelles are diyeatigulfed by vacuole membrane
invaginations and scissions to produce intravacuedsicles that are subsequently
degraded (Kunzet al. 2004; Uttenweiler and Mayer 2008), whereas the
morphological hallmark of macroautophagy is theusstration of the targeted cargo
within de novo cytosolic double-membrane vesicles that subsetyuérge with the
vacuole (Reggiori and Klionsky, 2013). These vesicre called autophagosomes in
nonselective macroautophagy, and are given differeaames in selective
macroautophagy. In the selective degradation obchitndria and peroxisomes in
mitophagy and pexophagy, these vesicles are termetbhphagosome and
pexophagosome, respectively (Manijithagtaal., 2010; Fenget al., 2013). Unlike
micro- and macroautophagy, CMA does not involveimailar type of membrane
rearrangement. CMA involves the translocation dblded proteins with containing
the KFERQ, CMA recognition motif that is recognizeady the LAMP2A
(lysosome-associated membrane protein 2A) receptothe lysosome. This process
requires a molecular chaperone, Hsc70, both ircybesol and within the lysosome
lumen (Kaushik and Cuervo, 2012).

In the model organisr8. cerevisiae, the process of autophagosome biogenesis is
divided into induction, nucleation, expansion, usiand breakdown phases (Figure
0-5) (Rubinszteinet al. 2012), which are sequentially involved and retpdaby

autophagy-relatedATG) genes. Genetic analysis of yeasts have identB@dTG
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genes, of which 17 are core ATG proteins requicecafl autophagy-related pathways
and 19 are ATG proteins specifically involved imeséive autophagy or the induction
of specific autophagy-related pathways in certaindition (Table 0-2) (Kraftt al.,

2010; Inoue and Klionsky 2010; Mizushirdaal ., 2011).

5. Asperqilli

The taxonomic classification of filamentous fungip®rgilli identifies the fungi in
the genudAspergillus, family Trichocomaceae, order Eurotiales, phylust@mycota
and within the kingdom of Fungi. This genus wastfdescribed in 1729 by the Italian
biologist Pier Antonio Micheli (1679-1736) and naimafter the morphological
structure of the conidiophore, the structure whelars asexual spores looks like an
aspergillum (from the Latiaspergere, "to scatter”), a device used for sprinkling holy
water during a liturgical service (Bennett, 20083pergillus species are one of the
most common groups of molds found in a variety aflegical niches. Almost 200
species have been identified and all grouped tegeiecause they form similar
asexual reproductive structures. Speciedspergillus have received great attention
for their important roles in medically and econoalliz Several species are well
known fungal pathogens threatening to hunmerd animal health and causing
dramatic agricultural losses. On the other handiife capacity to produce high levels
of secondary metabolites and secreted enzymes/rasedspergillus species, in
particular Aspergillus niger and Aspergillus oryzae, are commercially important in
industrial applications. Today, many commercialtpires are produced by Aspergilli

(FleilBner and Petra Dersch, 2010).

6. A.oryzae

A. oryzae is a fungus widely used as Koji in traditional dapse fermentation



industries, including sake, soy sauce, and misq.i&a culture prepared by growing
koji mold on cooked grains and/ or soybeans in a wanmjdhplace. Koji serves as a
source of enzymes that break down natural plamtitstand proteins into simpler
compounds when it is used in making fermented fodtiss style of fermentation is
thought to have originated 3000-2000 years agohim&(Machidaet al., 2008). For
the long history of extensive use Af oryzae in food fermentation industries\.
oryzae has been given to as Generally Recognized as 6&A%) by the Food and
Drug Administration (FDA) in the United States ([baiand Richardson, 1979; Alee
al., 2006). The safety of this organism is also sufggioby World Health Organization
(WHO) (FAO_WHO, 1987).

In comparison to other eukaryotic expression systesuch as yeast, algae, or
insect cells, filamentous fungi possess the exoealiadvantage of an unbeatable
secretion capacity. Among filamentous funioryzae is known to have a prominent
potential for the secretory production of variousynes (Machideet al., 2005;
Kobayashiet al., 2007; Machidat al., 2008), and being manipulated genetically for
heterologous protein productio. oryzae was used for the first example of
commercial production of heterologous enzyme in8188hristenseret al., 1988).
Recent advances in genomic technologies have tédeti biotechnological
application ofA. oryzae as a protein production host. The genome projeAt oryzae
was completed and the whole genome sequence ial@eajiMachideet al., 2005). In
addition, several novel genetic engineering stiategave been developed in recent
years to improve the expression and secretion @inbinant proteins i\. oryzae
(FleilBner and Petra Dersch, 2010).

AlthoughA. oryzae offers significant advantages for biotechnologaaplication
as an expression system for protein productionerbktgous protein production

yields are lower inA. oryzae than those of homologous proteins. Limitations in
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production, stability, and secretion of heterologqaroteins remain often unknown
due to the complexity of filamentous fungi. Therefoa deeper understanding of the
physiology and the metabolism @&f oryzae and ongoing development of novel
genetic engineering tools are required to develfificient large-scale protein

production for industrial applications.
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Figure 0-1. Gene regulation in eukaryotes.

The expression of biologically active protein inkaryotic cells is controlled at

multiple points during the process of gene expogssiincluding chromatin

remodeling, transcriptional initiation, processirand modification of MRNA

transcripts, transport of mRNA into cytoplasm, digtddecay of mRNA transcripts,

initiation and elongation of mMRNA translation, pgoshslational modification, and
intracellular transport and degradation of the ezped protein. When cells are
encountered unfavorable growth conditions, glokalglational inhibition occurs and
leads to the formation of stress granules. TFastaption factors; TRs: transcription

repressors.
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The canonical pathway of eukaryotic translatiotiation is divided into eight stages
(2-9). These stages follow the recycling of postriaation complexes (post-TC%)
to yield separated 40S and 60S ribosomal subuamts result in the formation of an
80S ribosomal initiation complex, in which Met-tRN% is base paired with the
initiation codon in the ribosomal P-site and whisltompetent to start the translation
elongation stage. These stages are: eukaryotiatiait factor 2 (elF2)-GTP-Met-
Met-tRNAY®, ternary complex formation2); formation of a 43S preinitiation
complex comprising a 40S subunit, elF1, elF1A, e#¥I82-GTP- Met-tRNA*®, and
probably elF53); mRNA activation, during which the mRNA cap-prowl region is
unwound in an ATP-dependent manner by elF4AF wiEdBI@); attachment of the
43S complex to this mMRNA regio®)( scanning of the 5’ UTR in a 5’ to 3’ direction
by 43S complexes); recognition of the initiation codon and 48S iatiibn complex
formation, which switches the scanning complex td@sed’ conformation and leads
to displacement of elF1 to allow elF5-mediated biyhis of elF2-bound GTP and Pi
release 7); joining of 60S subunits to 48S complexes andcoanitant displacement
of elF2-GDP and other factors (elFl, elF3, elF4B;4E and elF5) mediated by
elF5B @); and GTP hydrolysis by elF5B and release of elehd GDP-bound elF5B
from assembled elongationcompetent 80S ribosor@esT(anslation is a cyclical
process, in which termination follows elongatiorddeads to recyclinglj, which
generates separated ribosomal subunits. The modas gotential ‘closed loop’
interactions involving poly(A)-binding protein (PAB, eukaryotic release factor 3
(eRF3) and elF4F during recycling, and the recyclof elF2-GDP by elF2B.

Whether eRF3 is still present on ribosomes atelbgaling stage is unknown.
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Figure 0-3. mRNAs degradation in eukaryotes.

For simplicity, translation initiation factors oth¢han the elF4F complex (which
includes the cap-binding protein elF4E) and poly#iyding protein (PABP) are not
shown. Initial trimming of the poly(A) tail is caed out by the poly(A) nuclease 2
(PAN2)-PAN3 deadenylase and is stimulated by PABRneral mRNA decay
proceeds via further deadenylation by the CCR4-NOMplex, which is inhibited by
PABP but may be stimulated in an mRNA-specific naniny trans-acting proteins
bound to regulatory elements in theauBtranslated region (&I TR). Once the residual
poly(A) tail is eroded to around 12 or fewer nutiées, PABP can no longer bind,
and decay proceeds either by further 3’ to 5 extenlysis carried out by the
exosome complex or, more frequently, by recruitmehthe PAT1-LSM1-LSM7
complex, which stimulates decapping by decappingemn 1 (DCP1)-DCP2 and
subsequent 5’ to 3’ exonucleolysis by the exorilmbease XRN1. The absence of a
translation stop codon short-circuits the generatay pathway by stimulating
exosome-mediated 3’ to 5’ decay (non-stop decalereas stalled ribosomes trigger
endonucleolytic mRNA cleavage (no-go decay). Thesence of a premature stop
codon also leads to endonucleolytic cleavage asaseleadenylation and decapping
(nonsense-mediated decay; NMD). However,Sincerevisiae, the NMD pathway

instead involves deadenylation-independent decgppiot shown).
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Figure 0-4. Schematic diagram of autophagy-relategathways.

Three fundamentally different modes of autophagye amacroautophagy,
microautophagy, and chaperone-mediated autophagyAJC And both
macroautophagy and microautophagy include nonseteaind selective processes.
The biosynthetic delivery of the resident hydrolaseino-peptidase | into the yeast
vacuole is mediated through the cytoplasm to vactatgeting pathway, a type of

specific autophagy. prApel, precursor aminopepéidas
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After induction of autophagy, an initial sequesigrphagophore is assembled at the

16



phagophore assembly site (PAS). PAS is located textacuole. Expansion and
curvature of the phagophore lead to the engulfroétite cytoplasmic cargo into the
double-membraned autophagosome. Fusion of the lzagogomal outer membrane
with the vacuolar membrane results in the reledshe autophagic body, which is
surrounded by the inner autophagosomal membranéphagic bodies and the
sequestered cargo are broken down by hydrolytigraeg. Finally, the breakdown

products are exported into the cytoplasm for re-use
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Table 0-1. Protein components of stress granules @fP-bodies

Name

Function

References

Components found predominantly in P-bodies

Ccr4/Pop2/Not complex
Dcpl

Dcp2
Edcl and 2
Edc3

eIF4E-T

eRF1 and eRF3
GW182
Hedls/Ge-1
Lsm1-7 complex

Patl /PatL1

Upfl-3

Deadenylase
Decapping enzyme
subunit
Decapping enzyme
Decapping activators
Decapping activator

Translation repressor
Translation termination
miRNA function
Decapping activator
Decapping activator

Translation repressor/
decapping activator
Nonsense-mediated decay

Components found predominantly in stress granules

408 ribosomal subunit
Ataxin-2 /Pbpl

DDX3/Ded1

elF2a
elF3
elF4A
elF4B
elF4G
FMRP

G3BP
Pabp

RACK1
TIA-1/TIAR/Publ/Ngrl

Translation

Translation/mRNA
processing

RNA helicase

Translation initiation
Translation initiation
Translation initiation
Translation initiation
Translation initiation
Translation, repression/
miRNA function
Scaffolding protein,
endoribonuclease
polyA-binding protein
Signaling scaffold protein
Translation repression/
mRNA stability

Components found in both P-bodies and stress granules

Agonaute proteins
Dhh1/Reck/p54/

elF4E
FAST

Rap55/Scd6
Xrnl

miRNA function

Translation repressor/
decapping activator

Translation initiation

Fas activated serine/
threonine
phosphoprotein

Translation repressor

5" to 3/ exonuclease

Sheth and Parker 2003; Cougot et al. 2004
Sheth and Parker 2003; Cougot et al. 2004

Sheth and Parker 2003; Cougot et al. 2004

Neef and Thiele 2009

Kshirsagar and Parker 2004; Fenger-Gron
et al. 2005

Andrei et al. 2005; Ferraiuolo et al. 2005

Buchan et al. 2008

Eystathioy et al. 2003

Fenger-Gron et al. 2005; Yu et al. 2005

Ingelfinger et al. 2002; Sheth and Parker
2003

Sheth and Parker 2003; Scheller et al. 2007

Sheth and Parker 2006; Durand et al. 2007

Kedersha et al. 2002; Grousl et al. 2009
Nonhoff et al. 2007; Buchan et al. 2008

Chalupnikova et al. 2008; Lai et al. 2008;
Hilliker et al. 2011

Kedersha et al. 2002; Kimball et al. 2003

Kedersha et al. 2002; Grousl et al. 2009

Low et al. 2005; Buchan et al. 2011

Low et al. 2005; Buchan et al. 2011

Kedersha et al. 2005; Hoyle et al. 2007

Mazroui et al. 2002; Kim et al. 2006

Tourriere et al. 2001

Kedersha et al. 1999; Hoyle et al. 2007
Arimoto et al. 2008
Kedersha et al. 1999; Buchan et al. 2008

Sen and Blau 2005; Leung et al. 2006

Sheth and Parker 2003; Wilczynska et al.
2005

Andrei et al. 2005; Ferraiuolo et al. 2005;
Hoyle et al. 2007

Kedersha et al. 2005

Yang et al. 2006; Teixeira and Parker 2007
Sheth and Parker 2003; Kedersha et al. 200=

(Decker and Parker R, Cold Spring Harb Perspedt Bi@012286, 2012)
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Table 0-2. Thirty-six atg genes have been identified in yeasts.
The 17 coreATG genes and 19 specifiiTG genes involved in the induction of
autophagy and selective autophagy, respectively.

17 core ATG proteins | |19 specific ATG proteins

Atglp Autophagy |Cvt Pathway Pexophagy Mitophagy
Atg2p induction
Atg3p Atglip Atgl19p Atg25p Atg32p
Atg4p Atg29p Atg21p Atg26p Atg33p
Atg5p Atg31p Atg23p Atg28p

Atg6p Atg27p Atg30p

Atg7p Atg34p Atg35p

Atg8p Atg36p

Atg9p
Atg10p Atgllp, Atg20p, Atg24p
Atgl2p
Atgl3p
Atgl4p
Atgl5p
Atgl6p
Atg18p
Atg22p
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Objective

On December 4, 2013 Japanese cuisine, "Washokis',added to UNESCO's
Intangible Cultural HeritageA. oryzae is the most important strain in traditional
Japanese fermentation industries to make sake,saoge,miso, mirin, and rice
vinegar. All of these consist of the fundamentaV@iring of traditional Japanese foods.
Furthermore, for the enormous secretion capagityryzae has prominent potential
for the biotechnological application as a proteiroduction host. During the
manufacture of fermented food or protein productissing A. oryzae, if cells
experience stress (e.g. nonoptimal ambient temyrefatcells will rapidly stall
protein synthesis and stop growth, resulting redwpgality of products and yield. In
recent years, an emerging role of cytoplasmic migNfRules such as stress granules
in the posttranscriptional regulation of gene egpi@n during stress gives rise to
extensive studies in yeast and mammalian cells. édew related researches are
deficient in filametous fugi. P-bodies have beescdbed inCandida albicans and
Aspergillus nidulans (Morozovet al., 2010; Jung and Kim, 2011), but stress granules
have not yet to be defined. Advance in basic rebeand applied science is important
for understanding and preservation of Japanesareultherefore, in this study, stress

granules were studied A oryzae.
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Chapter 1

Cytoplasmic mRNP granules inA. oryzae
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Introduction

Stress granules are cytoplasmic mMRNP granules nmtsen eukaryotes and
have been studied extensively in yeast and mammeéHs. However, the existence
and function of stress granules in filamentous fumgluding A. oryzae, have not yet
to be defined. Additionally, P-bodies are anotlypetof mMRNP granules in eukaryotic
cytoplasm involved in translation repression and\tARIegradation. Although stress
granules and P-bodies are compositionally and nubogically distinct entities,
evidence suggests that they are spatially and imadty linked. For these reason, the
aim of chapter 1 was to investigate the formatibstess granules iA. oryzae cells
exposed to various stresses and the relative matmins of stress granules and
P-bodies.

To monitor stress granules by fluorescence miciogca stress granule marker
protein fused with EGFP is necessary. To date abewunof factors have been
identified as core components of stress granulesammalian cells and yeasts (Table
0-1). In S cerevisiae, the poly(A)-binding protein (PABP), Pablp, hasmeeported
to be one of the most reliable and easily visudlizemponents of stress granules
(Buchanet al., 2010).

PABP is an abundant cytoplasmic protein in euka&ydhat binds the poly(A)
tail of mRNA to regulate multiple aspects of mRNAogessing, translation and
degradation. PABP simultaneously binds to the mR3RAoly(A) tail and interacts
with the translation factor elF4G, part of the dapding complex elF4F (elF4E,
elF4G and elF4A), bringing the ends of the mRNA ifunctional proximity (Figure
0-2) (Klann and Dever, 2004; Holcik and Sonenb20§5; Jacksost al., 2010). This
‘closed-loop’ conformation enhances translatiortiation by increasing ribosomal
recruitment while also protecting the mRNA from deaylation, decapping and

degradation (Fabiaet al., 2010; Livingstonest al., 2010). PABP also has other roles
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in post-transcriptional regulation, both positivelgnd negatively regulating
MRNA-specific translation and mRNA stability (Broekal., 2009; Burgess and Gray,
2010). All of the PABPs have the same domain stimrectonsisting of four conserved
RNA binding domains (RRM1-4) followed by a linkexgion and a C-terminal MLLE
(mademoiselle) domain named after its conserved essential signature motif
KITGMLLE (Brook et al., 2009; Burgess and Gray, 2010; Kozkial., 2010). The
MLLE domain binds to proteins that contain a 12albmo acid motif, termed PAM2
(Albrecht and Lengauer, 2004; Kozlav al., 2001). The motif is found in proteins
associated with mRNA deadenylation [transducerrbBe2 protein 1/2 (Tob1/2) and
PABP-dependent poly(A) nuclease subunit 3 (PANKgrbatsuet al. 1999; Okochi
et al., 2005; Uchidaet al., 2004), eukaryotic translation release factoreRH3)
(Hoshinoet al., 1999), P-bodies (Ataxin-2 and GW182) (Ciashkl., 2004; Fabiarmet
al., 2009), Poly(A)-interacting protein 1/2 (Paip1l(Bhaleghpouet al., 2001; Roet
al., 2002), and protein deubiquitination [ubiquitipesific protease 10 (USP10)] (Lim
et al., 2006). MLLE domains are found in all eukaryotigtoplasmic PABPs and
uniquely in two other proteins as follows: a ubtquiligase UBR5 (also known as
HYD, EDD, or Ratl00) and a distant PABP homolog RRM filamentous fungi

(Deoet al., 2001; Koniget al., 2009).
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Results
1. Stress-induced formation of stress granules
1.1 Homolog of the poly(A)-binding protein in A. oryzae

A homolog of theS. cerevisiae PAB1 gene was found in thA. oryzae genome
database (DOGAN; http://www.bio.nite.go.jp/dogarpY@nd designated asopabl
(AO090003000927)Aopabl locates on the chromosome 2 and consists of 2424
nucleotides (with two introns in the C-terminal ilgg encoding a putative protein
with 765 amino acids and a predicted molecular nws83.0 kDa. The deduced
amino acid sequence of AoPabl is composed of twts,@n N-terminal portion that
contains four RNA recognition motifs (RRMs) and de@minal portion that contains
a less-conserved linker region and a conservedr@irntal MLLE domain, typical for
all PABPs (Figure 1-1A). A conserved KITGMLLE moiff also found in the MLLE
domain of AoPab1l (Figure 1-1B).

A phylogenetic tree was obtained using a sequehganaent of the predicted
protein sequence of AoPabl with homologs in otilamentous fungi, yeast, plant,
human and fly revealed high similarities betweea dhifferent species (Figure 1-2).
The identity to other Aspergilli varies between%%nd 100 %.

Based on these analyses, AoPabl was chosen teth@sis stress granule marker

in A. oryzae.

1.2Formation of stress granules in response to stress
1.2.1 Ectopic expression of AoPabl-EGFP as a marker ofress granules

To monitor stress granules by fluorescence micymgosing AoPabl-EGFP as a
stress granule markekppabl gene was cloned using the genomic DNAA0bDryzae
wild-type strain RIB40 as a template and the entegion of Aopabl gene was

confirmed by determining the nucleotide sequenéea AoPabl-EGFP expressing
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plasmid pgDPaPablE and a control plasmid expre&SBiP alone were constructed
using the MultiSite Gateway system (Invitrogen, |Slzad, CA, USA) (Figure 1-3).
Global translational arrest is a common environmlesiress response in eukaryotes
(Sonenberg and Hinnebusch, 2009), and the inhibdfdranslation initiation leads to
the formation of stress granules. Therefore, asfitbestep in characterizing stress
granules inA. oryzae, several external stimuli were used to assessnthgction of
stress granules in cells (Figures 1-4, 1-5, and. Lder normal growth conditions,
AoPab1-EGFP was dispersed throughout the cytop{&ggnre 1-4A). Exposing cells
to heat stress (45°C, 10 min) led to an inductibstess granules, as judged by the
accumulation of AoPabl1-EGFP as cytoplasmic foagiifeé 1-4A). No accumulation
of EGFP was observed in the negative control seapressing EGFP alone (Figure
1-4B). Similarly, stress granules were observeeraitlls were exposed to cold stress
(4°C, 30 min), glucose deprivation (10 min), EResfr (10 mM DTT, 60 min),
osmotic stress (1.2 M sorbitol, 30 min), and oxigatstress (2 mM kD,, 30 min)
(Figures 1-5 and 1-6). In response to glucose dajon, the accumulation of
AoPab1-EGFP appeared to be short lived, as no adation was observed after 30
min in the majority of cells (data not shown). Shfaki of AoPabl-EGFP were
formed when the culture medium was replaced withdioma containing 2 mM bD»,
and continued to increase in size by fusing togetbeform one large aggregate
(Figure 1-6). Of the examined stresses by mediytacement, osmotic stress might
be the most severe to cells, as accumulation ofaRbFEGFP was observed less than
1 min after exposure to 1.2 M sorbitol, and a laaggregate of AoPabl-EGFP was

formed shortly thereatfter.

1.2.2 Ectopic expression of AoPubl-EGFP as a marker of &ss granules

To ensure that these observations were not unguwePabl, | also examined
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the Poly(A/U)-binding protein AoPubl (AO09000100335 which is another
well-known component of stress granules (Bucteinal., 2008), under stress
conditions. Aopubl gene was cloned using the genomic DNA of wild-tygiein
RIB40 as a template and the entire regionAopubl gene was confirmedy
determining the nucleotide sequencAn AoPubl-EGFP expressing plasmid
pgDPaPublE (Figure 1-7) was constructed and int@dlinto strain NSRKu70-1-1A.
Similar results were consistently observed whels @dpressing AoPubl-EGFP were
exposed to heat stress (45°C, 10 min), glucoseivddjon (10 min), ER stress (10
mM DTT, 60 min), oxidative stress (2 mM,B, , 30 min), and osmotic stress (1.2 M

sorbitol, 30 min) (Figure 1-8).

1.2.3 Endogenous expression of AoPabl-EGFP as a marker stfess granules
Several components of stress granules contain nginéa and asparagine
(Q/N)-rich prion-like domains, which have a stromgdency to self-aggregate, and
are implicated in the assembly of these mMRNP gesn(ilkset al., 2004; Yaoet al.,
2007; Reijnset al., 2008). It has been reported that RRM1 domain Qf@&/P-rich
region mediate self-association of Pablp (#aal., 2007). To exclude the possibility
that observed accumulation of stress granule mapkateins were artificial effects
due to overexpression of their components, EGFPtargeted to the genomic locus
of Aopabl. To express AoPabl-EGFP under control of the eswlmgs promoter,
DNA fragment containing 3’ terminal 1.5 kb ébpabl (stop codon was removed),
egfp, adeA gene, and 1.5 kb of 3'-flanking regions Adpabl was generated using
fusion PCR and ligated into pCR4Blunt-TOPO vect@enerating plasmid
pTPablEaA (Figure 1-9). The targeting DNA fragmeats amplified using plasmid
pTPablEaA as a template and introduced intadA mutant. Transformants were

confirmed by Southern blotting analysis (Figure )-1Subcellular localization of
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AoPabl1-EGFP expressed under control of the endegepmmoter showed similar
results to those amyB promoters in cells exposed to heat stress (450@qih), cold
stress (4°C, 30 min), and glucose deprivation (i) frigure 1-11).

These results indicated that ectopic expressiohAaRabl-EGFP is a reliable

marker to analyze stress granulegimoryzae.

2. Colocalization of stress granules with P-bodies upoheat stress
2.1Ectopic expression of AoDcp2-EGFP or AoEdc3-EGFP as marker of

P-bodies

In eukaryotic cells, non-translating mRNAs alsowanalate in P-bodies, which
contain a conserved core of proteins involved amgfational repression and mRNA
degradation. Although stress granules and P-bodies compositionally and
morphologically distinct entities, evidence suggedbey are spatially and functionally
linked (Kedershaet al., 2005; Wilczynskeet al., 2005; Brengues and Parker, 2007,
Hoyle et al., 2007; Bucharet al., 2008; Molletet al., 2008; Grouskt al., 2009. To
avoid any observation specific to a certain prqoteio proteins were chosen for the
markers of P-bodies. Dcp2p is the catalytic subwhita decapping enzyme that
cleaves the 5’cap of mRNA (van Digk al., 2002; Shet al., 2006), and its activity is
accelerated by Edc3p. Dcp2p and Edc3p are frequinthd as a distinct component
of P-bodies inS cerevisiae (Buchanet al., 2010).The homologs ofS. cerevisiae
DCP2 and EDC3 were found in théA. oryzae genome database, and designated as
Aodcp2 (A0O090120000363) andAoedc3 (A0O090120000481), respectively. To
monitor P-bodies irA. oryzae, Aodcp2 and Aoedc3 were cloned using the genomic
DNA of wild-type strain RIB40 as a template and #mire region of genes were
confirmed by determining the nucleotide sequendéxpressing plasmids of

AoDcp2-EGFP and AoEdc3-EGFP (Figure 1-12) were tooted and introduced
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into strain NS4 individually.

In unstressed cells, AoDcp2-EGFP and AoEdc3-EGHPessed under control of
the amyB promoter were detected as discrete bright dotearcytoplasm, in which it
also showed a faint diffuse distribution (Figured3Land 1-14). InS cerevisiae,
stress conditions such as glucose and nitrogereti@p/ osmotic stress, and UV
irradiation lead to an increase in the number dioBies (Teixeiraet al., 2005;
Nilsson and Sunnerhagen, 2011). Here, | confirnmed P-bodies were increased in
size and number whef. oryzae cells expressing AoDcp2-EGFP or AoEdc3-EGFP
were exposed to heat stress, low temperature, arbrc deprivation (Figures 1-13

and 1-14).

2.2Endogenous expression of AoDcp2-EGFP as a marker Btbodies

As stress granules, several components of P-badéescontain glutamine and
asparagine (Q/N)-rich prion-like domains to meditite assembly of these mRNP
granules (Reijngt al., 2008). The Yjef-N domain of Edc3p acts as afetrhfand
cross-binding domain, and is required for the fdramaof P-bodies (Deckest al.,
2007). In addition, Dcp2p also possesses a cors&id-rich domain (Deckeat al.,
2007). To avoid mislocalization due to overexpr@ssihAoDcp2-EGFP was expressed
under control of the endogenous promoter. The ssitaegy was used to target
EGFP at the genomic locus Abdcp2 as that forAopabl. DNA fragment containing
3’ terminal 1.5 kb oAodcp2 (stop codon was removed), EGEBeA gene, and 1.5 kb
of 3'-flanking regions ofAodcp2 was generated using fusion PCR and ligated into
PCR4Blunt-TOPO vector, generating plasmid pTDcp2E@Agure 1-15). The
targeting DNA fragment was amplified using plasmiDcp2EaA as a template and
introduced into amdeA mutant. Transformants were confirmed by Southéottibg

analysis (Figure 1-16). Subcellular localization AdDcp2-EGFP expressed under
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control of the endogenous promoter showed simdanlts to those amyB promoter
in cells exposed to heat stress (45°C, 10 miny stiess (4°C, 30 min), and glucose

deprivation (10 min) (Figure 1-17).

2.3 Colocalization of stress granules with P-bodies icells subjected to heat stress

To determine the relative localizations of stressangles and P-bodies,
AoPabl-mDsRed expressing plasmid pgCPaPablDR @-lgai8A) was constructed
and introduced into AoDcp2-EGFP expressing straline generating strain
co-expressing AoDcp2-EGFP and AoPabl-mDsRed wasniagd after being
exposed to 45°C for 10 min. Under heat stress, BbfaDsRed cytoplasmic foci

were colocalized with P-bodies labeled with AoD&@FP (Figure 1-18B).

3. Aopubl disruptant has defects in the conidia formation ad displays more

severe growth retardation in stress conditions

The ability to form stress granules is correlatethwhe survival of cells exposed
to stress (Buchan and Parker, 2009). The C-terntegibns of TIA-1 and TIAR
(mammalian homologs of AoPubl) and their orthologsontain a
glutamine/asparagine (Q/N)-rich prion-like domaahich have a strong tendency to
self-aggregate and promote stress granule forméiedersheet al., 1999; Kedersha
et al., 2000; Michelitsch and Weissman, 2000; Gititsal., 2004). To investigate
whether the formation of stress granules influernatissurvival against stress, a DNA
fragment containing the 1.3 kb of 5’-flanking regiof Aopubl, pyrG marker, and 1.5
kb of 3'-flanking region ofAopubl was amplified using plasmid pgdPubl (Figure
1-19A) as a template, and was introduced intpy@s null mutant. Disruption of
Aopubl was confirmed by Southern blotting (Figure 1-198)publ disruptant was

cultured on PD plates containing 10 mM DTT, 2 mMOg or 1.2 M sorbitol to
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examine the sensitivity to these three types dadsstrconditions. The induction of
stress granules was confirmed in the AoPubl-EGRPesging strain under each of
the stress conditions previously (Figure 1-8). Phenotype of théopubl disruptant
was characterized by a slower growth rate comptrewld-type cells, and a severe
impairment in the formation of conidia (Figure 1A0The growth retardation of the
Aopubl disruptant was more severe under all examinedssteenditions (Figure
1-20B). Colony sizes afopubl disruptant compared with those of wild-type strain
were reduced by 16.5%, 21.1%, 24.7%, and 33.2%drcontrol, 10 mM DTT, 2 mM

H,0O,, and 1.2 M sorbitol conditions, respectively.
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Discussion
Stress granules are conserved iA. oryzae

Stress granules are widely observed in eukarybt@sgver, prior to the present
study, these mMRNP granules had not yet been definéithmentous fungi. | used
EGFP-fused AoPabl or AoPubl as a stress granukemand observed that AoPabl
and AoPubl accumulated as cytoplasmic foci at yphdl tip of cells exposed to
various stresses (Figures 1-4, 1-5, 1-6, 1-8, af@l)1This finding indicates that the
formation of stress granules is a general phenoménoesponse to external stress,
and suggests that stress-induced reprogrammingRNAs to enter stress granules
occurs inA. oryzae.

It is noteworthy that in mammalian and yeast cellgnerous stress granules are
distributed throughout the cytoplasm following egpre to stress; however, only a
few stress granules that were located predominatelye hyphal tip were found f
oryzae (Figures 1-4, 1-5, 1-6, 1-8, and 1-11). Although timderlying reason for this
observation is not yet clear, the polarized loedion of stress granules suggests a
spatial specificity of the posttranscriptional region of gene expression A oryzae.

It is well known that filamentous fungi have a Higpolarized cell structure, in which
secretory vesicles, cytoskeletal elements, andegtleomponents are concentrated at
the hyphal tip as a well-organized cluster thaedeines hyphal growth and polarity
(Harriset al., 2005; Steinberg, 2007). The localization of sbmes at the hyphal tip
supports the idea that mRNA translation activelguss in this region (Howard, 1981).
Based on these findings, | speculate that asymeaétiocalization of mRNA at the
hyphal tip results in the spatially restricted fatron of stress granules or that
MRNAs at the hyphal tip are preferentially routetbistress granules as an acute

response to stress.
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Stress granules and P-bodies are spatially and futignally linked

The core component of stress granules, AoPabl-mi}skas colocalized with
P-bodies labeled with AoDcp2-EGFP (Figure 1-18B)eTspatial relation of stress
granules and P-bodies is also seen in mammaliés aadS. cerevisiae (Kedershaet
al., 2005; Hoyleet al., 2007; Bucharet al., 2008; Grouskt al., 2009). Moreover,
Fluorescence Recovery After Photobleaching (FRAfRJliss have revealed that
certain P-bodies and stress granules componentesfi{edershaet al., 2005; Mollet
et al., 2008), and some of these proteins are compométsth P-bodies and stress
granules, suggesting that there is crosstalk betwedodies and stress granules
(Table 0-1).

C-terminal of PABP contains a conserved MLLE domahich binds to PAM2
motif. Generally, proteins containing PAM2 motife aver-represented in P-bodies,
such as Tob (lkematsat al., 1999; Okochet al., 2005), PAN3 (Uchidat al., 2004),
Ataxin-2 (Ciosket al., 2004), and GW182 (Fabiast al., 2009). Tobl and Tob2 are
members of thanti-proliferative (APRO) protein family (Mauxicst al., 2009). Tob1
contains a single C-terminal PAM2 motif, and Tolmht@ins two PAM2 motifs, and
both bind to MLLE domain. The N-termini of Tobl afidb2 contain a conserved
APRO domain that binds to the Ccr4-Not-Cafl deatiesgycomplex. Ccr4-Not-Cafl
and Pan3-Pan2 are two major deadenylation compled@sh are enriched in
P-bodies (Figure 0-3) (Parker, 2012; Norbury, 20H2)man poly(A) binding protein
PABPC1 also binds to the PAN2-PAN3 deadenylase t@mmpa the PAM2 motif of
PAN3 to stimulate poly(A)-specific nuclease acyiUchidaet al., 2004; Funakoshi,
et al., 2007; Siddiquiet al., 2007). Ataxin-2 and GW182 are both found in Bibs
and share common structural elements. Both coglasamine-rich stretches, which
may promote their association with P-bodies (Kozébwal., 2010). Reducing the

expression of Ataxin-2 in mammalian cells using$#8 impairs the formation of
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stress granules (Nonhoét al., 2007). Enhancement and suppression of Ataxin-2
expression in human cells lead to decrease aneadserin the levels of PABP,
respectively, without affecting the levels of PABMRNA (Nonhoff et al., 2007).
GW182 is a marker protein of P-bodies (also know/G#V bodies), which binds to a
core component of the RNA-induced silencing comRISC), argonaute 2 (Ago2)
(Eulalio et al., 2007). GW182 decreases the association of PABR silenced
MIiRNA targets, thereby facilitating translationapression and deadenylation (Zekri
et al., 2013). These observations together suggestthatalization of stress granules
and P-bodies irA. oryzae (Figure 1-18B) may be mediated through proteingarot
interaction of AoPabl and several protein companehP-bodies.

The stress-induced formation of stress granuleswimch mRNAs are not
degraded, but maintained in a nontranslating statehought to make mRNAs
available for rapid reinitiation when cells reco¥em stress. In agreement with this
speculation, stress-induced stabilization of liablRNAs has been reported (Lareta
al., 1999; Bollig et al., 2002; Takahashet al., 2011), suggesting that certain
components of the mRNA degradation pathway are imegan response to stress.
This finding may explain why the number and sizeRsbodies were increased
coordinately inA. oryzae cells under stress (Figures 1-13, 1-14, and 1-17).

Taken together, these observations indicate thabwgh stress granules and
P-bodies are distinct strutures, they are functipnaterconnected through the

interaction of their components.

Aopubl disruptant has defects in the conidia formation ad displays more severe
growth retardation in stress conditions
The formation of stress granules in response tesstis widely observed in

eukaryotes. The physiological role of the assenmdfiymRNAs into these large

33



aggregate-like assemblies remains unclear; howekir, evolutionarily conserved
response suggests that stress granules serve ampdtinctions in eukaryotes.
Although relatively little is known about the medsamns regulating the formation of
stress granules, their assembly seems to be meédratauigh a self-assembly process
that involves the Q/N-rich prion-like domains ofnamber of protein components
associated with stress granules, including TIA-Ipanmalian homolog of AoPubl
(Kedersheet al., 1999; Gilkset al., 2004; Decker and Parker, 2012). As Pablp is an
essential protein irS. cerevisiae and is not required for stress granule formation
(Swisher and Parker, 2010), | investigated whetteletion of theAopubl gene
confers cellular sensitivity to stress. TAgpubl disruptant displayed a slower growth
rate compared to wild-type cells, and the growtiardation was more severe when
cells were cultured under stress conditions, whietluded ER, oxidative, and
osmotic stresses (Figure 1-20). | have tried tdyaeathe stress granule formation in
the Aopubl deletion mutant. However, | could not transfofpubl deletion mutant
with the plasmid expressing AoPabl-EGFP becaugwatoplasts were generated by
treatment of the cell-wall digestive enzyme. Altgbul lack of direct evidence that
the formation of stress granules was impaired & Abpubl disruptant, aApubl
strain of S. cerevisiae displaysa dramatic decrease in the average number of stress
granules, as judged by Pablp localization (Buatiaad., 2008; Shalet al., 2013).
The data presented here suggest that the integfrgyress granules is important for

the survival ofA. oryzae cells exposed to stress.
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RRM1 RRM2 RRM3 RRM4 Q/G/P-rich MLLE

Aspergillus oryzae 660 LEAQALERR

Aspergillus flavus 660 BEZH2f2rHaz

Aspergillus clavatus 650

Aspergillus niger 659 BEvEz

Aspergillus nidulans 631

Aspergillus fumigatus 649
Trichoderma reesei 654 &L

Neurospora crassa 658 Brz@afiza

Schizosaccharomyces pombe 570 I

Saccharomyces cerevisiae 494 -

Candida glabrata 494 -

Ustilago maydis 556 Barfazarzfla

Schizophyllum commune 548

Rhizopus oryzae 535 nfjL

Homo sapiens 543 Elc@zBur2H

Mus musculus 543 EJzB=Burzf

Danio rerio 1 542

Danio rerio 2 541 FlcE
Arabidopsis thaliana 1 574 IVALA
Arabidopsis thaliana 2 540 THarLa|

KITGMLLE

Figure 1-1. Sequence conservation of AoPabl.

(A) Schematic representation of the domain arramgerof AoPabl. AoPabl has the
same domain structure to its homologs in otherispgconsisting of four conserved
RNA-binding domains (RRM1-4) followed by a linkeegion and a C-terminal
MLLE (mademoiselle) domain. (B) Sequence alignmeainthe MLLE domains in

PABP proteins.



100 | Aspergillus oryzae (100%)
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Mus musculus (63%)
100 I‘E Danio rerio 1 (62%)
83— Danio rerio 2 (61%)

—— Arabidopsis thaliana 1 (63 %)
100 I—Arabidopsis thaliana 2 (57%)

Metazoa

Viridiplantae

0.05

Figure 1-2. Phylogenetic comparison of AoPabl amondifferent organisms.
Accession numbers for sequences afspergillus oryzae (XP_001820045.1),
Aspergillus flavus (XP_002374401), Aspergillus clavatus (XP_001269718.1),
Aspergillus niger (XP_001388739.1), Aspergillus nidulans (XP_661604.1),
Aspergillus  fumigatus (XP_750167.1), Trichoderma reese (EGR47358.1),
Neurospora crassa (EAA31189.1), Schizosaccharomyces pombe (NP_593377.1),
Saccharomyces cerevisae (NP_011092.1), Candida glabrata (XP_449280.1),
Ustilago maydis (XP_759641.1), Schizophyllum commune (XP_003031361.1),
Rhizopus oryzae (EIE84000.1), Homo sapiens (P11940.2), Mus musculus
(NP_032800.2),Danio rerio isoforms 1 and 2 (NP_001026846.1, NP_957176.1),
Arabidopsis thaliana isoforms 1 and 2 (P42731.1, Q9FXA2). The phylogjeneee
was inferred using the Neighbor-Joining method t(fsaiand Nei, 1987). The
bootstrap consensus tree inferred from 1000 repkc#s taken to represent the
evolutionary history of the taxa analyzed (Felseinst1985). The tree is drawn to

scale, with branch lengths in the same units asetlad the evolutionary distances

36



used to infer the phylogenetic tree. The evolutigrdistances were computed using
the JTT matrix-based method (Joreal., 1992) and are in the units of the number of
amino acid substitutions per site. The rate vammafimong sites was modeled with a
gamma distribution (shape parameter = 1). The aimlyvolved 20 amino acid
sequences. All positions containing gaps and ngssdista were eliminated. There
were a total of 452 positions in the final datag&totein identities toA. oryzae

AoPabl are given in parentheses.
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PamyB

Aopabl

pgDPaPablE

11.6 kb
egfp

AS TamyB

Figure 1-3. Plasmid construction for the ectopic gxession of AoPabl-EGFP (A)

and EGFP alone (B).
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Normal growth condition 45°C , 10 min
DIC  AoPabl-EGFP DIC AoPabl-EGFP

> 8

Normal growth condition 45°C , 10 min
DIC EGFP DIC EGFP

Figure 1-4. Formation of stress granules in respoesto heat stress.

Approximately 18 conidia of cells expressing AoPab1-EGFP underrobmf the
amyB promoter were grown in CD+Met medium at 30°C f& K before being
exposed to various types of stress. (A) Subcellldaalization of AoPabl-EGFP.
Accumulation of AoPabl-EGFP (indicated by the ajravas induced when cells
were exposed to 45°C for 10 min. (B) Subcellulacal@zation of EGFP.
Accumulation of EGFP was not observed in cells sgpoto heat stress. Scale bars =

Sum
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4°C , 30 min Glucose deprivation, 10 min
DIC  AoPabl-EGFP DIC  AoPabl-EGFP

10 mM DTT, 60 min 1.2 M Sorbitol, 30 min
DIC  AoPabl-EGFP DIC AoPabl-EGFP

Figure 1-5. Formation of stress granules in respoesto various stress conditions.
Approximately 18 conidia of cells expressing AoPabl-EGFP underrobmf the
amyB promoter were grown in CD+Met medium at 30°C f& W1 before being
exposed to various types of stress and the sulaelbcalization of AoPabl-EGFP
was observed. Accumulation of AoPabl-EGFP (ind@#étethe arrows) was induced
in cells treated with cold stress (4°C, 30 min),(gucose deprivation (10 min) (B),
ER stress (10 mM DTT, 60 min) (C), and osmoticsstr@l.2 M sorbitol, 30 min) (D).

Scale bar = um.
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Figure 1-6. Time-lapse observation of stress granellformation upon oxidative

£

stress.

Approximately 18 conidia of cells expressing AoPab1-EGFP underrobmf the
amyB promoter were grown in CD+Met medium at 30°C f& K before being
exposed to oxidative stress (2 mM@4). Accumulation of AoPabl-EGFP in cells

was observed in a time-lapse manner. Scale barm.5
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pgDPaPublE
10.8 kb

Figure 1-7. Plasmid construction for the ectopic gxession of AoPubl1l-EGFP.
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Normal growth condition 45°C, 10 min Glucose deprivation, 10 min
DIC AoPubl-EGFP DIC AoPubl-EGFP DIC AoPub1-EGFP

10 mM DTT, 60 min 2 mM H,0,, 30 min 1.2 M Sorbitol, 30 min
DIC AoPub1-EGFP DIC AoPubl-EGFP DIC AoPuUb1-EGFP

= > &
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Figure 1-8. Formation of stress granules in cellsxpressing AoPub1-EGFP as a

marker.

Approximately 18 conidia of cells expressing AoPubl-EGFP under robruf the
amyB promoter were grown in CD+Met medium at 30°C f& KX before being
exposed to various types of stress and the sulaelbcalization of AoPubl-EGFP
was observed. Under normal growth conditions, AdPEGBFP was dispersed
throughout the cytoplasm (A). Accumulation of AoRUBGFP (indicated by the
arrows) was induced in cells treated with heatsstr@5°C, 10 min) (B), glucose
deprivation (10 min) (C), ER stress (10 mM DTT, &) (D), oxidative stress (2
mM H.0,, 30 min) (E), and osmotic stress (1.2 M sorbig@,min) (F). Scale bar = 5

um.
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Figure 1-9. Plasmid construction for targetingegfp gene atAopabl genomic locus.
(A) Strategy for generation of targeting DNA fragmeusing fusion PCR. The
resulting DNA fragment was ligated into TOPO vegct@enerating plasmid

pTPablEaA (B).
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TaTyB probe
[ 15kb  [eafp]'] adeA [ 15kb_]
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6.3 kb EcoT22I
Hindlll 9.2 kb Hindlll
TamyB probe
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Figure 1-10 Egfp gene was tagged afopabl locus and confirmed by Southern

blotting analysis.
(A) The schematic diagram of predicted sizes of Diksgments in the parent strain

and transformants digested with B@T22I andHindlll, and the result was shown in

(B).
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Normal growth condition 45°C , 10 min

DIC AoPabl-EGFP DIC AoPab1-EGFP

4°C, 30 min Glucose deprivation, 10 min
DIC  AoPabl-EGFP DIC  AoPabl-EGFP

Figure 1-11. Formation of stress granules in cellexpressing AoPabl-EGFP
under control of the endogenous promoter.

Approximately 18 conidia of cells expressing AoPab1-EGFP underrobmf the
endogenous promoter were grown in CD+Met mediuB0&€ for 18 h before being
exposed to various types of stress and the sulmelbcalization of AoPabl-EGFP
was observed. Under normal growth conditions, AdPBGFP was dispersed
throughout the cytoplasm (A). Accumulation of AoRdbGFP (indicated by the
arrows) was induced in cells treated with heatssti@5°C, 10 min) (B), cold stress

(4°C, 30 min) (C), and glucose deprivation (10 n{[d). Scale bar = fm.
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PamyB

Aoedc3

pgDPaDcp2E
11.8 kb

pgDPaEdc3E
12.5kb

niaD egfp

Figure 1-12. Plasmid construction for the ectopic »@ression of makers of
P-bodies.

(A) AoDcp2-EGFP expressing plasmid. (B)AoEdc3-E@&xPBressing plasmid.
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Normal growth condition 45°C, 10 min
DIC AoDcp2-EGFP DIC AoDcp2-EGFP

4 °C, 30 min Glucose deprivation, 10 min

DIC AoDcp2-EGFP DIC AoDcp2-EGFP

Figure 1-13. Formation of P-bodies in cells expresgy AoDcp2-EGFP as a

marker.

Approximately 18 conidia of cells expressing AoDcp2-EGFP under mbnif the
amyB promoter were grown in CD+Met medium at 30°C f& W before being
exposed to various types of stress and the sularelacalization of AoDcp2-EGFP
was observed. AoDcp2-EGFP was detected as didmigte dots in the cytoplasm in
unstressed cells (A), and increased in size andbeumvhen cells expressing
AoDcp2-EGFP were exposed to heat stress (45°C, i) (B), low temperature

(4°C, 30 min) (C), and glucose deprivation (10 n{[d). Scale bar = fm.
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Normal growth condition 45°C, 10 min
DIC AOEdc3-EGFP DIC AoEdc3-EGFP

4 °C, 30 min Glucose deprivation, 10 min

DIC AOEdc3-EGFP DIC AOEdc3-EGFP

Figure 1-14. Formation of P-bodies in cells expresgy AoEdc3-EGFP as a

marker.

Approximately 18 conidia of cells expressing AoEdc3-EGFP under robrif the
amyB promoter were grown in CD+Met medium at 30°C f& KX before being
exposed to various types of stress and the sularelbcalization of AoEdc3-EGFP
was observed. AOEdc3-EGFP was detected as didmigte dots in the cytoplasm in
unstressed cells (A), and increased in size andbeumvhen cells expressing
AOEdc3-EGFP were exposed to heat stress (45°C, i) (B), low temperature

(4°C, 30 min) (C), and glucose deprivation (10 n{[d). Scale bar = fm.
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Figure 1-15. Plasmid construction for targetingegfp gene atAodcp2 genomic
locus. (A) Strategy for generation of targeting DNA fragmesing fusion PCR. The
resulting DNA fragment was ligated into TOPO vegctmenerating plasmid

pTDcp2EaA (B).
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Figure 1-16 Egfp gene was tagged afodcp2 locus and confirmed by Southern

blot analysis.
(A) The schematic diagram of predicted sizes of Diksgments in the parent strain

and transformants digested with tBeoRI andHindlll, and the result was shown in

(B).
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Normal growth condition 45%C, 10 min

DIC AoDcp2-EGFP DIC AoDcp2-EGFP

4 °C, 30 min Glucose deprivation, 10 min

DIC AoDcp2-EGFP DIC AoDcp2-EGFP

Figure 1-17. Formation of P-bodies in cells expresgy AoDcp2-EGFP under
control of the endogenous promoter.

Approximately 18 conidia of cells expressing AoDcp2-EGFP under mbnif the
endogenous promoter were grown in CD+Met mediuB0a€ for 18 h before being
exposed to various types of stress and the sularelacalization of AoDcp2-EGFP
was observed. AoDcp2-EGFP was detected as didmigte dots in the cytoplasm in
unstressed cells (A), and increased in size andbeumvhen cells expressing
AoDcp2-EGFP were exposed to heat stress (45°C, i) (B), low temperature

(4°C, 30 min) (C), and glucose deprivation (10 n{[d). Scale bar = fm.
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Normal growth

7 45°C, 10 min
condition

PamyB
AoDcp2-
EGFP
AoPabl-
mDsRed
pgCPaPabl1DR
10.3 kb
Merge

Magnification

Figure 1-18. Colocalizations of P-bodies and stress granules nesponse to heat
stress.

(A) Plasmid construction for the ectopic expressioh AoPabl-mDsRed. (B)
Subcellular localization of AoDcp2-EGFP and AoPablsRed. AoDcp2-EGFP and
AoPabl-mDsRed were used as markers of P-bodiestees$ granules, respectively.
Approximately 10 conidia of cells co-expressing AoDcp2-EGFP and
AoPabl-mDsRed were grown in CD medium at 30°C ®hlbefore being exposed
to 45°C for 10 min. The lowest paseshow magnified images of the apical

region of the cell (within the boxed area in the above image). Scale bars = pm.
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Figure 1-19. Aopubl gene was disrupted and confirmed by Southern blatig
analysis.

(A) Plasmid construction for the expressionAapubl disrupting cassette. (B) The
schematic diagram of predicted sizes of DNA fragimemm parent strain and

transformants digested with tBglll and BamHI, and the result was shown in (C).
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Figure 1-20. Aopubl disruptant showed defects in the conidia formationand
more severe growth retardation in stress conditions(A) Approximately 18
conidia of wild-type anddopubl disruptant cells were spotted onto PD plates, and
cultured at 30°C for 4 days. (B) Approximately’ nidia of wild-type and\opubl
disruptant cells were spotted onto PD plates witlvithout 10 mM DTT, 2 mM HO,,

or 1.2 M sorbitol, and cultured at 30°C for 4 da@elony diameters were compared
to those of the wild-type strain under the conttohdition, which was set to 100%.
Data represent the mean + S.D. of three biologeglicates. The asterisk denotes a
statistically significant difference, as judgedthg Student’s t-test with P < 0.01 (**)

and P < 0.001 (**).
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Chapter 2

Identification of AoSO as a novel stress granule coponent

upon heat stress inA. oryzae
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Introduction

The mycelia of filamentous fungi consist of a netiwof interconnected hyphae,
which are compartmentalized by septa. Septa comtaiantral pore that allows the
movement of cytoplasm and organelles between auljatgphae for direct
communication and coordination (Shephetdl., 1993; Markham, 1994; Jedd and
Pieuchot, 2012). However, mycelia with cytoplasmantinuity are susceptible to
catastrophic failure due to cytoplasmic loss whethvidual hyphae are injured. Fungi
defend against such loss by the rapid occlusioseptal pores in response to hyphal
damage and stressful environmental conditions (Ayéret al., 1984; Markham,
1994; van Peeet al., 2009). TheNeurospora crassa SO (SOFT) protein, and its
Sordaria macrospora homolog, Pro40, were shown to be essential fohalyfusion
(FleiBneret al., 2005; FleilBner and Glass, 2007; Fleil3eeal., 2009) and sexual
development (Enght al., 2007), respectively. Subcellular localizationdsés reveals
that SO is evenly distributed throughout the cyaspt under normal growth
conditions, but accumulates at the septal porenjured, aging, and dying hyphae
(FleiBner and Glass, 2007). It has been shown iifaforatory previously that afu
oryzae homolog of SO, AoSO, accumulates at the septa pdren cells are exposed
to various stresses (Maruyang al., 2010). The stress-induced accumulation
behavior of AoSO is similar to the components oést granules. Therefore, the aim

of chapter 2 was to investigate whether AoSO imtsravith stress granules .

oryzae.
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Results
1 Colocalization of AoSO with stress granules in regmse to heat stress

To investigate the possibility that AoSO proteiningolved in the function of
stress granules, AoPabl-mDsRed expressing plasp@®gaPablDR (Figure 1-18A)
was introduced into A0SO-EGFP expressing strain.e Tenerated strain
co-expressing AoSO-EGFP and AoPabl-mDsRed was tosedamine the cellular
localizations of A0SO and stress granules in @{[sosed to heat stress (Figure 2-1A).
The functionality of AoSO-EGFP was previously comied by demonstrating that
expression of the fusion protein complemented thenptypes ofAAoso strain
(Maruyamaet al., 2010). Under normal growth conditions, AoSO-EG##S evenly
distributed throughout the cytoplasm, but accunedledt the septal pore after cells
were exposed to heat stress, as previously rep@ivtadiyamaet al., 2010). However,
AoPabl-mDsRed did not accumulate at the septalipozells exposed to heat stress
(Figure 2-1A) or any other of the examined stressddions (cold stress, glucose
deprivation, and ER, osmotic and oxidative stresgats not shown). In cells exposed
to heat stress, AOSO-EGFP also accumulated aslagto foci, which colocalized
with stress granules labeled with AoPabl-mDsReHdeahyphal tip (Figure 2-1A).

To further determine the physical association oS®owith the stress granule
component AoPabl, AoPabl-3HA expressing plasmidosastructed (Figure 2-2A)
and introduced into A0SO-EGFP expressing strain.e Thenerated strain
co-expressing AoSO-EGFP and AoPabl-3HA was conflrrbg immunoblotting
(Figure 2-2B) and used in co-immunoprecipitatioppenxments. AoPabl-3HA was
immunoprecipitated using anti-HA magnetic beads.e Timteraction between
A0SO-EGFP and AoPabl-3HA was confirmed by co-imnpuecdpitation. This
association is not mediated via the EGFP portioncaassociation was detected in the

negative control strain co-expressing EGFP and AbF3HA.
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To clarify if the aggregation of AoSO requires theesence of non-translating
MRNAS, cycloheximide, which blocks translationabredation and traps mRNAS in
polysomes, was used to deplete the pool of norstating mMRNAs (Kedershet al.,
2000; Bucharet al., 2008; Grouskt al., 2009) (Figure 2-1A and 2-1B). The strain
co-expressing AoSO-EGFP and AoPabl-mDsRed wasetieatith 200 pg/ml
cycloheximide for 30 min before being exposed tatlstress. The formation of stress
granules labeled with AoPabl-mDsRed was sensititke cycloheximide treatment,
confirming that they are typical mMRNP granulespesviously reported (Kedersleh
al., 2000; Buchanet al., 2008; Grouslet al., 2009). In addition, the heat
stress-induced formation of cytoplasmic AoSO fotittee hyphal tip was greatly
impaired by cycloheximide (Figure 2-1A and 2-1Blggesting that cytoplasmic
AoSO foci require a pool of free mRNAs for their gaggation. However,
cycloheximide did not affect the accumulation ofSK» at the septal pore. Overall,
these results suggest that AoSO is a novel compasiemRNP granules in the

filamentous fungug. oryzae.

2 A0SO affects the formation and localization of stres granules

To gain a better understanding of the role of Aas6tress granules, the effect of
Aoso deletion on stress granule formation was examiAetabl-EGFP expressing
plasmid pgDPaPablE (Figure 1-3A) was introduced Adso-deletion strain and
confirmed using Suthern blotting analysis (figuret)2 The formation of stress
granules in response to heat stress was observitek Anso-deletion strain (Figure
2-5A). However, compared to 100% formation of ®trgsanules in wild-type cells
exposed to heat stress, the heat stress-inducethtion of stress granules in the
Aoso-deletion strain was decreased to 87.7 £ 1.34 %hg=50; n=7p < 0.005)

(Figure 2-5B). No obvious change in the size oésdrgranules was observed in the
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Aoso-deletion strain. The movement of stress granwbsléd with AoPabl1-EGFP in
stressed cells was monitored by live-cell imaginwgich revealed that in contrast to
other types of stress where the stress granules kighly dynamic (please refer to

http://www.plosone.org/article/info%3Adoi%2F10.13%82Fjournal.pone.0072209#s5

for the Supplementary Video S2), the heat stredgeaed stress granules were nearly
stationary (refer to the previous link for the Sieppentary Video S3). By taking
advantage of this feature, the effectAmiso deletion on stress granules was further
evaluated by measuring the distance between thieahyip and stress granules. The
distribution of the largest stress granules labelath AoPabl-EGFP was less
concentrated and more distant from the hyphalrtithe Aoso-deletion strain (Figure
2-5C). Additionally, | observed that in a small fpon of hyphae, heat stress-induced
stress granules were more dynamic in Aleso-deletion strain (refer to the previous
link for the Supplementary Video S4). However, thetility of heat-stress induced
stress granules in th&oso-deletion strain was different from that of all tbéher
stress conditions examined in this study with agldistance movement, but moved
around in a confined region (refer to the previbnk for the Supplementary Videos
S2 and S4). | have examined the growth teshefoso deletion strain on PD plates
containing 10 mM DTT, 2 mM pD,, or 1.2 M sorbitol; however, no growth
difference between wild-type and tAeso deletion strain was observed (Figure 2-6).
Taken together, the results indicated that AoS@ois absolutely necessary for the
formation of stress granules, but AoSO influendes formation and localization of

stress granules in cells exposed to heat stress.
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Discussion
A0SO is a component of stress granules

Deletion of theso gene inN. crassa results in a pleiotropic phenotype
characterized by a lack of hyphal anastomosesgcestlaerial hyphae, slower growth
rate, altered conidiation pattern, and female lgie(Fleil3neret al., 2005). Mutation
of the conserved WW domain in SO, which is predidi® mediate protein-protein
interactions, does not affect SO localization te theptal pore; however, the
phenotypic defects of thso disruptant are not fully complemented (Fleil3ned an
Glass, 2007). Clearly, SO is a multi-function pmot@and a plugging of the septal pore
is not sufficient to explain the multiple phenotypgiefects observed in tise-deletion
strain. The molecular function of the SO proteimmas largely unknown.
Localization analyses have revealed thatKherassa SO homologS. macrospora
Pro40 patrtially associates with Woronin bodies (icetgal., 2007), and thall. crassa
SO contributes to the sealing efficiency of porésgged by Woronin bodies after
hyphal injury (FleiBner and Glass, 2007). Additibpecell-cell signaling and tropic
growth of N. crassa germlings involve the unusual subcellular dynano€$SO and
the MAP kinase (MAK-2), which are recruited to fplasma membrane of cell tips of
interacting germlings in an oscillating and alteimg manner (Flei3nest al., 2009).
In the present study, we found that AoSO accumsilate only at the septal pore, but
also at the hyphal tip, in cells exposed to heaisst In addition, cytoplasmic AoSO
foci colocalized with AoPabl-mDsRed-labeled strgsmnules at the hyphal tip and
were sensitive to cycloheximide treatment (Figw2),2suggesting that cytoplasmic
A0SO foci are mRNP granules, and that AoSO theeefoly participate in the
posttranscriptional regulation of mMRNA in resportse heat stress. The physical
association between A0SO-EGFP and AoPabl-3HA watheiu confirmed by

co-immunoprecipitation (Figure 2-4); however, thissociation was not induced or
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increased after cells were exposed to heat si@smconsistence between the results
of co-immunoprecipitation and colocalization anaysnay be explained by the
different culture conditions (DPY complete medium submerged culture and
CD+Met minimal medium in stationary culture). Oribgs of theso gene have only
been identified in the genomes of Pezizomycotinecigs (FleilRneet al., 2005),
therefore AoSO is presumed to be a novel compookstress granules specific to
Pezizomycotina. The effect ohoso deletion on the function of stress granules
revealed that AoSO is not indispensable for stggasule formation; however, the
formation and localization of stress granules wefieenced in the absence of AoSO
(Figure 2-5).

Protein-protein interaction has been implicatedthe assembly of mRNP
granules, including stress granules. One mechaafssssembly is mediated through
the glutamine/asparagine (Q/N)-rich prion-like doamavhich has a strong tendency
to self-aggregate and is found in many componehtaRNP granules (Kedersleh
al., 1999; Kedershet al., 2000; Michelitsch and Weissman, 2000; Gaksal., 2004).
Moreover, the long, intrinsically disordered donsindentified in septal
pore-associated (SPA) proteins show an inheremtetay to aggregate (L&t al.,
2012). The N-terminal domain of AoSO is also prestido be disordered (Figure 2-7),
suggesting that it has the potential to form agateg of MRNP granules, althoulyh
crassa SO, which contains a disordered domain that igked in glutamine, fails to
form aggregatem vitro (Lai et al., 2012). In consistence with this property, deleti
of Aoso resulted in a 12.3 1.34 % reduction in the number of tip cells disphg
stress granules labeled with AoPabl-EGFP under hbat stress condition.
Additionally, | also observed that in a small portiof hyphae, heat stress-induced
stress granules were more dynamic inAbso-deletion strain. It remains unclear how

A0SO influences the localization and motility ofests granules. As mentioned in the
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Chapter 1, the vast majority of proteins that dimdPABP through its MLLE domain
contain a PAM2 motif; however, PAM2 domain is notifid in AcSO. The interaction
of PAPB and PAM2 motif containing proteins is meddathrough highly-structural
recognition. It may not be surprising considerihgtthighly disordered AoSO takes a
different way to interact with AoPabl. AoSO cong conserved WW domain, as
well as a proline-rich domain predicted to mediatetein-protein interactions. The
localization and dynamics of stress granules mayndeectly influenced through
protein-protein interactions of AoSO with other fgios.

Present findings, in addition to the known functiaf AoSO and its homologs
in hyphal fusion, sexual reproduction, and sepiiaging (Flei3neet al., 2005; Engh
et al., 2007; Maruyamat al., 2010), raise the possibility that A0SO partitgsain the
posttranscriptional regulation of mRNA in resportseheat stress. However, the
localization of mMRNAs in AoSO cytoplasmic foci reim& to be conclusively

demonstrated.
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Figure 2-1. Subcellular localizations of AoSO-EGFP and AoPabl-msRed in
response to heat stress.

(A) A wild-type strain co-expressing AoSO-EGFP awPabl-mDsRed was used to
examine the relative localizations of AoSO andsstrgranules under normal growth
conditions and heat stress. Approximately t6nidia of cells were grown in CD
medium at 30°C for 18 h before being exposed taC4tsfr 10 min. Arrowheads
indicate AoSO foci, and arrows indicate stress gies1 Colocalization of a stress
granule and an AoSO cytoplasmic focus is indicdigdhe asterisk. The effect of
cycloheximide on the formation of mMRNP granules vweaamined by pre-treating
cells with 200ug/ml cycloheximide for 30 min before being exposecdeat stress.
Scale bar = fum. (B) Effect of cycloheximide on the formationA6SO cytoplasmic
foci at the hyphal tip. Cells were incubated witD @Gedium containing 20Qg/ml
cycloheximide for 30 min before being exposed tatlstress. The percentage of cells
displaying AoSO cytoplasmic foci at the hyphal tas determined. Error bars
represent the standard error. ***P < 0.0001. Thesented data are from three

independent experiments, each with BO.
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Figure 2-2. Construction of strains co-expressing @Pab1-3HA with AoSO-EGFP.

(A) Plasmid pgCPaPab13HA was introduced into straixpressing AoSO-EGFP (B)

Co-expression of AoSO-EGFP and AoPab1-3HA was ooefil by Western blotting.
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Figure 2-3. Co-immunoprecipitation of AoSO-EGFP andAoPab1-3HA.
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(A) Approximately 10 conidia of cells expressing AoSO-EGFP and AoPabA-8r

EGFP and AoPab1-3HA were inoculated in 20 ml DP\dimn®, and cultured at 30°C

for 10 h before being exposed to heat stress. Myeeére harvested and proteins

were extracted for immunoprecipitation using anfi-thg mAb-Magnetic Agarose

beads. (B) A strain expressing AoSO-EGFP alone wgexl as a negative control

(right lane).
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Figure 2-4. Aopabl-egfp was introduced into Aoso-deleted strain and confirmed
by Southern blot analysis.

(A) The schematic diagram of predicted sizes of Difgments in parent strain and
transformants digested with t&all, and the result of Southern bolt analysis is sthow

in (B).
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Figure 2-5. Effect ofAoso deletion on stress granules.

(A) Stress granule formation in wild-type (WT) aAdso-deletion mutant AA0so)
cells was detected using AoPabl-EGFP as a markgroAimately 16 conidia of
cells expressing AoPabl-EGFP were grown in CD+Metliom at 30°C for 18 h
before being exposed to 45°C for 10 min. Scale sh& um. (B) Effect of Aoso
deletion on the formation of stress granule. (Cktiibution of stress granule
localization. The distance of AoPabl-EGFP foci fréme hyphal tip is displayed
using a box plot where the top and bottom of the tepresent limits of the upper and
lower quartiles, with the median being indicatediy horizontal line within the box.
The whiskers show the highest and lowest readinfinviL.5 times the interquartile
range. The outliers are indicated by dots. The daé&e derived from three
independent experiments with a total of 260 measengs in the WT andAo0so

strains, respectively. **P < 0.01; ***P < 0.001.
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Figure 2-6. Aoso disruptant showed no growth defects in stress coittns.
Approximately 18 conidia of wild-type andhoso disruptant cells were spotted onto
PD plates with or without 10 mM DTT, 2 mM,8,, or 1.2 M sorbitol, and cultured at
30°C for 4 days. Colony diameters were comparethése of the wild-type strain
under the control condition, which was set to 10M@4ta represent the mean + S.D.

of three biological replicates.
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Figure 2-7. Disorder prediction of AoSO.

The primary sequences of AoSO were analyzed favelgtordered structure. The x axis correspondanno acid sequence displayed from
N-terminus to C-terminus (left to right) of AoSOhd y axis indicates the predicted probability afodder. The regions below the horizontal
midline, filled in with red, are predicted to betimaly unfolded based upon primary sequence inftionaalone. The regions above the

horizontal midline, filled in with green, are pretid to be natively folded, based upon primary sage.
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Chapter 3

Participation of autophaqy in the clearance of stres

granules under sustained heat stress
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Introduction

Heat stress is a fundamental challenge for all obies. The prominent
physiological impact of heat stress is proteotdayicambient temperature destabilizes
cellular proteins (Zhang and Calderwood, 2011; Mort al., 2012; Velichkoet al.,
2013; Vergheset al., 2012). Lethality could be the result from misfioly and the
subsequent loss of function of one or more esdepti@eins. Alternatively, the
accumulation of a significant number of misfoldeddypeptides could have secondary
consequences, such as an impairment of normal iprategradation by the
ubiquitin-proteasome system (UPS) or the formatibtoxic protein aggregates. The
heat-shock response (HSR) is an ancient and hagiigerved molecular response to
disruptions of protein homeostasis that resultstia repression of the protein
biosynthetic capacity and transcriptional inductodra battery of cytoprotective genes
encoding the heat shock proteins (HSPs) (Momirab., 2012; Vergheset al., 2012;
Velichko et al.,, 2013). Many HSPs function as molecular chaperotae protect
thermally damaged proteins from aggregation, uné&gdregated proteins, and refold
damaged proteins or target them for efficient degtian through proteasome or
chaperone-mediated autophagy (CMA) (Kaushik andn@,e012; Saibil, 2013). In
addition to HSR, to counteract the harmful effedtem damaged proteins,
intracellular degradation systems are invoked durstress. The two major
mechanisms for intracellular degradation are thiguitin-proteasome system (UPS)
and autophagy/lysosomal proteolysis. Autophagydsreserved and tightly regulated
process in eukaryotic cells for the bulk degradatbcytoplasmic components in the
vacuole or lysosome to maintain cellular homeostéReggiori and Klionsky, 2013).
This pathway constitutes a major protective medmarthat allows cells to survive in
response to multiple stressors (Swanlehdl., 2008; Kroemeegt al., 2010; Zhang

and Calderwood, 2011).
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The formation of stress granules in response &sstfor temporary storage of
MRNASs is a conserved phenomenon in eukaryotes. awittle is known about the
fate of stress granules. Through intensive micrpganalyses of stress granules in
the preceding Chapters, it is interesting to fihdttunder normal growth condition,
vacuoles are usually not observed at the healtiphddytip inA. oryzae. When cells
are exposed to stress, stress granulese often found to dock with vacuole-like
structures at the hyphal tip (e.g. Figure 2-5Agrémsed hyphal vacuolation has also
been observed in nutrient-starvéd oryzae mycelia (Pollacket al., 2008). These
observations suggest an increase in degradatigulieg activities in these regions of
the mycelium during stress. As both autophagy payhand stress granule formation
are considered as an adaptive response when cellsxposed to stress, it raises a
possibility that under sustained stress conditivhere stress granule-associated
MRNPs unable to return to translation, stress deanmight be eliminated by
autophagy to maintain cellular homeostasis. Theeefthe aim of Chapter 3 was to
clarify whether under sustained heat stress, stggasules were degraded by

autophagy.
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Results
1. Colocalization of autophagosome and stress granules cells subjected to

heat stress

Stress granulesere often found to dock with vacuole-like struesiat the hyphal
tip during stress (e.g. Figure 2-5A). Autophagydlssmal pathway is one of the two
major systems for intracellular protein degradaimeukaryotes, and is known to be
induced by various stress conditions (Swanlehdl., 2008; Kroemeet al., 2010;
Zhang and Calderwood, 2011). These observationgestiga possibility that under
sustained stress condition, stress granules arenelied by autophagy to maintain
cellular homeostasis and survival. To clarify iGEP-tagged marker protein was used
to monitor autophagy by fluorescence microscopy tibiquitin-like protein Atg8p is
conjugated to phosphatidylethanolamine and redauite nascent autophagosomes,
thus building part of the autophagosomal membr&mpi(kaet al., 2011; Stanlegt
al., 2013). Previously in our laboratory, a homolddghe S. cerevisiae ATG8, Aoatgs,
was isolated and used as a specific marker of hatpp (Kikumaet al., 2006).
Although nutrient depletion is the most potent knowhysiological inducer of
autophagy, a variety of stress stimuli have beawknto induce autophagy, including
nutrient stress, ER stress, hypoxia, redox stregechondrial damage, and heat stress
(Swanlund et al., 2008; Kroemeret al., 2010; Zhang and Calderwood, 2011).
Therefore, firstly several external stimuli wereedsto assess the induction of
autophagy in cells expressing EGFP-A0Atg8 undertrobnof the endogenous
promoter (Figure 3-1). Under normal growth conaispEGFP-A0Atg8 was detected
as bright dots in the cytoplasm (Figure 3-1A), whi@are considered as
phagophore-assembly site (PAS)-like structures afoghagosome nucleation.
Exposing cells to heat stress, ER stress, and txedatress led to an induction of

number and size of EGFP-A0Atg8 foci (Figure 3-1B,a@d D). Some of these foci
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were found in the vicinity of vacuole-like struotst

To determine the relative localizations of EGFP-Ag#\ and stress granules,
AoPabl-mDsRed expressing plasmid pgCPaPablDR @jl8A) was introduced
into EGFP-A0OAtg8 expressing strain. The generatemairs co-expressing
EGFP-A0Atg8 and AoPabl-mDsRed was examined afteghbexposed to 45°C for
10 min. EGFP-A0Atg8 cytoplasmic foci were colocatizwith stress granules labeled
with AoPabl1l-mDsRed (Figure 3-2) in cells exposetdat stress. Since autophagy is
a pathway for intracellular protein degradationlpcalization of stress granules with
autophagy suggests that autophagy may be involuethe degradation of stress

granules under sustained stress.

2. Heat stress induces the degradation of stress graleucomponents

The protein degradative process is typically aceédel by environmental stresses.
To investigate whether heat stress induces degoadat stress granule components,
cells co-expressing AoPab1-3HA and AoSO-EGFP wepesed to heat stress for 0,
10, 30, and 60 min. The relative protein amountd@Pabl-3HA and AoSO-EGFP
were analyzed by immunoblotting. The levels of AbR8HA in cells exposed to
heat stress for different times revealed that AAP3BA were decreased in a
time-dependent manner, while the levelsueiibulin were not changed (Figure 3-3).
Additionally, AoSO-EGFP, another stress granule ponent identified in the Chapter
2, was also decreased in cell exposed to heasstres similar pattern (Figure 3-3).
These results give a possibility that under susthiheat stress condition, stress

granules were degraded.

3. Participation of autophagy in the degradation of stess granule component

under sustained heat stress
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To determine whether autophagy is involved in tbgrddation of stress granule
components, an autophagy-defective mut#watg8-deletion strain was used for
further analysis. Firstly, AoPabl-EGFP expressitgsmid pgDPaPablE (Figure
1-3A) was introduced into thAoatg8-deletion strain, and subcelluar localization of
AoPabl-EGFP was analyzed (Figure 3-4). Stress anwere induced in the
Aoatg8-deletion cells exposed to heat stress for 10 Mmsignificant difference of
subcelluar localization of AoPabl-EGFP in wild-typedthe Aoatg8-deletion cells
was observed.

To compare the protein level of AoPabl with thatFigure 3-1, AoPabl1-3HA
expressing plasmid pgCPaPabl3HA (Figure 2-3A) wasoduced into the
Aoatg8-deletion strain. Protein amounts of AoPabl-3HAc#lls exposed to heat
stress were analyzed by immunoblotting (FigureB&nd B). ~70% of AoPabl1-3HA
still remained in cells exposed to heat stress &0r min. Comparing heat
stress-induced degradation kinetics of AoPabl-3HAthe wild-type andAoatg8
disruptant cells, reveals that heat stress-indudedrease of AoPabl-3HA was

inhibited in theAoatg8-deletion strain (Figure 3-5C).
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Discussion
Mutual regulation of TORC1, autophagy, and stress ganules

Autophagy is a conserved and tightly regulated ggedor the bulk degradation
of cytoplasmic components in the vacuole or lysasoto maintain cellular
homeostasis (Reggiori and Klionsky, 2013). An iase of autophagosome labeled
with EGFP-A0Atg8 was observed in cells exposed ¢athstress, ER stress, and
oxidative stress (Figure 3-1), suggesting an irsgean autophagy-mediated
degradation/recycling activities during stress. dultagy is induced through
inhibition of target of rapamycin complex 1 (TORCA43 an essential prosurvival
pathway by a wide variety of stresses, includingtistress (Swanlune al., 2008;
Kroemeret al., 2010; Zhang and Calderwood, 2011). TORC1 isndraeregulator of
cell growth and metabolism in eukaryotes (De Viggiland Loewith, 2006;
Waullschlegeret al., 2006). Under optimal growth conditions, TORCladdivated at
the vacuolar membrane and promotes protein systiaesi cell growth. On the other
hand, TORCL1 inhibits autophagy initiation by dirgttosphorylation of Atgl3p at
several serine residues (Alessal., 2012). The hyperphosphorylation prevents its
binding to Atglp and formation of Atglp-Atgl3p-Afgd complex. In the absence of
growth hormones, or during stress or starvationRTQ is released from vacuolar
membrane and inactivated (Yahal., 2012; Buchan et al., 2013). Inactivated TORC1
suppresses cell growth to reduce energy demand, tagger autophagosome
nucleation and elongation to enable stress adaptatid survival.

Stress granules are originally identified as acstme for post-transcriptional
regulation of gene expression by temporary stocdgeRNAS in response to stress
(refer to the general introduction). Lines of rec@&vidence indicate that stress
granules play a role as subcellular sites thatdinate signaling pathways involved in

the stress response by sequestrating signalingcoekeinto stress granules (Arimoto
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et al., 2008; Takahara and Maeda, 2012). The sequestrati TORC1 into stress
granules inhibits its activity and protects celleni DNA damage during recovery
from heat stress (Takahara and Maeda, 2012). stiegty, TORC1 signaling also
promotes translation initiation in part via elF4H;:-4G, and elF2 (Wullschlegeral.,
2006). Phosphorylation of elk2oy the general control non-derepressible-2 (GCN2)
results in the global translational arrest, andefuge the formation of stress granules.
GCNZ2 is negatively regulated by TORC1 (Hinnebugd05; Valbuenat al., 2012;
Radlandet al., 2013). Furthermore, inactivation of TORCL1 islmbly required for
activation of GCN2 in response to stress (Rgdlahdal., 2013). Thus, when
environmental conditions repress TORC1 signalirfte tesulting inhibition of
translation initiation promotes stress granule fation, which in turn recruits and
further inhibits TORC1 signaling. On the other ham@ctivated TORCL1 leads to an
activation of autophagy, which further clears s€trgsanules under sustained stress.
Observation of stress granules docked with vaclikdestructures (e.g. Figure 2-5A)
and the colocalization of stress granules and &aiggpsomes (Figure 3-2) provide a
spatially related support for the mutual interptfyTORC1 activity, autophagy, and

stress granules.

Fates of stress granules

The formation of stress granules in response &sstfor temporary storage of
MRNAS is a conserved phenomenon in eukaryotes. awittle is known about the
fate of stress granules. During recovery from strestress granules could be
disassembled by dissociation of the interactioratang the larger aggregate (Buchan
and Parker, 2009). mRNAs inside stress granulestageted to P-bodies to be
degraded (Sheth and Parker, 2003), or re-entry jplysomes to be translated

(Brenguet al., 2005; Bhattacharyyet al., 2006). In the present study, | provided an
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additional fate of stress granules under sustaistress. Colocalization of
EGFP-A0Atg8 with stress granules suggests a funatimteraction of autophagy and
stress granules (Figure 3-2). Degradation of stgeasule component AoPabl was
observed in cells exposed to heat stress for 6Qusiimg immunoblotting (Figure 3-3),
while this heat stress-induced degradation is breanhibited in an
autophagy-defective mutarpatg8-deletion strain (Figure 3-5). This result provides
biochemical evidence that under sustained heasststress granules are degraded at
least partially through autophagy. More recentlyniaroscopy-based genetic screen
of yeast genes that affected the dynamics of Pesoaind/or stress granules supports
my results (Buchast al., 2013). Mutations that disrupt autophagy, inahgdhATGS,
AATG11, AATG18, AMON1, and AMEH1, give an increase in constitutive stress
granules under normal growth condition. Additiopatlisruption ofATG15, which is

a vacuolar lipase that breaks down autophagic Msswithin the vacuole (Tetet al.,
2001), results in the accumulation of Pablp-GFP &ut3p-mCherry in an
intravacuolar compartment (IVC). These observatipnsvide another mechanism
regulating the clearance of these structures lgeteng stress granules to the vacuole
through autophagy.

A pathological hallmark of many neurodegeneratisgeases such as Alzheimer's
disease (AD), Parkinson's disease (PD), Huntingtaiisease (HD), amyotrophic
lateral sclerosis (ALS), and prion diseases is dbeumulation of mutant protein
aggregates (Jucker and Walker, 2013; Takbht., 2013). For the narrow proteasome
barrel precludes entry of oligomers/aggregateswhnt proteins, autophagy seems to
be as the major route for protein aggregates alearal hese disease-related proteins
have aggregate-prone prion-like domain as in manofs of stress granules and also
P-bodies (Gilkset al., 2004; Yaoet al., 2007; Reijnset al., 2008). Dysfunction of

autophagy to remove these protein aggregates seswltthe pathogenesis of
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neurodegenerative disorders (Banegeal., 2010; Nixon, 2013). More interestingly,
colocalizations of classic stress granule markedsRNA with protein aggregates are
observed in many neurodegenerative diseases (Ggeaba., 1998; Ito and Suzuki,
2011; Deweyet al., 2012; Wolozin, 2012; Let al., 2013). Prolonged physiological
stress or mutations in genes coding for stressuggaassociated proteins (Nonheff
al., 2007; Johnso#t al., 2009; Boscet al., 2010; Elderet al., 2010; Liu-Yesucevitz
et al., 2010; Ito and Suzuki, 2011; Morem al., 2012) lead to enhanced stress
granule formation, which accelerates the pathopiygy of protein aggregation in
neurodegenerative diseases. These observatioesardigpothesis that inappropriate
formation or persistence of stress granules, oresmfated mMRNP aggregate, might
be related to the pathogenesis in these diseasetdBet al., 2013; Liet al., 2013).
Even more, aggregation of these pathological prsteiight be proceeded through the
stress granule pathway (Wolozin, 2012). Furthermamecent study shows that stress
granule markers are immunopositive with autophagykers in neuronal cytoplasmic
inclusions (Moriet al., 2013). These observations indicate the impoetasfcstress
granules and autophagy in the pathogenesis of degemerative diseases. Thus,
clearance of stress granules, which are large mRi#ein aggregate complexes, by

autophagy may be crucial for cell viability undestined stress.
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Normal growth condition 45°C , 10 min
DIC  EGFP-Ao0Atg8 DIC EGFP-A0Atg8

C D
10 mM DTT, 60 min 2 mM H,0,, 30 min
DIC  EGFP-A0Alg8 DIC  EGFP-A0Atg8

Figure 3-1. Subcellular localization of EGFP-A0Atg8in cells exposed to heat
stress, ER stress, and oxidative stress.

Approximately 18 conidia of cells expressing EGFP-AoAtg8 under mminof the
amyB promoter were grown in CD+Met medium at 30°C f& W1 before being
exposed to various types of stress and the sulerelacalization of EGFP-A0Atg8
was observed in normal growth condition (A), hea¢ss (45°C, 10 min) (B), ER
stress (10 mM DTT, 60 min) (C), and oxidative sir¢2 mM HO,, 30 min) (D).

White arrows indicate vacuole-like structures. 8dzdr = Sum.
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Normal growth condition 45 °C, 10 min

EGFP- AoPabl EGFP- AoPabl
AoAtg8 -mDsRed

Merge Merge

AoAtg8 -mDsRed

Figure 3-2. Colocalization of EGFP-A0Atg8 with AoPa1-mDsRed in response to
heat stress.

EGFP-A0Atg8 and AoPabl-mDsRed were used as madéeasitophagosome and
stress granules, respectively. Approximatel§ @6nidia of cells were grown in CD
medium at 30°C for 18 h before being exposed taC4ffr 10 min. Arrowheads
indicate autophagosome, and arrows indicate styesailes. Colocalization of stress

granules and autophagosomes are indicated bysksteHcale bars = in.
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Figure 3-3. Time-dependent decrease of stress grdeicomponents AoPab1-3HA
and AoSO-EGFP under sustained heat stress.

(A) Cells were exposed to heat stress for 0, 1Q, 8060 min. The levels of
AoPabl-3HA and A0SO-EGFP were detected by immurtidp (B) The

guantitative results from three independent expemis1 are shown as means

standard deviations (SD) compared to time 0. *afue < 0.01; *** p value < 0.001.
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Normal growth
condition
DIC  AoPabl-EGFP DIC AoPab1-EGFP

45°C, 10 min

AAoatg8

Fig. 3-4. Formation of stress granules in responde heat stress in the autophagy
defective mutant.

Heat stress-inducestress granule formation in tA@atg8-deletion mutantAAoatg8)
was detected using AoPabl-EGFP as a marker. Myoélidoatg8-deletion cells
expressing AoPabl-EGFP were collected from theasarfof coloniesusing a
toothpick and grown in CD+Met medium at 30°C for 18 h before lgeexposed to

45°C for 10 min. Scale bar =18n.

84



Heat Stress (45 °C) 0 10 30 60
AoPab1-3HA | W - - —
C

B
AoPab1-3HA protein remaining
o o 10
= =
a3 10[ — a
“? 8 80 *kk “? 8
o o o o
2Eq 2 £
I = I =
™ O ™ O
- 4 -
o o
© 20 © 20l —€—WT
% % - i - AAoatg8
< 0 0 10 30 60 < % 10 30 60
Time of heat stress (min) Time of heat stress (min)

Figure 3-5. Heat stress-induced degradation of stes granule component
AoPab1-3HA was inhibited in an autophagy-defectivstrain.

(A) Cells were exposed to heat stress for 0, 1Q, 8060 min. The levels of
AoPab1-3HA in theAoatg8 disruptant cells were detected by immunoblotti(i).
The quantitative results from three independenegrpents are shown as means
standard deviations (SD) compared to time 0. (CatHgress-induced degradation
kinetics of AoPab1-3HA in the wild-type aiaatg8 disruptant cells in sustained heat
stress. Intensity of the AoPabl-3HA bands in thédyipe (Figure 3-1A) and
Aoatg8-deletion cells (Figure 3-5A) were quantified aradcalated as a percentage of
the intensity of the band at time zero for eachttrent. The significance is given at
time 60 by comparing the relative AoPabl-3HA levats the wild-type and

Aoatg8-deletion cells. *** p value < 0.001.
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Chapter 4

Post-translational modifications of stress granul€eomponent

AoPabl in response to heat stress
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Introduction

The cap-binding complex elF4F consists of th&GHP cap-binding protein
elF4E, the DEAD-box RNA helicase elF4A and the f&dding protein elF4G (Figure
0-2) (Klann and Dever, 2004; Jacksaral., 2010). elF4G also binds to PABP and the
43S component elF3. Through the interaction of €lledhd PABP brings the &nd 3
ends of a mRNA in close physical proximity. Thiso®ed-loop’ conformation
enhanced translation initiation by increasing rdue recruitment through
ATP-dependent helicase activity of elF4A and alsmtgrting mRNAs from
deadenylation, decapping, and degradation (Klardh Rever, 2004; Fabiast al.,
2010; Jacksomt al., 2010). The interaction of PABP and elF4G furthmarease the
poly(A)-binding affinity of PABP and the binding fafity of elF4E for the 5 cap
structure, resulting in the mutual stabilizationetF4E and PABP to their respective
target regulatory elements (Let al., 1997, Weiet al., 1998). The functional
interaction between the cap and the poly(A) taitegressed when cells exposed to
stress (Gallie and Tanguay, 1994). Several elFse hbeen shown to be
phosphorylated or dephosphorylated following envinental stress (Duncaat al.,
1987; Duncan and Hershey, 1989; Gadélieal., 1997). Dephosphorylation of elF4E
following heat stress is concomitant with reducéB4€& binding to the cap and
protein synthesis activity (Duncanhal., 1987; Duncan and Hershey, 1989; Lamphear
and Panniers , 1990; Lamphear and Panniers , 1P®%}-translational modification
(PTM) is crucial for regulating the functions of nyaeukaryotic proteins. Modulation
of protein through PTM provides an appropriate na@c$m to ensure coordinated
temporospatial and immediate regulation of protéABP is present in multiple
post-translational modified isoforms in yeast, seghin, plant and mammalian cells
(Drawbridgeet al., 1990; Gallieet al., 1997; Leet al., 2000; Maet al., 2006). Precise

PTMs of PABPs have been identified in recent swmdidammalian PABP has
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extensive dynamic PTMs, including lysine acetylatitysine methylation, arginine
methylation and the unusual methylation of aspamntid glutamic acids (Broodt al.,
2012). Pablp ir& cerevisiae also shows the presence of lysine acetylationnseri
phosphorylation, and glutamate methylation (Leival., 2013). The function of these
modifications is largely unknown; however, phosptation has been implicated in
the regulation of its RNA binding and/or proteiteractions (Lest al., 2000; Brooket
al., 2012). These observations suggest that positateanal modification of PABP
(and its interacting proteins) regulates the fuordi interaction between the cap and
the poly(A) tail and therefore the regulation ohgeexpression.

PABP is a central regulator of mRNA translation astdbility and is a core
component of stress granules. In order to coordirtatmulti-functions and to rapid
response to stress, PABP is considered to be dga#dyiregulated by PTMs.
Although PTMs of PABP have been identified in yeasti mammalian cells (Brook
et al., 2012; Lowet al., 2013), PTMs of PABP in response to stress hatebaen
reported. Therefore the aim of Chapter 4 was totifeand map PTMs of AoPabl in

response to heat stress.
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Results
1. AoPabl is subjected to extensive post-translationatodifications

To elucidate whether AoPabl is post-translationatipdified, lysates from
AoPabl-3HA expressing cells exposed to heat sfoegs, 10 or 30 min were resolved
on two-dimensional SDS/PAGE (2D-PAGE) and analymethg anti-HA antibody.
The predicted pl of AoPabl-3HA is 5.45. In unstesbscells, AoPab1-3HA was
detected as a continuing band in a range of itdigted pl and reduced pl, indicating
multiple PTM forms (Figure 4-1A). In addition topertion of isoforms of higher pl
(basic isoforms), highly acidic isoforms appearedells exposed to heat stress for 10
min, and were not observed after exposure of hesgssfor 30 min. Exposure to heat
stress for 30 min induced a broad distribution oPAb1 isoforms from pH 3-10 with
highly basic species. Basic isoforms appeared aftert exposure to heat stress (10
min) and highly basic isoforms appeared later (30) rsuggesting that AoPabl was
modified to become basic in response to heat stregthermore, lysates form cells
treated with 2 mM KO, for 30 min were also resolved on 2D-PAGE and arely
using anti-HA antibody (Figure 4-1B). The highlysmaisoforms of AoPabl seen in
cells exposed to heat stress for 30 min was narebd in cells treated with oxidative

stress, suggesting the stress-specific modificatadoPabl.

2. ldentification of post-translational modifications in AoPabl in response to
heat stress
To identify PTMs in AoPabl, AoPabl-3HA was immunepipitated from
unstressed cells or cells exposed to heat stred9fand 30 min, and separated using
10% SDS-PAGE. Coomassie-Blue-stained protein bapidsAoPabl-3HA were
excised and digested with trypsin. Trypsin-digegtegtide mixtures were separated

by high-performance liquid chromatograp{tyPLC) using 75um column with flow
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rate at 300 nl/min. Profiles of the respective atantes of trypsin-digested peptides
are indicated by the HPLC chromatogram in Figuiz #eptides eluted from HPLC
column were fragmented by a process called caofiigouced dissociation (CID) and
MS/MS spectra were acquired for each fragmentedigepLC-MS/MS analysis of
trypsinized peptides resulted in ~60% sequencerageeof AoPabl. PTMs identified
in AoPabl from cells exposed to heat stress fat0),and 30 min are indicated in
Figure 4-3, Figure 4-4, and Figure 4-5, respecyivElTMs of AoPabl in three
experimental conditions are summarized in Figue which shows that these PTMs
distribute throughout all functional domains of Adi?, with an exception of
Q/G/P-rich region. Conserved sites among PABPsamghasized using red color. A
total of 23 PTMs were identified at 21 residuesunstressed cells, including lysine
acetylation, lysine methylation, lysine dimethyattj serine phosphorylation, and
threonine phosphorylation (Figure 4-3 and Figur@).4Compared to PTMs found in
AoPabl from unstressed cells, changes were foud@ atsidues in cells exposed to
heat stress for 10 min (Figure 4-4 and Figure 4FBpse included dephosphorylation
of threonine, demethylation and dedimethylationysine, lysine acetylation, lysine
methylation, lysine dimethylation, serine phospleatign, threonine phosphorylation,
and a novel lysine trimethylation at 4y5only found in cells exposed to heat stress
for 10 min. Compared to PTMs found in AoPabl intressed cells, changes were
found at 11 residues in cells exposed to heat sstfes 30 min, including
dephosphorylation of threonine, demethylation aadimethylation of lysine, lysine
methylation, lysine dimethylation, serine phospletign, threonine phosphorylation,
and a novel tyrosine phosphorylation at*fyonly found in cells exposed to heat
stress for 30 min (Figure 4-5 and T Figure 4-6)tlermore, comparing PTMs in
AoPabl from cells exposure to heat stress for 10 amd 30 min revealed that

excluding constant modifications appeared in tloeeditions, the majority of these
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residues were modified by different PTMs (17/18)ggesting the dynamic changes in
PTMs during the period of heat stress.

One dimethylation was detected at ¥yswhich locates in the predicted bipartite
nuclear localization signal (NLS) of position 20592 However, no alteration of this
modification was observed in unstressed cells ¢is axposed to heat stress. In
consistent with this, microscopic analyses in thevjpus Chapters revealed no
localization difference of AoPabl in nucleus-cyasph shuttling after cells were
exposed to heat stress (and also other stresse)efmore, PABPs are characterized
by four conserved RRMs in the N-terminus, to fimd/ dink of these PTMs to the
primary sequence, distribution of PTMs in four RRMas compared (Figure 4-7).
However, no significant link was found.

A wide variety of stress stimuli, including heatests, rapidly increase protein
modification by O-linked-N-acetylglucosamine (O-Qkc) (Zachara et al., 2004).
Blocking O-GIcNAc modification, or reducing it, rdars cells more sensitive to
stress and results in decreased cell survival;jirrer@éasing O-GIcNAc levels protects
cells. Additionally, O-GIcNAc modification of theranslational machinery has
reported to be required for stress granule formaf©hn et al., 2008). However,
O-GIcNAc as well as ubiqutin modifications were ragtected in AoPabl in all

conditions.

3 Insdllico prediction of AoPabl phosphorylation sites

The phosphorylation sites were further analyzedbat®ntial phosphorylation
sites using arnn silico method employing neural network predictions forirssr
threonine and tyrosin phosphorylation sites in eydd#c proteins (NetPhos 2.0)
(Blom et al., 1999) and predictions of kinase specific eukacyoprotein

phosphorylation sites (NetPhosK 1.0) (Blomt al., 2004). The predicted
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phosphorylation sites and putative kinases werensanmed in Figure 4-8. Putative
highly phosphorylatable AoPabl residues using gergosphorylation prediction
are indicated by red colored letters, which argelised throughout the amino acid
sequence, with an exception of Q/G/P-rich regiomemne the phosphorylation
potential is remarkably low, suggesting that phasplation may not be important for
the functional regulation of Q/G/P-rich region. th@rmore, RRM4 has more
predicted phosphorylation sites, suggesting thasphorylation may be important for
the regulation of RRM4 activity. The putative kieagpredicted using kinase-specific
prediction were indicated by blue colored letters given site. The prediction score
are shown in Table 4-1. Some of phosphorylatiogssdentified by LC-MS/MS were
predicted with the corresponding kinases.*8gfhr*°, andThr*®® are the putative
phosphorylation sites of protein kinase C (PKC)*8és a putative phosphorylation
site of cyclin-dependent kinase CDC2 (cell divisaytle protein 2) and casein kinase
2 (CKII). Sef’®is a putative phosphorylation site of DNA-deperidemotein kinase,
ATM (ataxia-telangiectasia mutated) protein kinagmtein kinase A (PKA), and
protein kinase G (PKG). Séfis a putative phosphorylation site of CKIl. Among
these sites, the phosphorylation at'8erhr®®, andThr*®®, predicted to be the PKC
phosphorylation sites with high potential (Tabld }4-were changed in response to
heat stress, suggesting an important role of PK@ &8 counteracting phosphatase in

the regulation of AoPabl in response to heat stress
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Discussion
1. AoPabl is dynamically regulated by extensive PTMs

The formation of stress granules in response tesstris accompanied by
remodeling mRNAs translated from polysomes into-translating state and forming
dense aggregates with various RNA-binding protaansl traslational regulatory
factors. During this process, intensive protein-R&l/or protein-protein interactions
are necessary. PABP is a central regulator of mRidslation and stability and is a
core component of stress granules, and duringadimeation of stress granules, PTMs
may play a role in the rapid regulation of its RNidding and/or protein interactions
in response to sudden changes in the environment.

In 2D-SDS/PAGE and the following immunoblotting, Pabl was detected as a
continuing band in unstressed cells, indicatingt th@Pabl was extensively
post-translationally modified under normal growtbndition (Figure 4-1A). This
result is consistent with PABPs reported in othmacges (Drawbridget al., 1990; Le
et al., 2000; Brooket al., 2012). PABP is a multifunctional protein thagukates
different facets of post-transcriptional gene espr@n. The complex PTMs may be
required for the modulation of its RNA binding aod/protein interactions and
contribute to coordinating various functions infeliént physiological conditions. The
dynamic regulation of PABP PTMs during cell cycteobserved in mammalian cells
(Brooket al., 2012). InA. oryzae, the distribution of AoPabl isoforms was changed i
response to heat stress, although no alteratitimeimsoform state of PABP following
heat stress is observed in plant cells éLal., 2000). These observations suggest that
different biological processes/stimuli can regul@®&M status of PABPs. Basic
isoforms of AoPabl appeared after exposure to sieass for 10 min, and highly
basic isoforms appeared only in the prolonged sieass (Figure 4-1A). These highly

basic isoforms were not observed in cells treatgd exidative stress (Figure 4-1B),
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suggesting the stress-specific regulation of PTiM&aPabl.

Reduced pl isoforms of metazoan PABP revealed iRrPABE have been
interpreted as indicative of potential phosphorglatDrawbridgeet al., 1990; Maet
al., 2006). Acidic isoforms of AoPabl were observedzells treated with or without
heat stress. In agreement with it, phosphorylati@s also detected in AoPabl in
LC-MS/MS analyses, although phosphorylation wasated at different residues
(Figure 4-3, 4-4, 4-5, and Table 4-1). Additionalyghly acidic isoforms of AoPabl
appeared in cells exposed to heat stress for 10batmot in unstressed cells or cells
exposed to heat stress for 30 min (Figure 4-1A)wvéicer, the nature of these highly
acidic isoforms and whether they were induced lier dcute response to stress, such

as stress granule formation, remain to be furtbafiened.

2. ldentification of PTMs in AoPabl

To identify specific PTMs in response to heat stresoPabl from unstressed
cells or cells exposed to heat stress for 10 andm3® were analyzed using
LC-MS/MS. A total of 36 PTMs were identified at 8€sidues in three experimental
conditions, including lysine acetylation, lysine tmgdation, lysine dimethylation,
lysine trimethylation, and serine, threonine ansyne phosphorylation. It should be
noted that the LC-MS/MS analyses most likely reftbe overall modification status
of AoPabl in a cell population. Indeed, mammaliahBP is under dynamic
regulation of PTM during cell cycle (Broadt al., 2012). Furthermore, for trypsinized
peptides only resulted in ~60% sequence coverag@Babl in LC-MS/MS analyses,
and PTMs in the remaining regions can not be dedeict the present study. Finally,
LC-MS/MS analyses here were from samples treatethowi phosphopeptide
enrichment. There are some difficulties with thalgsis of phosphopeptides. One is

the so-called neutral loss phenomenon, wherebyhtimsphate group is dissociated
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from the phosphopeptide, therefore signals from tidnget phosphopeptides are
difficult to detect. Another one is the significadecrease in peptide detection
sensitivity due to phosphorylation modification. rGequently, it is often difficult to
observe phosphopeptides in protein enzyme digdsterefore, to achieve higher
resolution and accuracy for detection of phospladiyh, phosphopeptide enrichment
should be included in sample preparation priom@alysis by mass spectrometry.
Phylogenetic analyses of PABPs in different eukeyaeveals that after the
early gene duplication event each RRM appears i levolved independently,
suggesting that divergences between the four RRMMkIampart differences in RNA
binding affinities and specificities (Burdt al., 1991; Birneyet al., 1993). An
alignment of four RRMs of AoPabl marked with idéat PTMs suggests that PTMs
are regulated individually in RRM domains of AoPaltHigure 4-7). Notably,
trimethylation was identified only in cells exposdheat stress for 10 min at £§§
which is located at the intervening region of RRMdiggesting that the role of

trimethylation at Ly8”is specific to rapidly regulate RRM4 in responssttess.

3. Methylation and acetylation of lysine

Protein methylation is the second most common gostational modification
after phosphorylation, mainly at tlseamine group of lysine and tlwe or d guanidine
nitrogen of arginine. However, such modificatiosaabccurs at other sites in proteins
including histidine, glutamate, glutamine, aspamagi D-aspartate/L-isoaspartate,
cysteine, and N-terminal and C-terminal residudarie and Tamanoi, 2006).

The most known protein substrates of KMTs are histproteins. Methylation of
histone tails is found at the surface of the nusb@ee and is recognized by protein
interaction domain species that lead to transomgati activation or repression (Black

et al., 2012). Methylation is also found in non-histgureteins (Zhanget al., 2012;
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Clarke, 2013). Irf. cerevisiae, with the exception of cytochrome c, all of nostbne
proteins modified at lysine residues are involvedranslation, including ribosomal
proteins, elongation factors, and translationaleas¢ factors (Clarke, 2013).
Interestingly, PABPs are also key regulators intgiro translation. LC-MS/MS
analyses reveal that AoPabl is extensively and rdigadly modified by lysine
methylation (Figures 4-3, 4-4, 4-5, and 4-6). Méltign of PABP is also identified in
mammalian cells. Although methylation does notciftbe overall charge of protein,
it does increase the hydrophobicity and basicitythaf lysine residue (Ricet al.,
2002), resulting in the change of protein-proteind/ar protein-nucleic acid
interactions. Although the functional significanoklysine methylation in PABPSs is
still unknown, these observations suggest thahé/snethylaton may be important in
the regulation of PABPs, and/or the formation oés$ granules.

Lysine acetylation has emerged as a major postatamsal modification for
histonesIn addition to histones, lysine acetylation is nkmown to occur in over 80
transcription factors, many other nuclear reguigtand various cytoplasmic proteins
(Glozaket al., 2005), involved in the regulation of differerdllalar processes, such
as transcription, DNA repair, chromatin remodeliogll cycle, RNA splicing, energy
metabolism, endocytosis, cytoskeletal dynamics,ptgsis, nuclear import, protein
folding, autophagy, and other cellular signalingafMiaset al., 2008; Yang and Seto,
2008).

Acetyl group neutralizes the charge on lysine m&sidt physiological pH, thus
altering the charge distribution. Acetylation haseib implicated in dramatically
altering the pl of mammalian PABP (Broekal., 2012). Acetylation of AoPabl is
therefore thought to decrease the interaction wébative charged molecules, and

influence its RNA and/or protein interactions.
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4. Phosphorylation of serine/threonine/tyrosine

Phosphorylation is a very common posttranslationadlification event known to
modulate a wide range of biological responses. Beythe regulation of protein
activity, the interrelation of phosphorylation wittther posttranslational mechanisms
is responsible for the control of diverse signalpaghways, such as a competition of
phosphorylation with O-GIcNAc modification at thense residue. The multiple
phosphorylated PABP has been reported in yeastursédn, plant and mammalian
cells (Drawbridgeet al., 1990; Gallieet al., 1997; Leet al., 2000; Maet al., 2006).
Kinases responsible for multiple phosphorylationP&BP are unknown; however,
treating cells with a specific inhibitor of mitogetivated protein kinase kinase-2
(MKK-2) reduces the phosphorylation of PABP in maatian cells (Maet al., 2006).
MKK-2 is the upstream regulator of MAPKs and exéladar signal-regulated kinase
1/2 (ERK1/2), which are known to regulate proteymtbesis by phosphorylating
translational apparatus (Schepgeml., 2001; Roux and Blenis, 2004). The ability of
PABP to bind poly(A) and elF4G can be modulatebgsphorylation (Galliet al.,
1997; Leet al., 2000). Hyperphosphorylated PABP interacts mdfieiently with
elF4G than its hypophosphorylated form. The inteoac with elF4G further
enhances the binding affinity of PABP to poly(A)e(kt al., 1997; Leet al., 2000).
Phosphorylation was also detected at several resida AoPabl. Combining
LC-MS/MS analyzes anth silico prediction of AoPabl phosphorylation sites, PKC
and its counteracting phosphatase are suspectedbetoinvolved in the
post-translational regulation of AoPabl in respotwsbeat stress (Figure 4-7, Table
4-1, and Table 4-2). PKC is a serine/threoninedeneonserved among eukaryotes. In
mammalian cellsthe 11 members of the PKC family are divided ifieeé groups: (1)
the conventional PKCs (cPK&- I, -BlI, -y), which areregulated by calcium and

diacylglycerol; (2) the calcium-independdmit diacylglycerol-dependent novel PKCs
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(nPKC-9, -¢, n, -0); (3) the atypical PKCs (aPK&--1/A), which areunresponsive to
diacylglycerol and calcium and, in contrasthe cPKCs and nPKCs, do not respond
to phorbol esters (for reviews, see Newton, 199@éciMy-Rosenet al., 2012). The
PKC+u is distinctive from the other PKCs and shows fesduwharacteristic of the
Cd*-calmodulin-dependent protein kinase family (Newt@897; Mochly-Roseret

al., 2012). In contrast to the mammalian PKC supeitfarRkclp is the only protein
of this family in S cerevisiae, functioning mainly in cell wall integrity (CWI)
pathway, and also in polarity establishment, cetle control, regulation of
oligosaccharyl transferase, and control of chigntisase distribution (Levin, 2011).
PKCs have been indentified and characterizedgoergillus species, includingp.
niger, A. nidulans, and A. oryzae (Morawetzet al., 1996; Mizutaniet al., 2004;
Herrmannet al., 2006). Apart from CWI pathway, PKCs also plapestroles in
filamentous fungi. Our laboratory has previouslyowh the role of PKC in the
multimerization and proper localization of Woronbody protein inA. oryzaze
(Juvvadiet al., 2007). InA. nidulans, PKC is involved in the suppression of apoptosis
and in polarity establishment under heat stressafféenaet al., 2012). As shown in
the Chapter 2, heat stress induces the rapid aonlo$ septal pores by localization of
A0SO. It is known tha8. macrospora Pro40, the AoS®omolog, partially associates
with Woronin bodies, antll. crassa SO contributes to the sealing efficiency of pores
plugged by Woronin bodies after hyphal injury (Eregtal., 2007; Fleil3ner and Glass,
2007). Collectively, these observations support ®IdC is implicated in the heat
stress response A oryzaze. However, whether AoPabl is phosphorylated by PKC
and how PKC regulates its function in response éathstress remains to be

elucidated.

98



- 30 min
i iy

pH 3 pH 10

AoPabl-3HA Heat stress (45 °C)
SDS-PAGE ;

IEF AoPab1-3HA
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2mM H,0,

Figure 4-1. Two-dimensional gel electrophoresis/imaonoblotting analysis of
AoPabl.

(A) 20 ug of total cell extracts from AoPabl-3HA expressoalls exposed to heat
stress for 0, 10 or 30 min were resolved in th&t fiimension using an IEF tip with
pH 3-10 and a 10% SDS/PAGE for the second dimengioRabl was revealed using
anti-HA antibody. (B) Lysates from cells treatedtw? mM HO, for 30 min were

analyzed as described in (A).

99



RT: 0.0-60.0

14.3
4822670 195 . )
1007 116 591.3127 27.2 Heat stress (45 °C, 0 min)
y 495.2493 646.8597
. ) 29.6
50’ 1132.5707 36.8 596
] 44.4 51.1 .
] 26 833.3652
-391.2841 lL\H 507.1510 505.1349 387.1928
0 143
4822670 19.1
g 100 57;%391 5422063  25.1 Heat stress (45 °C, 10 min)
g T 692.3623
S A 7.0 207
S 0 575.6267 .
< 507 11325710 370
s - 833.3658 5o ro 5Ll
g ] 4.2 507.1511 505.1349
T 13912841 NJ . i o o
o 145
- 119 4822672 197 o _
100 591.3131 Heat stress (45 °C, 30 min)
i 591.8285 ‘ 25.8
. 20 “ ‘ﬁ 1 692.3630
| s7s6268 ‘ H ﬂ] {\ \hsn 624 833.73-257 443 13 507
) 3712i2012 ’ ‘ J N‘ ‘AKFJ N 507.1512 5051349 387.1929
GHH\\\’J\\J‘J\\H\\\HH\HHHH\HH\HH\\\H\\H\\\H\\\H\‘L\
0 5 10 35 40 45 50 55 60
T|me (mln)

Figure 4-2 HPLC spectra of trypsinized AoPabl-3HAfom cells exposed to heat

stress for O (top), 10 (middle), and 30 (bottom) mi
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Figure 4-3. PTMs identified in AoPab1 form unstressd cells.

The upper panel represents the full sequence obBbPThe filled (green) sections
show the relative portions of trypsinized peptiddentified in LC-MS/MS analysis.

Trypsinized peptides resulted in ~60% sequencerageeof AoPabl. A: Acetylation;

D: Dimethylation; M: Methylation; P: Phosphorylatio
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Figure 4-4. PTMs identified in AoPabl form cells epose to heat stress for 10

min.

The upper panel represents the full sequence ofBbPThe filled (green) sections
show the relative portions of trypsinized peptiddEntified in LC-MS/MS analysis.

Trypsinized peptides resulted in ~60% sequencerageeof AoPabl. A: Acetylation;

D: Dimethylation; M: Methylation; P: PhosphorylatioRed arrows indicate amino

acid sites where modifications are different frdrage in unstressed cells.
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Figure 4-5. PTMs identified in AoPabl form cells epose to heat stress for 30

min.

The upper panel represents the full sequence obBbPThe filled (green) sections
show the relative portions of trypsinized peptiddantified in LC-MS/MS analysis.

Trypsinized peptides resulted in ~60% sequencerageeof AoPabl. A: Acetylation;

D: Dimethylation; M: Methylation; P: Phosphorylatio Red and yellow arrows
indicate amino acid sites where modifications affer@ént from those in unstressed

cells and cells expose to heat stress for 10 ragpactively.
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Figure 4-6. PTMs of AoPabl identified in cells treged with heat stress for 0, 10,

and 30 min.

Diagrammatic representation of the domain arrangénoé AoPabl is shown in
middle. RRM1-4: RNA binding domains; Q/G/P-rich:u@mine/Glycine/Proline-rich

region; MLLE: mademoiselle domain. Amino acid dess that are conserved
among Pabl orthologs are emphasized using red. deldvis identified in cells

treated with heat stress for 0, 10, and 30 mincalered pink, green, and blue,
respectively. A: Acetylation, D: Dimethylation, MMethylation, P: Phosphorylation,

T: Trimethylation.
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Figure 4-7. A sequence alignment of four RRMs of ARabl marked with
identified PTMs.

(A) Diagrammatic representation of the domain ageament of AoPabl. RRM1-4:
RNA binding domains; Q/G/P-rich: Glutamine/GlyciRedline-rich region; MLLE:
mademoiselle domain. (B) A Sequence alignment af RRMs of AoPabl. Pink,
blue, and purple color indicate amino acids siteena specific moifications appear in
unstressed cells, cells exposed to heat stresOfamin, and for 30 min, respectively.
Green color indicates amino acids sites where nuadibns appear in all three

conditions.
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Figure 4-8. A sequence alignment of four RRMs of ARabl marked with
identified PTMs.

(A) Diagrammatic representation of the domain ageament of AoPabl. RRM1-4:
RNA binding domains; Q/G/P-rich: Glutamine/GlyciRedline-rich region; Mlle:
mademoiselle domain. (B) Am silico-based prediction approach was used for the
analysis of phosphorylation sites within the prignamino acid sequences of AoPabl.
Red colored-letters indicate the phosphorylatioressipredicted by the NetPhos
program which evaluates serine, threonine and ityed$S/T/Y) phosphorylation sites
in eukaryotic proteins by applying a neural networéthod that recognizes the amino
acid patterns around the phosphorylated residuéoweolor-coded diagram depicts
experimentally determined S/T/Y phosphorylatioresitBlue colored-letters indicate
putative kinases at each phosphorylation site ukingse-specific predictions from
NetphosK. The size of blue colored-letters is datezl to a probability score for

kinases at a given position. See Table 4-2 for mptete score listing. A: protein
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kinase A (PKA), C: protein kinase C (PKC), G: pint&inase G (PKG), Il: casein
Kinase Il (CKIll), 2: cell division cycle 2 kinas€DC2) , T: serine protein kinase
Ataxia telangiectasia mutated (ATM), D: DNA-depentdprotein kinase (DNA-PK),

5: cyclin-dependent kinase 5 (CDK5), M: mitogenhated protein kinase p38
(pP3BMAPK), I: casein kinase | (CKI), N: insulin rgator kinase (INSR), E: epidermal

growth factor receptor (EGFR).
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Table 4-1. Predicted phosphorylation sites of AoPdbwith corresponding kinases

using kinase-specific prediction.

Site Kinases Score Site Kinases Score
Thr® p38MAPK | 0.5 TyP® EGFR 0.51
Ser’ CKII 0.57 ThP*t CKII 0.65
Thr'® p38MAPK | 0.52 Thr**® PKC 0.55
CDK5 0.55 CDC 2 0.51
Thr*® PKC 0.75 seft PKC 0.54
Thr** p38MAPK | 0.51 Thr*®® PKA 0.51
Thr PKG 0.55 PKG 0.54
Sef* DNAPK 0.64 The’ DNAPK 0.55
Ser® DNAPK 0.53 The™ p38MAPK | 0.57
CDC2 0.51 Sef’® CKIl 0.64
Ser® CKIl 0.55 PKC 0.65
CDC2 0.53 Thi*® CKII 0.52
Thr® CKIl 0.51 Set® CKII 0.61
Ser? CDC 2 0.56 Sére CKII 0.71
Ser’ PKC 0.52 Sef't CKII 0.7
Thr® PKC 0.79 CKI 0.52
Sef? PKA 0.8 set? PKC 0.89
Thr''3 CDC 2 0.51 Séft CKII 0.53
Ser® DNAPK 0.52 Set* CKII 0.57
ATM 0.52 Set’® DNAPK 0.56
Ser'® PKC 0.79 ATM 0.51
Sef* PKC 0.56 PKA 0.57
Sef? CKIl 0.57 PKG 0.52
PKC 0.59 Sef! CDC 2 0.51
PKA 0.69 The® PKC 0.83
Thr 2% PKC 0.7 ThP®® PKA 0.56
Thr*#? CKII 0.71 Sef*? CKII 0.72
Thr2%° PKC 0.68 TyF* INSR 0.55
Sef® PKC 0.68 Sef? CKII 0.58
Sef® CDC 2 0.57 Thr'®® CKII 0.66
Sef™® CKII 0.56 PKG 0.56
Thr?®’ DNAPK 0.54 Sef? CKII 0.57
Ser? PKA 0.51
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Conclusion and Perspectives
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In recent years, an emerging role of cytoplasmicNBRRgranules on the
post-transcriptional regulation of gene expressian recieved great attention. For a
lack of such studies in filamentous fungi, thisdsgtwas to characterize stress granules
in filamentous fungu®\. oryzae to provide an integrated perspective on eukaryotic

stress response.

In the Chapter 1, to show formation of stress gesin response to stress is a
general phenomenon . oryzae, | approached it from different aspects, including
using different markers, targetiregfp gene at the genomic loci, and surveying with
various stress conditions. Fluorescence microsaapgervations indicate that the
formation and polarized localization of stress gtas at the phyphal tip is a general
phenomenon in response to external stresé.ioryzae. The significance of this
observation is that the post-transcriptional regoiha of gene expression by
remodeling mMRNA between polysomes and mRNP grandigsg stress likely
occurs inA. oryzae. In support with this suggestion, several mMRNAsd#tg secreted
proteins are redistributed from poysomes to mon@soduring ER stress M. niger
(Guillemette et al., 2007). Stress granules are known as large @dopt
MRNA-protein complexes. To prove accumulation of NWRwith marker proteins
simutaneously, | had tried to set up mRNA visuaiora system inA. oryzae, but it

has not been successful yet.

In the Chapter 2, | have made a functional conoaatf AoSO to stress granules.
A0SO is known to accumulate at the septal porerdwvent cells from cytoplasmic
loss when cells are exposed to various stressesugisliamaet al., 2010). In addition to
septal pore localizaiton, subcellular localizatianalyses have shown that AoSO
accumulates as cytoplasm foci (Figure 2-1A). Cdieation of AoSO-EGFP with
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stress granule marker protein AoPabl-mDsRed, palysioteraction between
A0SO-EGFP and AoPabl-3HA, and the sensitivity ofS®ocytoplasmic foci to
cycloheximide treatment suggest that AoSO is a Ihcemponent of stress granules
(Figure 2-1). Furthermore, functional assay ughogo-disruptant revealed that AoSO
influences the formation and localization of strgeanules. The composition of stress
granules is species-specific and varies in differtress conditions (Hoylet al.,
2007; Bucheret al., 2008; Ohret al., 2008). For example, in mammalian cells, stress
granules typically contain elF4F components (elFdEEAG and elF4A), elF3 and
40S ribosomal subunits, and their assembly is gtyodependent upon individual
elF3 subunits (Ohmt al., 2008). However, irS. cerevisiae, elF3 or 40S ribosomal
subunits are not found in glucose deprivation-irmdustress granules (Hoyét al.,
2007; Buchanet al., 2008). Furthermore, TIA-1 and its yeast homogblp
facilitate stress granule assembly in responserdende and glucose deprivation,
respectively (Gilkset al. 2004; Bucharet al. 2008), but not in response to other
stresses such as heat shock (Lopez de Silanak, 2005; Grouslet al. 2009).
Orthologs of theso gene have only been identified in the genomeseafzémycotina
species (FleiBneet al., 2005), therefore | presume that AoSO, whichufices
formation and localization of stress granule, isavel stress granule component

specific to Pezizomycotina.

The fate of stress granules is perhaps the leasrstood part in their biogenesis
and disassembly. During recovery from stress, stgeanules could be disassembled
by dissociation of the interactions creating thrgda aggregate. mMRNAs inside stress
granules are targeted to P-bodies to be degradStet{ and Parker, 2003), or
re-entry into polysomes to be translated (Brengties., 2005; Bhattacharyyet al.,

2006). In the Chapter 3, | provided an additioréé ffor the mRNPs that accumulate
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within stress granules during prolonged stress, revhglress granule-associated
MRNPs unable to return to translation might instehed targeted for
vacuole/lysosome-based degradation through autgph@gstly, colocalization of
autophagosome marker EGFP-AoAtg@&nd stress granules labeled with
AoPabl-mDsRed was observed in cells exposed to kwrats. Additionally,
prolonged heat stress-induced decrease of AoPaldlvaké greatly inhibited in an
autophagy-defective straidoatg8 disruptant. | still need more evidence to confirm
the hypothesis that stress granules are degradedgtih autophagy under sustained
stress, such as an accumulation of stress graraeemprotein in the vacuole during
prolonged heat stress. A very recent microscopeebasudy in yeast supports this
idea (Buchan and Parker, 2009); an increase intitatnge stress granules under
normal growth condition is observed in autophagfediéve mutants. Additionally,
disruption of ATG15 results in the accumulation of Pablp-GFP in amvacuolar
compartment (IVC).

The significance of stress granules as well aspduatgy in the pathogenesis of
neurodegenerative diseases has been revealedlyettowever, these studies have
been carried out independently. A pathologicalrhatk of many neurodegenerative
diseases is the accumulation of mutant proteineagges (Jucker and Walker, 2013;
Takalo et al., 2013). Dysfunction of autophagy to remove thps#ein aggregates
results in the pathogenesis of neurodegeneratiserakrs (Banerjeet al., 2010;
Nixon, 2013). Aggregation of these pathologicaltpres might be proceeded through
the stress granule pathway (Wolozin, 2012), or Heaaced in stress granules
(Buchanet al., 2013; Liet al., 2013). These observations suggest that accuoulait
protein aggregates in cells may have deleterioysaats. Thus, clearance of stress
granules, which are large mRNA-protein aggregatapiexes, by autophagy may be

crucial for cell viability under sustained stress.
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The role of PABP in regulating mRNA translation astdbility requires extensive
protein-protein and protein-nucleic acid interactioPosttranslational modification is
an ideal mechanism to coordinate this complex autgyn network during a stress. In
the Chapter 4, some of PTMs of AoPabl were idewtifiFirstly, 2D-SDS/PAGE
analyses revealed that AoPabl was extensively tpasdtationally modified under
normal growth condition. Exposure to heat stress dloort and prolonged time
resulted in the changes in the dirstribution of Piddforms. Furthermore, precise
identification of PTMs of AoPabl using LC-MS/MS ealed that acetylation and
mono/di/tri-methylation of lysine, and phosphorigat of serine/treonine/tyrosine
were modified at several residues throughout alftinctional domains of AoPabl,
with an exception of Q/G/P-rich region. Recentlgsiptranslational modification has
been analyzed in mammalian and yeast PABPs (Bebak, 2012; Lowet al., 2013).
Both of these studies have identified unusual ghat@ methylation with unkown
function. Glutamate methylation was not analyzethis study, therefore it is unclear
whether AoPabl was modified by methylation at ghdate residues. Additional
tyrosine phosphorylation and lysine trimethylatiware identified in AoPabl, which
are not found in mammalian and yeast PABPs. Fumetid these PTMs are unknown,
but they are considered to influence RNA and/otgmointeractions, and therefore
the function of AoPabl. Additionally, LC-MS/MS agaés andn silico prediction of
AoPabl phosphorylation sites suggest that PKC #hadunteracting phosphatase
may be involved in the post-translational regulat@d AoPabl in response to heat
stress. The involvement of PK@ the suppression of apoptosis and in polarity
establishment under heat stress has been reportddnidulans (Katayamaet al.,

2012). The role of PKC in AoPab1l during heat stressains to be elucidated.
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A. oryzae is an industrial important strain widely used raditional fermentated
food industry. Additionally, the natural ability &. oryzae to secrete a variety of
proteins in large quantities (Kitamoto, 2002) makes very useful host in industrial
application. However, low yield is still a major tdeneck for heterologous protein
production, even though many genetic approachegetta at transcriptional control
or post-translational control have been used torawvg hetrologous protein
production for industrial application, such as géamgon with highly expressed genes
as carrier proteins (Wamd al., 1990; Tsuchiyat al., 1994) and disruption of protease
genes (Jiret al., 2007; Yoonet al., 2009; Yooret al., 2011). The preliminary results
in this study suggest the reprogramming mRNA dusitngss. Preventing mRNA from
sequestration in the stress granules or degradatid®-bodies may benefit to the
increase of heterologous protein production. Furgtedying and understanding of
post-trancriptional regulation of gene expressiammtRNA modulation may provide

new insights for industrial application in the n&aure.

Filamentous fungi are well known for the highly @ated growth, which
secretory vesicles, cytoskeletal elements, andegleomponents are concentrated at
the hyphal tip as a well-organized cluster thaedweines hyphal growth and polarity
(Harris et al., 2005; Steinberg, 2007). Most iniagdy, polarized localization of
stress granules at hyphal tip were observated\.iroryzae, suggesting a spatial
specificity of the posttranscriptional regulatiohgene expression iA. oryzae. Based
on these observations, | speculate that asymmietacalization of mRNA at the
hyphal tip results in the spatially restricted fation of stress granules or that
MRNAs at the hyphal tip are preferentially routetbistress granules as an acute
response to stress.

In recent years, studies of stress granules as agelhutophagy attract great
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attention in neurodegenerative diseases, becauseegulation results in the
pathogenesis. However, these studies have beaaccaut independently, and it was
not known how to link them together in the disepsecess. Degradation of stress
granules via autophagy pathway observed.ioryzae provides the first insight into
how their roles are coordinated in pathogenesinhefrodegenerative diseases. It
requires more integrated studies of stress gramamdsautophagy in the future.
Posttranslational modification is an ideal mechants regulate protein-protein
interactions and protein functions during stressyhich rapid and reversible protein
modifications allow adaptation to stress withoutvngrotein synthesis. AoPabl is
dynamically regulated by post-translational modifions during stress, suggesting
that mRNA-protein and/or protein-protein interansoof AoPabl may be altered in
response to stress. Understanding of mechanisms  erlyimad)
MRNA-protein/protein-protein interaction and stregsnule assembly/disassembly
assists disease prevention, control, and therapgrefore, elucidating the key
physiological targets of various modifications ahé mechanisms underlying their
effects will be an important future goal. Filamarmgdungiare attractive organisms to
study fundamental processes of the eukaryotic €atle of the benefits of using
microorganism instead of mammalian cells is thahegje engineering is easily
manipulated in microorganism to study a gene fanctir the role of a specific region,
and even a specific amino acid on the functionrotgn. For the highly conserved
nature of stress granule formation and componéhésadvance in the research of
stress granules using. oryzae is expected to contribute to human pathological

research.
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1. Plasmid construction
For the ectopic expression of proteins and foretkigression of disruption cassette,
plasmids were constructed using the MultiSite Gatesystem (Invitrogen, Carlsbad,

CA, USA).

1.1Plasmids for the expression of fluorescent fusionrpteins

Plasmids for the expression of fluorescent fusiargins were constructed using
the MultiSite Gateway system (Invitrogen, Carlsb&®, USA). ORF regions of
Aopabl (AO090003000927),  Aopubl (AO090001000353),  Aodcp2
(AO090120000363), andoedc3 (AO090120000481) genes were amplified by PCR
using the genomic DNA oA. oryzae wild-type strain RIB40 as a template, and then
cloned into pDONR221 by the BP clonase reactiomegging center entry clones
pgEpabl, pgEpubl, pgEdcp2, and pgEedc3, respactiVBke center entry clones
were individually mixed with 5 entry clone pg5'PaB’ entry clone pg3'E, and
destination vector pgDN for the LR clonase reactiagenerating plasmids
pgDPaPablE, pgDPaPublE, pgDPaDcp2E, and pgDPaEdestectively. For the
expression of AoPabl-mDsRed, pgEpabl was mixed Stigmtry clone pg5'PaB, 3’
entry clone pg3'DRM-CF, and destination vector p@CiSr the LR clonase reaction,
generating plasmid pgCPaPablDR. For the expressioBGFP, 5 entry clone
pg5'PaB, center entry clone pgEEG, and 3’ entrynelpg3Ta were mixed with

destination vector pgDN for the LR clonase reactgemerating plasmid pgDPaE.

1.2 Plasmids for the expression of HA-tagged AoPabl
For the expression of AoPabl-3HA, pgEpabl was mwt 5 entry clone
pg5'PaB, 3’ entry clone pg3'HA3, and destinationtere pgDSO for the LR clonase

reaction, generating plasmid pgCPaPabl13HA.
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1.3Plasmids for the expression of disruption cassette

To generate the DNA fragment for disruption Adpubl, 1.3 kb of the 5'-
flanking region and 1.5 kb of the 3'’-flanking regi@f Aopubl were amplified by
PCR using genomic DNA of wild-type strain RIB40 agemplate, and introduced
into plasmids pDONR P4-P1R and pDONR P2R-P3 byBReclonase reaction,
generating the 5’ entry clone pg5Publup and 3yetibne pg3Publdw, respectively.
Plasmids pg5Publup and pg3Publdw were mixed wittecentry clone pgEpG and
destination vector pDEST R4-R3 for the LR clonasaction to generate plasmid

pgdPubl.

1.4Plasmids for the expression of DNA fragment for tageting egfp at genomic
loci
DNA fragments containing 3’ terminal 1.5 kb Abpabl or Aodcp2 (stop codon
was removed)ggfp, adeA gene, and 1.5 kb of 3’-flanking regions Abpabl or
Aodcp2 was generated using fusion PCR and cloned into TOWRtor
(pPCR4BIlunt-TOPO) individually, generating plasmiiRablEaA and pTDcp2EaA,

respectively.

2. Escherichia coli strain and transformation
2.1E.cali strain

E.coli DH5a was used for DNA manipulations.

2.2 Growth conditions
For liquid culture, singlecolony of E. coli was inoculated into 10 ml of
Luria-Bertani (LB) medium supplemented with apprafg antibiotics (10Qug/mL

ampicillin or kanamycin) and cultured at 37°C fd&-16 h. For isolation of single
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colony, an aliquot ofE. coli culture was spreaded on a 1.5% LB agar plate

supplemented with appropriate antibiotics and catiuat 37°C overnight.

2.3 Transformation of E. coli cells

Competent cells were taken out from %G0freezer and thawed on ice. After
mixing gently, aliquots of cells were transferredoi 1.5 ml Eppendorf tubes. For
transformation of plasmid DNA or BP reaction mixdsy use 10Qul of competent
cells. For transformation of LR reaction mixturase 20Qul of competent cells. {ul
of plasmid DNA, 10.5ul BP reaction mixtures, or 2{l LR reaction mixtures were
added into cells. After mixing gently, tubes weneubated on ice for 30 min. Heat
shock was operated by placing tubes ifCA®ater bath for ~45 seconds. Tubes were
replaced on ice for 2-5 minutes. 2l0of pre-warmed (37°CHOC medium was added
into tubes and incubated 31°C for 60 min with shacking. Cells were spreadad_B

plates supplemented with appropriate antibiotics.

3. Plasmid preparation

3.1Plasmid isolation

Plasmids were extracted using alkaline-SDS lysishote 10 ml of bacterial liquid
culture was centrifuged at 3500 rpm, 4°C, for 5.nBacterial pellet was resuspended
in 200 pl of ice-cooled Sol | and transferred into 1.5 mbés. 400ul of freshly
prepared Sol Il was added into suspension, mixedotighly by repeated gentle
inversion, and incubated on ice for 5 min. 30®f ice-cooled Sol Il was added into
cell lysates and mixed thoroughly by hand shacKindpes were incubated on ice for
5 min. 100pl of ice-cooled CI solution (Chloroforisoamylalcohok24:1, v/v) was
added into tubes and mixed thoroughly by hand shgclfter centrifuge at 15000

rpm, 4°G for 8 min, 800ul of supernatant was recovered and added into.6@d
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ice-cooled isopropanol in fresh 1.5 ml tubes andewhithoroughly by vigorously
vortex. After centrifuge at 15000 rpm, 4°for 8 min, supernatant was removed by
aspirator and pellet was air-dried for about 10.rime pellet was dissolved in 40
of TE buffer. After addition of 1 ul RNase A (10 mg) the mixture was incubate at
64°C for 15 min (or 37°Cfor 30 min) to remove RNA. 40@l of PCI solution
(phenol:chloroform:isoamylalcohol=25:24:1, v/v/was added into mixtures and
mixed thoroughly by vigorously vortex. After cemtige at 15000 rpm, 4°Gor 5 min,
supernatant was recovered and added intopd@® ice-cold CI solotion in fresh 1.5
ml tubes and mixed thoroughly by vigorously vortekfter centrifuge again,
supernatant was recovered and added intpl4ff 3M sodium acetate solution (pH
5.2) and | ml of ice-cooled 100% ethaol in fresh tl tubes and mixed thoroughly
by vigorously vortex. After centrifuge again, thellpt was washed with 20@ of
ice-cooled 70% ethanol and centrifuged at 15000, r@gfC, for 5 min. The
supernatant was removed by aspirator and the pedistair-dried for about 10 min.

The pellet was dissolved in 50-1QDof TE buffer.

3.2 Characterization of purified plasmid

The identity of the purified plasmid was verifieging restriction mapping.
Briefly, appropriate restriction enzymes were selédor enzyme digestion. dl of
purified plasmid was mixed with [l of selected restriction enzyme, 10x appropriate
buffer, and distilled water to bring total volune20pul. Mixtures were mixed gently
and incubated at 37°C for 1 h. The sizes of thaltieg fragments were determined

by 0.8 % agarose gel electrophoresis.

3.3 Concentration estimation

To determine the concentration of purified plasnligil of plasmid was digested
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using one-cut restriction enzyme at 37°C for 1 hul, 12 pl, 3 pl, and 5ul of the
linearized plasmid was applied on a 0.8% agarosealgag with A DNA/Hindlll
markers as molecular standards of known conceaitraiihe concentration of plasmid

was calculated by comparison of band intensitiek DNA/Hindlll markers.

3.4Insert sequencing

Insert sequences were determined by sequencing agpropriate primers.

4. A. oryzae strains and transformation
4.1A. oryzae strains

TheA. oryzae strains used in this study are listed in Appendix |

4.2 Transformation

Transformation ofA. oryzae was carried out according to the standard method
(Kitamoto, 2002). Parent strains were cultured gar glates at 30 °C for 5 to 7 days.
Mycelia and conidia were collected from the surfateoloniesusing a toothpick
and freshly inoculated into 100 ml DPY medium. After cultivation at 30 °C for
18-20 h, mycelia were filtered from the growth mediusing a Miracloth placed on a
funnel. Mycelia were rinsed with sterile distillegiter and the remaining water from
the mycelia was soaked out by spreading out theehayon the Miracloth. For
protoplasts preparation, the proper amount of dmgdelia were then transferred into
L-shaped glass test tubes containing 10 ml of teehfy prepared Yatalase enzyme
solution (TF Solution I) and incubated at 30°C 3oh with constant shacking at 50
rpm. Hyphal debris was removed by filtration thrbwgMiracloth placed on a funnel.
The recovered protoplasts were added with 10 milFoSolution Il and centrifuged at
2000 rpm, 4°C for 8 min. The recovered protoplasts were washettetwy
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suspending the pellet in 5 ml of TF Solution 1l acehtrifuged again. Protoplast
concentration was adjusted to 136 10" /ml in TF Solution Il. 200l of this
suspension was mixed with transforming DNA (5¢idul) and incubated on ice for
30 min. Polyethylene glycdPEG) containing TF Solution Il was added and byent
mixed with the reaction mixture in three conseasteps (250, 250, and 8fl) and
incubated at room temperature for 20 min. Protaplagre recovered by adding 5 ml
of TF Solution Il to the transformation mixture acehtrifuged at 2000 rpm, 47@@r

8 min. The recovered protoplasts were resuspemd&a0ul of TF Solution Il. This
suspension was mixed with 5 ml of appropriate paermed soft top agar (selective
medium containing 1.2 M sorbitol and 0.8 % agad paured onto the same selective
medium agar plate. After cultivation at 30906r 3-5 days, transformants were
transferred into selective medium agar plates. H@nmtic transmormants were

isolated after several times of subculture.

4.2.1 Generation of fluorescent fusion protein-expressingtrains

To generate of EGFP fusion protein expressingretrgilasmids pgPaPablE and
pgPapublE were introduced into strain NSRKu70-1-4Aile plasmid pgPaDcp2E
was introduced into strain NS4. The resulting tfamsants were selected using
Czapek-Dox (CD) medium supplemented with 0.15% mathe (CD + Met).

To generate a strain co-expressing AoDcp2-EGFPRaRabl-mDsRed, plasmid
pgCPaPabl1DR was introduced into strain S-Dcp2E,pastive transformants were
selected on CD medium. To generate a strain coessgprg AoSO-EGFP and
AoPabl-mDsRed, plasmid pgCPaPablDR was introducied strain NSK-ASG1,
and positive transformants were selected on CD umediTo generate a strain
co-expressing EGFP-A0Atg8 and AoPabl-mDsRed, pthspgCPaPablDR was

introduced into strain S-EA8, and positive transfants were selected on CD
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medium.

To express AoPabl-EGFP in aAoso deletion background,plasmid
pgDPaPablE was introduced intdAoso strain (NSK-SO11), and positive
transformants were selected on CD+Met medium. Taress AoPabl-EGFP in an
Aoatg8 deletion backgroundplasmid pgDPaPablE was introduced imAoatg8

strain, and positive transformants were selecte@Df®Met medium.

4.2.2 Generation of Aopubl disruptant

To generate aopubl disruptant, a DNA fragment containing the 5’-flard
region of Aopubl, pyrG marker, and 3’-flanking region @dfopubl, was amplified by
PCR from plasmid pgdPubl, purified and then intosdl into A. oryzae strain

NSPID1.

4.2.3 Generation of HA-tagged AoPabl-expressing strains
To express AoPabl-3HA in the EGFP or AoSO-EGFPesging strain, plasmid
pgCPaPabl3HA was introduced into SK-E strain NSK-ASG1, and positive

transformants were selected on CD medium.

5. Conidia collection

Conidia were harvested from the surface of colomifter cultivation on agar
plates at 30°C for 5 to 7 days. The culture wasestiwith 10 ml of 0.01% (v/v)
Tween 80 aqueous solution using a pasteur pipafter transferring to a 15 ml
Falcon tube, conidia suspension was and mixed ¢gpyrous vortex and filtered using
Miracloth (Calbiochem, Darmstadt, Germany). Th&die was centrifuged at 3000
rpm, 4°C, for 5 min. For washing the pellet, thdlghevas resuspendead 5 ml of

0.01% (v/iv) Tween 80 aqueous solution and centeduggain. Finally, conidia
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suspension was obtained by adding 1 ml of distiNater to resuspend the pellet.

6. Glycerol stock
To make a glycerol stock, 7Q0 of conidia suspension was added into 300f

80% glycerol in a sterile screw cap microcentrifiigigeand stored at -8C.

7. Fluorescence microscopy

For microscopic examination, approximately* t@nidia of cells were inoculated
into 100ul CD or CD medium supplemented with 1.5% methionma glass-bottom
dish (Asahi Techno Glass, Chiba, Japan), and inedbat 30°C for 18 h before being
exposed to stress conditions. For temperaturesstteis were shifted from 30 to 4°C
for 30 min or to 45°Cor 10 min. For glucose deprivation, cells were ket three
times with CD medium without glucose, and furthecubated for 10 min in CD
medium without glucose. For ER, osmotic, and oxigastresses, culture medium
was removed and replaced by medium containing 10DANI, 1.2 M sorbitol, or 2
mM H,0,, respectively, and cells were further incubated 6, 30, and 30 min.
Stressed cells were observed by confocal microsasgigg an IX71 inverted
microscope (Olympus, Tokyo, Japan) equipped wiftd@ Neofluor objective lens
(2.40 numerical aperture), 488-nm (Furukawa Elecffiokyo, Japan) and 561-nm
semiconductor lasers (Melles Griot, Carlsbad, CAAM GFP, DsRed, and DualView
filters (Nippon Roper, Chiba, Japan), a CSU22 ccalfecanning system (Yokogawa
Electronics, Tokyo, Japan), and an Andor iXon cdaliggital CCD camera (Andor
Technology PLC, Belfast, UK). Images were analyzeith Andor iQ software

(Andor Technology PLCand representative images are shown.

8. Genomic DNA preparation
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After cultivation on agar plates at 30°C for 5 toddys, a proper amount of
mycelia and conidia were collected from the surfateoloniesusing a toothpick
and freshly inoculated into 20 ml DPY medium and incubated at 30°C for 18-10
h. 0.2-0.3 g of mycelia were harvested by filtrafidrozen in liquid nitrogen, and
pulverized using a multibead shocker (Yasui kikagaka, Japan). Total genomic
DNA was extracted in 10Ql GE solution (See Appendix V) and incubated at350°
for 3 h with constant shacking at 50 rpm. Lysatesemransferred into 1.5 ml tubes
and added with the equal amount of PCI solution
(phenol:chloroform:isoamylalcohol=25:24:1, v/viv)~700 ul). After mixing
thoroughly by hand shacking, mixtures were cergefii at 4°C, 15000 rpm, for 10
min. The supernatant was recovered and added wiggaal amount of PCI (~6Q0)
and centrifuged at 4°C, 15000 rpm, for 5 min. Thpesnatant was recovered and
added with an equal amount of CI solution (Chlomofdsoamylalcohol=24:1, v/v)
(=500 ul) and centrifuged at 4°C, 15000 rpm, for 5 min.eTsupernatant was
recovered and DNA was precipitated by adding thpeswatant into 90Qul of
ice-cooled ethanol precipitation solution and mixédroughly by repeated gentle
inversion. After centrifugation at 4°C, 15000 rpfoy 10 min, supernatant was
removed by aspirator and pellet was air-dried foous 10 min. The pellet was
dissolved in 40Qul of TE buffer. After addition of Jul RNase A (10 mg/ml) the
mixture was incubate at 64%6r 15 min (or 37°Cor 30 min) to remove RNA. 400l
of PCl was added into mixtures and mixed thoroudiyyepeated gentle inversion.
After centrifuge at 15000 rpm, 47@r 5 min, the supernatant was recovered and
added into 35Q@l of ice-cold CI solotion in fresh 1.5 ml tubes amiked thoroughly
by repeated gentle inversion. After centrifugatadnl5000 rpm, 4°Cfor 5 min, the
supernatant was recovered and added into 1 mlestotd ethanol precipitation

solution in fresh 1.5 ml tubes and mixed thoroughiyrepeated gentle inversion.
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After centrifugation at 15000 rpm, 4°€r 10 min, the pellet was rinsed with 2D
of ice-cooled 70% ethanol and centrifuged at 1568@, 4°C for 5 min. After
centrifuge again, the supernatant was removed Ipyratsr and the pellet was
air-dried for about 10 min. Finally, the genomic BIgellet was dissolved in 100

of TE buffer and stored at 4°C.

9. Southern blotting
9.1egfp-targeted at genomic loci oAopabl and Aodcp2

To confirm whetheegfp was targeted at the genomic locusAopabl, genomic
DNA of the strain was digested with the restrictiemzymesEcoT22l andHindlll
(Takara, Otsu, Japan), and was separated in a @8%y electrophoresis. The DNA
was then transferred onto a Hybond N+ membraneH&#&ithcare, Buckinghamshire,
UK) and detected with specific probes using the E@&ltection kit (GE Healthcare)
and a LAS-4000 miniEPUV luminescent image analy&erjifilm, Tokyo, Japan).
The 1.5-kb downstream flanking regionsAapabl amplified from pTPablEaA were
used as probes.

To confirm whetheegfp was targeted at the genomic locusfoticp2, EcoRI and
Hindlll (Takara, Otsu, Japan) were used. The 1.5-klbndtream flanking regions of

Aodcp2 amplified from pTDcp2EaA were used as probes.

9.2 Aopubl disruptant

Deletion of Aopubl was confirmed by Southern blotting analysis. Byief
genomic DNA of the strain was digested with thetrretson enzymesBglll and
BamHI (Takara, Otsu, Japan), and was separated i8% Qel by electrophoresis. The
DNA was then transferred onto a Hybond N+ membiame detected with specific

probes using the ECL Detection kit and a LAS-400QiBEPUV luminescent image

126



analyzer. The 1.5-kb downstream flanking regions Aapubl amplified from

pgdPubl were used as probes.

10. Protein extraction

Approximately 10 conidia of cells expressing were inoculated inr@0DPY
medium, and cultured at 30°C for 10 h before b&rgosed to heat stress. 0.2-0.3 g
of mycelia were harvested by filtration, frozeriguid nitrogen, and pulverized using
a multibead shocker (Yasui kikai, Osaka, JapanjalTproteins were extracted in
phosphate buffer or lysis buffer for immunoblottingr immunoprecipitation,

respectively (See Appendix V).

11.Protein assay

The concentration of the isolated proteins was radeteed by Bradford assay
(Bradford, 1976). The method is a colorimetric gtal procedure, based on the
proportional binding of the dye Coomassie BrillidBlue G-250 to proteins. The
protein concentration of a test sample is deterchimecomparison to that of a series
of protein standards. A set of bovine serum albufBf®A) standard was prepared by
adding 0.1% BSA (Takara, Japan) with extractiorfdsub make concentrations of 0,
2, 4, 8, 16ug/ml in a total volume of 2@l. 1 ul of each protein sample was mixed
with 19 ul extraction buffer. 5x Bradford Reagent (BioRadsA) was diluted with
water. 1 ml of 1x dye reagent was added to eaclplearivixture was incubated at
room temperature for at least 5 min. The absorbah@&ach sample was measure at

595 nm.

12.SDS-PAGE and immunoblotting

Proteins were extracted in phosphate buffer (140 Na€l, 2.7 mM KCI, 10 mM
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NaHPQ,, and 1.8 mM KHPQO,, pH 7.4) with 1 mM PMSF, and 1x protease inhibitor
cocktail (Sigma, St.Louis, MO, USA), and centrifdgat 15000 rpm, 4°C, for 30 min
to remove cell debris. Equal amount of proteinsensgparated by 10% SDS-PAGE
under reducing condition and then electrophordtideansferred onto polyvinylidine
difluoride (PVDF) membranes (Immobilon-P; MillipgrBedford, MA). Membranes
(Immobilon-P; Millipore, Bedford, MA) were eithemc¢ubated with the anti-GFP
(1:3,000 dilution; Funakoshi Co. Ltd., Tokyo, Japahe anti-HA (1:1000 dilution)
antibody, or ante-tubulin antibody (1:1,000 dilution; Sigma, St.LeuMO, USA)).
Anti-mouse immunoglobulin G labeled with peroxid4%el,000 dilution; Funakoshi
Co. Ltd, Tokyo, Japan) was used as secondary aytiidetection was performed
using Super Signal West Pico Stable PeroxidaseSapér Signal West Pico Luminol
Enhancer solutions (Pierce, Rockford, IL, USA) a#®-100plus luminescent image

analyzer (Fuji Photo Film, Tokyo, Japan).

13.Immunoprecipitation

Proteins were extracted in lysis buffer (10 mM i€l [pH 7.5], 150 mM NacCl,
0.5% NP-40, 0.5 mM EDTA, 1 mM PMSF, and 1x proteiasgbitor cocktail [Sigma,
St.Louis, MO, USA]). After centrifugation at 5000, ¢i°C, for 10 min, the
supernatants were incubated with anti-HA-tag mAlgh&ic Agarose beads
(Medical & Biological Laboratories Co. Ltd., Nagqydapan) for 2 hr. Immune
complexes were washed four times with wash bufférriM Tris-HCI [pH 7.5], 300
mM NaCl, 0.5% NP-40, 0.5 mM EDTA, 1 mM PMSF), andbgcted to

immunoblotting.

14. Two dimensional polyacrylamide gel electrophoresi@D-PAGE)

14.1Sample preparation
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All procedures were performed at 4°C. Protein sasiplere concentrated and
desalted using acetone precipitation for the foihgy2D-PAGE. Briefly, eight
volumes of ice-cooled 100% acetone was added tpg20f protein samples, and
incubated at -20°C for at least 2 hr for proteieggitation. After precipitation, the
solution was centrifuged at 14000 g, 4°C, for 1@.riihe protein pellet was air dried
for 2-3 min, and resuspended in the rehydratiorieby8 M urea, 2 M thiourea, 4%
(w/v) CHAPS, 0.5% (v/v) carrier ampholyte, and 2MmMTT] in a concentration of

20 ug/ 10yl for the downstream 2D-PAGE anaysis.

14.22D-PAGE

An isoelectric focusing (IEF) chip (pH 3 to 10; BM3010, SHARP, Osaka,
Japan) was used for the first dimensional separatand a 10% SDS-PAGE
(BM-12100, SHARP, Osaka, Japan) was used for tbensedimensional separation.
All procedures were performed using an automatedERBtrophoresis Device,

Auto2D BM-100 (SHARP, Osaka, Japan) under the Yalhg conditions:

14.2.1 Rehydration

Samples were introduced into IEF chip at 20°C for Bin. IEF chip was
incubated in the rehydration buffer at 20°C for im
14.2.2 IEF (current limit: 20QuA; temperature: 20°C)

Step 1: held at 200 V for 5 min

Step 2: increased to 1000 V in 5 min

Step 3: held at 1000 V for 5 min

Step 4: increased to 7000 V in 20 min

Step 5: held at 7000 V for 5 min

14.2.3 Equilibration
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IEF chip was incubated in the equilibration buff@®0 mM Tris-HCL (pH 6.6),
12.5% glycerol, 50 mM dithiothreitol (DTT), sodiushodecyl sulfate (SDS), and
0.1 % bromophenol blue (BPB)] at 20°C for 5 min.

14.2.4 SDS-PAGE(voltage limit: 300 V; temperature: 10°C)

Equilibrated IEF gel was loaded onto 10% SDS-PAGHEe upper running buffer
contained 25 mM Tris, 192 mM Glysin, and 6.94 mMNSS[@nd the lower running
buffer was 150 mM Tris-HCI (pH 8.8). Electrophoresias run at constant current 20
mA for 40 min. SDS-PAGE was then electrophoreticatansferred onto PVDF

membranes and subjected to immunoblotting.

15. Polymerase Chain ReactionRCR)
15.1PrimeSTAR HS DNA Polymerase

For DNA cloning and amplification, PrimeSTAR HS DN2olymerase (Takara
Bio, Otsu, Japan) was used for high fidelity DNA mification. All PCRs were
performed in 50ul reactions that contained (l of template DNA, 0.24.M each
primer, dNTP mixture (2.5 mM each), 1 mM Rigcontaining buffer, 1.25 U
PrimeSTAR DNA polymerase, and distilled water tangrtotal volume to 5Qul.
Thermocycling conditions of PCR were as follows:imitial denaturation of 5 min at
98°C, 25 cycles of 10 s at 98°C, 15 s at 58°C, Bkl/min at 72°C, and then a final
extension of 7-9 min at 72°C. PCR products weral kel 4°C until analysis by

agarose gel electrophoresis.

15.2Ex Tag DNA Polymerase
To quickly screen for plasmids containing a desiiadert, Ex Tag DNA
Polymerase (Takara Bio, Otsu, Japams used for bacterial colony PCR. All PCRs

were prepared as follows: OiM each primer, dNTP mixture (2.5 mM each), 1x
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buffer, 0.25 UEx Taqg DNA Polymerase, and distilled water to bring tatalume to
20 ul. A single bacterial colony was picked up by tomghwith a plastic pipet tip.
Another agar plate containing the appropriate aotits was streaked with the pipet
tip and incubated at 37°C for 3-5 h. The pipetvis then dipped into each reaction
tube. Thermocycling conditions of PCR were as fefioan initial denaturation of 5
min at 98°C, 35 cycles of 10 s at 98°C, 30 s aC53&hd 1 kb/min at 72°C, and then a
final extension of 7-9 min at 72°C. PCR productsemMeeld at 4°C until analysis by

agarose gel electrophoresis.

15.3KOD FX Neo

To quickly screen for colonies containing a desineskertion or disruption of
target gene after transformation, KOD FX Neo (Taydlife Science, Osaka, Japan)
was used for fungal colony PCR. For crude sampdpamationa small amount of
conidia were collected from the surface of coloniesg a toothpick in 50 pl TE
buffer. All PCRs were prepared as follows: 2 of crude samples, 0.gM each
primer, dNTP mixture (0.4 mM each), 1x buffer, W4KOD FX Neo, and distilled
water to bring total volume to 2Ql. Thermocycling conditions of PCR were as
follows: an initial denaturation of 5 min at 94°85 cycles of 10 s at 98°C, 30 s at
60°C, and 1 kb/min at 68°C, and then a final exten®f 7-9 min at 68°C. PCR

products were held at 4°C until analysis by agageselectrophoresis.

16. Liquid chromatography-mass spectrometry/ mass specimetry (LC-MS/MS)
16.1In-gel digestion

Immunoprecipitated AoPabl-3HA from unstressed celicells exposed to heat
stress for 10 and 30 min was separated using 10%S-FBLE.

Coomassie-Blue-stained protein bands of AoPabl-8ldfe excised, cut into cubes
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(ca. 1x1 mm), and transferred into a microcentefiigoe. To remove acetic acid or
other low-molecular weight, water-soluble molecutesn gel pieces, gel pieces were
washed with 50@u of ddH,O and incubated at 37°C for 30 s for 3 times. Getgs
were de-stained by incubating with 10Dof 50 mM NHHCO3/50% CHCN (1:1,
vol/vol) at 37°C for 10 min with occasional vortaegi (incubation time is dependent
on stain intensity). After removing de-stain saduati gel pieces were dehydrated by
incubating with 5Qul of CH3CN at 37°C for 15 min. Gel pieces were vacuum-dmmed
a desiccator. For reducing alkylation, gel piecesenfirst incubated with 5@l of
0.01 M DDT/100 mM NHHCOs at 50°C for 15 min. After cooling down to room
temperature, 21l of 0.25 M lodoacetamide (IAA)/100 mM NHCO;was added and
incubated at room temperature for another 15 mutank. After removing supernatant,
gel pieces were washed with ploof 100 mM NHHCQO;. After removing supernatant,
gel pieces were washed again withif@f 50 mM NH;HCOs/50% CHCN (1:1, v/v).
Gel pieces were vacuum-dried in a desiccator. Dely pleces were saturated by
incubating with 20ul (or enough volume o cover the dry gel pieces)trgpsin
solution (10 ngll) (Sigma, St.Louis, MO, USA) on ice for 15 min.t&f spinning
down, gel containing tubes were wrapped in parafiend incubated at 37°C
overnight. To extract peptide digestion producubof 50% CHCN/1%TFA was
added into each tube, and incubated at 37°C fanib0 Supernatant was transferred
into a new tube. This step was repeated againsapéernatant was combined together.
50 ul of 80% CHCN was added into each tube, and incubated at 8°Z min, and
supernatant was combined together. Obtained supetnaas vacuum-dried in a

desiccator.

16.2HPLC conditions
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HPLC system EASY-nLC 1000 (Thermo Fisher Sciexiifi

Column NANO-HPLC capillary column, C18 (Nikkyo Trawos)
0.075 x 150 mm

Mobile phase A : 0.1% Formic acid
B: Acetonitrile / 0.1% Formic acid

Gradient Total time 60 min
0/5 - 48/35 - 60/65 (Min/%B)

Flow rate 300 nl/min

Trap column Acclaim® PepMap100 pre-column, 1@®x 2 cm
(Thermo Fisher Scientific)

16.3Mass spectrometry

Mass spectrometer Q Exactive (Thermo Fisher Stnt
Mass range m/z 350-1800

Sample inj. vol. 4/2@l (2% Acetonitrile / 0.1%TFA)

16.4Data search

Software Proteome Discoverer (Ver.1.4) with the 8@XOT search
engine (Ver. 2.4.1)

Database SwissProt 2013 10

Taxonomy Other Fungi

Enzyme Trypsin

Precursor mass tol. 6 ppm

Fragment mass tol. 20 mmu

17.1n silico prediction of AoPabl phosphorylation sites
FASTA formatted AoPabl amino acid sequences webengted to NetPhos 2.0

server (http:// www.cbs.dtu.dk/services/NetPhosd) generate neural network
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predictions for serine, threonine and tyrosine phosylation potential. A generic
prediction score classification was applied to tega set for the phosphoresidue
prediction: low, 0-0.499; high, 0.500-0.999. Kinageecific protein phosphorylation
site prediction employing ESS filtering (Evolutiogastable sites) on the NetPhoskK
1.0 server (http://lwww.cbs.dtu.dk/services/NetPhdsias also performed (threshold
=0.5) using the same sequence with a data setioguéie following kinases: protein
kinase A (PKA), protein kinase C (PKC), proteindse G (PKG), casein Kinase Il
(CKII), cell division cycle 2 kinase (CDC2), calou calmodulin-dependent protein
kinase type Il (CaMK-Il), serineprotein kinase Amxtelangiectasia mutated (ATM),
DNAdependent protein kinase (DNAPK), cyclin-depemdekinase 5 (CDKD5),
mitogen-activated protein kinase p38 (p38MAPK), cglgen synthase kinase 3
(GSK3), casein kinase | (CKI), protein kinase B B)Kribosomal S6 kinase (S6K),
insulin receptor kinase (INSR), epidermal growtlstéa receptor (EGFR) and Src

tyrosine kinase (SRC) (Blomt al., 2004).
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Appendix I. Strain list

Strain Host Genotype Reference

RIB40 Wild-type Machida et al., 2005
NSRKu70-1-1A NSRKu-70-1-1 niaD” sC adeA” AargB::adeA” Aku70::argB adeA Escafio et al., 2009

NS4 niaD300 niaD” sC Yamada et al., 1997

NSPID1 NSID niaD” sC adeA” AargB::adeA” AligD::argB ApyrG::adeA Maruyama and Kitamoto, 2008
NSID1 NSPID1 niaD” sC” adeA AargB::adeA” AligD::argB ApyrG::adeA pyrG Maruyama and Kitamoto, 2008
NSR-AID2 NSAR1 niaD” sC adeA” AargB::adeA” AligD::argB Maruyama and Kitamoto, 2008
NSK-ASG1 NSKASO11 niaD” sC” adeA” AargB::adeA” Aku70::argB AAoso::adeA pgPaBSG [BmyB::Aoso-egfp:: TamyB::niaD] Maruyama et al., 2010
SK-PablE NSRKu70-1-1A  niaD" sC adeA” AargB::adeA” Aku70::argB adeA pgDPaPablE [@nyB::Aopabl-egfp:: TamyB::niaD] This study

SK-PublE NSRKu70-1-1A  niaD sC adeA” AargB::adeA” Aku70::argB adeA pgDPaPubl1E [&yB::Aopubl-egfp::TamyB::niaD] This study

SK-E NSRKu70-1-1A niaD” sC” adeA” AargB::adeA” Aku70::argB adeA pgPaE [RmyB:: egfp::TamyB::niaD] This study

S-AID2-PablE NSRAID2 niaD” sC adeA” AargB::adeA” AligD::argB Aopabl-egfp::adeA pNR10 hiaD] This study

S-AID2-Dep2E NSRAID2 niaD” sC adeA” AargB::adeA” AligD::argB Aodcp2-egfp::adeA pNR10 hiaD] This study

S-Dcp2E NS4 niaD” sC pgDPaDcp2E [BmyB::Aodcp2-egfp:: TamyB::niaD] This study

S-Edc3E NS4 niaD” sC pgDPaEdc3E [&myB::Aoedc3-egfp:: TamyB::niaD] This study

SK-ASO11-PablE NSKSO11 niaD” sC” adeA AargB::adeA” Aku70::argB AAoso::adeA pgDPaPablE [@nyB::Aopabl-egfp::TamyB::niaD] This study

Dcp2E-Pabl1DR S-Dcp2E niaD” sC pgDPaDcp2E (&myB::Aodcp2-egfp::TamyB::niaD) pgCPaPabl1DR HryB::Aopabl-mDsRed::TamyB::sC] This study

K-ASG1-PablDR NSK-ASG1 niaD” sC” adeA- AargB::adeA- Aku70::argB AAoso::adeA pgPaBSG [BrmyB::Aoso-egfp:: TamyB::niaD] This study

pgCPaPabl1DR fnyB::Aopabl-mDsRed:: TamyB::sC]
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Appendix I. Strain list (continued)

Strain Host Genotype Reference

K-ASG1-Pab13HA NSK-ASG1 niaD” sC” adeA- AargB::adeA- Aku70::argB AAoso::adeA pgPaBSG [BmyB::Aoso-egfp:: TamyB::niaD] This study
pgCPaPab13HA [&nyB::Aopabl-3HA:: TamyB::sC]

K-EGFP-Pab13HA SK-E niaD” sC” adeA” AargB::adeA” Aku70::argB adeA pgPaE [RmyB:: egfp::TamyB::niaD] This study
pgCPab13HA [BmyB::Aopabl-3HA:: TamyB::sC]

NSID-APubl NSPID1 niaD” sC” adeA'AargB::adeA” AligD::argB ApyrG::adeA AAopubl::pyrG This study

K-EA8-Pab1DR PA8GAtg8 niaD” sC” adeA” AargB::adeA” Aku70::argB adeA pgEGAS8 [FAoatg8:: egfp::Aoatg8::niaD] This study
pgCPaPabl1DR HpnyB::Aopabl-mDsRed:: TamyB::sC]

AA8-PablE AAoatg8 niaD” sC” adeA” AargB::adeA” Aku70::argB AAoatg8::adeA pgDPaPablE gmyB::Aopabl-egfp::TamyB::niaD] This study

AA8-Pab13HA AAoatg8 niaD” sC adeA AargB::adeA” Aku70::argB AAoatg8::adeA pgCPab13HA [BmyB::Aopabl-3HA:: TamyB::sC] This study
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Appendix Il. Plasmid list

Plasmid Vector Description

pgEGFPadeA Generated by Dr. kimura

pgEPabl pDONR221 Center entry clone containingngpckgion ofAopabl
pgEPubl pDONR221 Center entry clone containingrapdigion ofAopubl
pgEDcp2 pDONR221 Center entry clone containing mgdéegion ofAodcp2
pgEEdc3 pDONR221 Center entry clone containingrugpdégion ofAoedc3
pgDPaPablE pgDN AoPabl-EGFP expressing plasmid
pgDPaPublE pgDN AoPubl-EGFP expressing plasmid
pgDPaDcp2E pgDN AoDcp2-EGFP expressing plasmid
pgDPaEdc3E pgDN AOEdc3-EGFP expressing plasmid
pgCPaPablDR| pgDSO AoPabl-mDsRed expressing plasmid

pgDPaE pgDN EGFP expressing plasmid

pgCPaPab13HA pgDSO AoPabl1-3HA expressing plasmid

pg5Publup pDONR P4-P1R 1.3 kb of the 5'- flankiagion ofAopubl
pg3Publdw pDONR P2R-P3 1.5 kb of the 3'- flankiagion ofAopubl

pgdPubl pDEST R4-R3 | Aopubl disruption cassette

pTPablEaA pCR4Blunt-TOPQ Cassette for targetingyfp at Aopabl genomic locus
pTDcp2EaA pPCR4Blunt-TOPQ Cassette for targetirggfp at Aodcp2 genomic locus
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Appendix Ill. Primer list

Primer Sequence (5-3) Target Aim

attBE-Aopabl-F GGGGACAAGTTTGTACAAAAAAGCAGGCATGTCTGCCGACGCCTCTAC AoPabl ORF To construct plaspgEPabl
attBE-Aopabl-R GGGGACCACTTTGTACAAGAAAGCTGGGTTGACTTGTTCTCTTCGGTAGAG AoPabl ORF To construct phéds pgEPabl
attBE-Aopubl-F GGGGACAAGTTTGTACAAAAAAGCAGGCATGGCTGATAACGTACCCGCC AoPubl ORF To construct plagmpgEPubl
attB-Aopubl-R GGGGACCACTTTGTACAAGAAAGCTGGGTCGCTTGGTAGCCTCCAAAG AoPubl ORF To construct plaspgEPubl
attBE-Aodcp2-F GGGGACAAGTTTGTACAAAAAAGCAGGCATGACAGAAACAAAGATGCATTTAGAAGATTGTAAGT AoDcp2 ORF Toconstruct plasmid pgEDcp2
attBE-Aodcp2-R GGGGACCACTTTGTACAAGAAAGCTGGGTICTTGTTCCCTTTGGCAACACC AoDcp2 ORF To construct pladrmpgEDcp2
attBE-Aoedc3-F GGGGACAAGTTTGTACAAAAAAGCAGGCATGGATCGCGCCCGCAAGAA AoEdc3 ORF To construct pladmpigEEdc3
attBE-Aoedc3-R GGGGACCACTTTGTACAAGAAAGCTGGGTAIGCAGAGGATGGCTGGTAG AoEdc3 ORF To construct plasmp@EEdc3

Aopab1-922-F1

AAGCACGAGCGTGAGGAGGA

3'terminal 1.5 kb ofAopabl

To construct plasmid pTPablEaA

Aopabl-e-R1 tgctcaccatCGACTTGTTCTCTTCGGTAGAGG 3'terminal 1.5 kb ofA\opabl | To construct plasmid pTPablEaA
Aopabl-E-aA-F2 GAACAAGTCGatggtgagcaagggcgagga egfp-TamyB-adeA To construct plasmid pTPablEaA
E-aA-pabldw-R2 gagacacaaaatCATGCCGTCATGTCCAGGAAGA egfp-TamyB-adeA To construct plasmid pTPablEaA

aA-pabldwil-F3

TGACGGCATGattttgtgtctcaatgtgtgatatccacgg

3'-flanking region ofAopabl

To construct plasmid pTPablEaA

Aopabl1-dw1500-R3

GGAGCCGCACGGGAAATC

3'-flanking region ofAopabl

To construct plasmid pTPablEaA

Aodcp2-1126-F1

AACCCACAGACCCCGAGAAATG

3’ terminal 1.5 kb ofAodcp2

To construct plasmid pTDcp21EaA

Aodcp2-e-R1 tgctcaccatCTTGTTCCCTTTGGCAACACCTTG 3’terminal 1.5 kb ofAodcp2 | To construct plasmid pTDcp21EaA
Aodcp2-E-aA-F2 AGGGAACAAGatggtgagcaagggcgagga egfp-TamyB-adeA To construct plasmid pTDcp21EaA
E-aA-dcp2dw-R2 acaagcacgcCATGCCGTCATGTCCAGGAAG egfp-TamyB-adeA To construct plasmid pTDcp21EaA

aA-dcp2dwl-F3

TGACGGCATGgcgtgcttgtacctggcatttc

3'-flanking region ofAodcp2

To construct plasmid pTDcp21EaA
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Appendix Ill. Primer list (continued)

Primer

Sequence (5-3)

Target

Aim

Aodcp2-dwl500-R3

GCTTTAACTTTGACCTCTCCAGGC

3'-flanking region ofAodcp2

To construct plasmid pTDcp21EaA

attB5-Publ1-up-1300-F

GGGGACAACTTTGTATAGAAAAGT T@gatgttaccgtttgattgaccattgc

5'-flanking region ofAopubl

To construct plasmid pg5Publup

attB5-Publ-up-1-R

GGGGACTGCTTTTTTGTACAAACT fgitgaaagatcacaagccgcaatatacaag

5'-flanking rexgfidopubl

To construct plasmid pg5Publup

attB3-Publ-dw-1-F

GGGGACAGCTTTCTTGTACAAAGT Gfetatcgtccagtatacttcgctg

3'-flanking region ofAopubl

To construct plasmid pg3Publdw

attB3-Pub1-dw-1500-R

GGGGACAACTTTGTATAATAAAGT T€attgctctgectccee

3'-flanking region ofAopubl

To construct plasmid pg3Publdw

Underlines indicatattB sequences.
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Appendix IV. Medium compositions
All media were sterilized at 120 °C for 15 min.

Dextrin-peptone-yeast extract (DPY) medium

Component Final concentration  Amount
Dextrin 2% 249
Polypeptone 1% 19
Yeast extract 0.5% 05¢
KH.PO, 0.5% 05¢g
MgSQOy- 7TH,O 0.05% 0.05¢
ddH,O Fill up to 100 ml
Potato dextrose (PD) medium

Component Amount

Potato dextrose agar39 g

ddH,O Fill up to 1000 ml

Czapek-Dox (CD) medium

Component Final concentration ~ Amount
NaNGO; 0.3% 0.3g

KCI 0.2% 0.2g
KH2PO, 0.1% 01g
MgSQOy: 7TH,O 0.05% 0.05¢g
2% FeSQ 7H,0 0.002% 10Qul
Glucose 2% 29
(Agar) (1.5%) (2.59)
ddH,O fill up to 100 ml

Adjust pH to 5.5 with 0.4 N NaOH.

CD + Met medium

For selective medium, CD medium is supplementett @i0015% methionine.
For culture for the microscopic examination, CD metis supplemented with 0.15%
methionine.
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Minimal (M) medium

Component Final concentration  Amount
NH,4CI 0.2% 0.2¢g
(NH4)2SQy 0.1% 0.1g

KCI 0.05% 0.05¢
NacCl 0.05% 0.05¢
KH,PO, 0.1% 0.1¢g
MgSOy: 7TH,O 0.05% 0.05¢g
2% FeSQ 7H,0 0.002% 10Qu
Glucose 2% 29
(Agar) (1.5%) (2.509)
ddHO fill up to 100 ml

Adjust pH to 5.5 with 0.4 N NaOH.

M+met medium
For selective medium, M medium is supplemented @iff’5% methionine.

Luria-Bertani (LB) medium

Component Final concentrationAmount

Yeast Extract 0.5% 05¢
Bacto-tryptone 1% 1lg

NaCl 0.5% 05¢g

(Agar) (1.5%) (2.59)

ddH,O Fill up to 100 ml

Add 100ul ampicillin or kanamycin stock (100 mg/ml): to 16€L LB-broth solution
at room temperature after autoclaving.
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Appendix V. Buffers and solutions

1. Reagents for plasmid isolation

Solution |

Component Final concentration Amount
Glucose 50 mM 09g¢g

1M Tris-HCl [pH 8.0] 25 mM 2.5 ml
0.5MEDTA[pH8.0) 10mM 2ml
ddH0 Fill up to 100 ml
Solution Il (freshly prepared)

Component Final concentration Amount
0.4 M NaOH 0.2N 1ml

10% SDS 1% 200ul
ddH20 800ul
Solution IlI

Component Final concentration Amount
5 M NaOAc 0.2N 60 ml
Acetic acid 1% 11.5 ml
ddH20 28.5 ml
TE buffer (Tris-EDTA buffer)

Component Final concentration Amount
1M Tris-HCl [pH 8.0] 10 mM 1ml

0.5 M EDTA 1 mM 20Qul
ddHO 98.8 ml

2. Reagents for Southern blotting

Denaturation solution

Component Final concentration Amount
NacCl 15M 4.4 ¢
NaOH 05M 1lg
ddH,O Fill up to 50 mi
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Neutralization solution

Component Final concentration Amount
1M Tris-HCI [pH7.5] 0.5M 25 ml

NacCl 15M 4.4 g
ddH,O 25 ml

20x SCC

Component Final concentration Amount
NacCl 3M 175.3 ¢
Nascitrate - dihydrate 0.3 M 8.8¢g

ddH,O FilluptolL

Adjust to pH 7.0 with 5N NaOH. Dilute 1:10 with d@B to obtain the 2x
concentration.

Prehybridization/hybridization buffer

Component Amount
Blocking reagent 15¢g
NacCl 0.86 g

Gold hybridization buffer 30 ml

Pre-warm at 42°C.
For hybridization, mix probe with 15 ml of buffer.

Probe preparation

Adjust probe DNA concentration to 100 ng/ll0 Boil probe DNA for 5 min and
keep on ice for 5 min. Add 10 of labeling reagent into probe DNA and mix it by
pipetting. Add 10 ul of glutaraldehyde solution into the mixture andxnit by
pipetting. After incubation at 37°C for 10 min, add the rapa into 15 ml of
pre-warmed hybridization buffer.

Primary wash buffer

Component Amount

Urea 18¢g

10% SDS 2ml

20x SCC 1.25 ml
ddH,O Fill up to 50 ml
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3. Reagents forA. oryzae transformation

TF Solution 0

Component Final concentration Amount
Maleic acid 50 mM 1.16¢g

ddH,O Fill up to 200 ml
Adjust to pH 5.5 with 5 N NaOH.

TF Solution 1 (freshly prepared)

Component Final concentration Amount
Yatalase 1% 0.1g

TF Solution O Fill up to 10 ml
Sterilize by filtration through a 0.43m filter.

TF Solution 2

Component Final concentration Amount
Sorbitol (Glucitol) 1.3M 8744

CaCyb * 2H,0O 50 mM 294 ¢

NaCL 35 mM 0.82¢g

1 M Tris-HCI [pH7.5] 10 mM 4 ml

ddH,O Fill up to 400 ml
TF Solution 3

Component Final concentration Amount

PEG 4000 60% 120 g

CaCb - 2H,0O 50 mM 1.47¢g

1 M Tris-HCI [pH7.5] 10 mM 2 mi

ddH,O Fill up to 200 ml
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4. Reagents forA. oryzae genomic DNA preparation

GE solution

Component Final concentration Amount
0.5 M EDTA 50 mM 5ml

10% SDS 0.5% 2.5 ml
50 mg/ml Proteinase K 0.1 mg/ml 100l
ddHO 42.4 ml
Ethanol precipitation solution

Component Amount

100% Ethanol 40 ml

3M NaOAc [pH 5.2] 1.6 mi

PCI solution

PhenolChloroformisoamylalcoho(25:24:1, v/v)

Cl solution

ChloroformlIsoamylalcohol24:1, v/v)

5. Reagents for immunoprecipitation

Lysis buffer

Component Final concentration Amount
1 M Tris-HCI [pH7.5] 10 mM 100l
5 M NacCl 150 mM 300ul
NP-40 0.5% 0.05¢
0.5 M EDTA 0.5mM 10l
100 mM PMSF 1 mM 100ul
Protease inhibitor cocktail 1x 100ul
ddH,O 9.8 ml
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Washing buffer

Component Final concentration Amount
1 M Tris-HCI [pH 7.5] 10 mM 100l

5 M NacCl 300 mM 600 pl
NP-40 0.5% 0.05¢
0.5 M EDTA 0.5mM 10l
ddH,O 9.8 ml

6. Protein extraction buffer

Component Final concentration Amount
50 mM Tris-HCI [pH 7.5] 49 mM 9.8 ml
100 mM PMSF 1mM 100l
Protease inhibitor cocktail 1x 100l

7. Reagents for SDS-PAGE
4% Stacking gel preparation:

Component Amount
30% Acrylamide/Bis-acrylamide 2 ml
2x Tris-SDS [pH 6.8] 6 ml
ddH,O 4 ml

10 % APS 100l
0.5 M EDTA 10l

10% Separating gel preparation

Component Amount
30% Acrylamide/Bis-acrylamide 10 ml
2x Tris-SDS [pH 8.8] 15 ml
ddH,O 5ml
10% APS 300ul
0.5 M EDTA 30ul
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2x Tris-SDS [pH 6.8]

Component Final concentration Amount
Tris 247.64 mM 15¢

SDS 0.2% 19

ddH,O Fill up to 10 mi
Adjust to pH 6.8 with concentrated HCI

2x Tris-SDS [pH 8.8]

Component Final concentration Amount
Tris 750 mM 4543 ¢

SDS 0.2% 19

ddH,O Fill up to 500 ml
Adjust to pH 8.8 with concentrated HCI

1x Laemmli running buffer

Component Final concentration Amount
Tris 25 mM 3.03¢g

SDS 0.1% 19

Glycine 188 mM 14.1¢

ddH,O FilluptolL
5x Laemmli sample buffer

Component Final concentration Amount

2x Tris-SDS [pH 6.8] 165 mM 6.66 ml

SDS 7.5% 0.075¢
B-mercapto-ethanol 5% 0.5 ml
Glycerol 50% 5ml

BPB 0.0125% 1.25 mg
ddH,O Fill up to 10 mi
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8. Reagents for immunoblotting

5x Transfer buffer

Component Final concentration Amount
Tris 240 mM 29 ¢

SDS 0.185% 1.85¢
Glycine 193 mM 145¢
Methanol 10% 100 ml
ddH,O FilluptolL
0.1% Tween tris-buffered saline (TTBS)

Component Final concentration Amount
Tris 20 mM 24249
NacCl 500 mM 29.22 ¢g
Tween 20 0.1% 19
ddH,O FilluptolL
Adjust to pH 7.5 with concentrated HCI

9. Reagents for in-gel digestiorffor one sample)

50 mM NH4HCO3/50% CH3CN

Component Final concentration Amount
100 mM NHHCO; 50 mM 125Qul
CHsCN 50% 125Qu
50% CH3CN/ 1% TFA

Component Final concentration Amount
CH;CN 50% 50Qul

TFA 1% 10pl
ddH,O 490ul
80% CH3CN

Component Final concentration Amount
CHsCN 80% 40Qul
ddH0O 190ul
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Trypsin solution

Component Final concentration Amount
Trpsin 10 nqll 20 g
Resuspension buffer 2ml

Heat at 30°C for 15 min before use.

150



References

151



Abe K, Gomi K, Hasegawa F and Machida MImpact ofAspergillus oryzae

genomics on industrial production of metabolitééycopathologia 162: 3:

143-153, 2006.

Albrecht M and Lengauer T. Survey on the PABC recognition motif PAM2.

Biochem.Biophys.Res.Commun. 316: 1: 129-138, 2004.

Alers S, Loffler AS, Wesselborg S and Stork BRole of AMPK-mTOR-Ulk1/2

in the regulation of autophagy: cross talk, shagcand feedbackdlol.Cell.Biol.

32: 1: 2-11, 2012.

Anderson P and Kedersha N.RNA granules: post-transcriptional and

epigenetic modulators of gene expressidat.Rev.Mol.Cell Biol. 10: 6: 430-436,

2009a.

Anderson P and Kedersha N.Stress granuleCurr.Biol. 19: 10: R397-8,

2009b.

Anderson P and Kedersha N.Stressful initiations.J.Cell.Sci. 115: Pt 16:

3227-3234, 2002.

Arimoto K, Fukuda H, Imajoh-Ohmi S, Saito H and Takekawa M.

Formation of stress granules inhibits apoptosisugypressing stress-responsive

MAPK pathwaysNat.Cell Biol. 10: 11: 1324-1332, 2008.

152



10.

11.

12.

13.

14.

Aylmore RC, Wakley GE and Todd NK. Septal Sealing in the Basidiomycete

Coriolus-VersicolorJ.Gen.Microbiol. 130: NOV: 2975-2982, 1984.

Banerjee R, Beal MF and Thomas B.Autophagy in neurodegenerative

disorders: pathogenic roles and therapeutic imptina. Trends Neurosci. 33: 12:

541-549, 2010.

Bennett JW. Aspergillus: a primer for the novickled.Mycol. 47 Suppl 1: S5-12,

20009.

Bhattacharyya SN, Habermacher R, Martine U, Closs Eand Filipowicz W.

Relief of microRNA-mediated translational repressio human cells subjected

to stressCell 125: 6: 1111-1124, 2006.

Birney E, Kumar S and Krainer AR. Analysis of the RNA-recognition motif

and RS and RGG domains: conservation in metazaamNA splicing factors.

Nucleic Acids Res. 21: 25: 5803-5816, 1993.

Black JC, Van Rechem C and Whetstine JRHistone lysine methylation

dynamics: establishment, regulation, and biologioapact. Mol.Cell 48: 4:

491-507, 2012.

Blom N, Gammeltoft S and Brunak SSequence and structure-based prediction

of eukaryotic protein phosphorylation sit@$/ol.Biol. 294: 5: 1351-1362, 1999.

153



15.

16.

17.

18.

19.

20.

Blom N, Sicheritz-Ponten T, Gupta R, Gammeltoft S ad Brunak S.

Prediction of post-translational glycosylation gpitbsphorylation of proteins

from the amino acid sequené&oteomics 4: 6: 1633-1649, 2004.

Bollig F, Winzen R, Kracht M, Ghebremedhin B, Ritter B, Wilhelm A,

Resch K and Holtmann H. Evidence for general stabilization of mRNAS in

response to UV lightur.J.Biochem. 269: 23: 5830-5839, 2002.

Bosco DA, Lemay N, Ko HK, Zhou H, Burke C, Kwiatkowski TJ,Jr, Sapp P,

McKenna-Yasek D, Brown RH,Jr and Hayward LJ. Mutant FUS proteins

that cause amyotrophic lateral sclerosis incorgoraito stress granules.

Hum.Mol.Genet. 19: 21: 4160-4175, 2010.

Brengues M and Parker R.Accumulation of polyadenylated mRNA, Pab1p,

elF4E, and elF4G with P-bodies$accharomyces cerevisiae. Mol .Biol.Cell 18:

7:2592-2602, 2007.

Brengues M, Teixeira D and Parker R.Movement of eukaryotic mMRNAS

between polysomes and cytoplasmic processing ho8geence 310: 5747:

486-489, 2005.

Brook M, McCracken L, Reddington JP, Lu ZL, Morrice NA and Gray NK.

The multifunctional poly(A)-binding protein (PABH) is subject to extensive

dynamic post-translational modification, which nal&ar modelling suggests

154



21.

22.

23.

24,

25.

26.

27.

plays an important role in co-ordinating its adtes.Biochem.J. 441: 3: 803-812,

2012.

Brook M, Smith JW and Gray NK. The DAZL and PABP families:

RNA-binding proteins with interrelated roles inrtsdational control in oocytes.

Reproduction 137: 4: 595-617, 2009.

Buchan JR, Capaldi AP and Parker R.TOR-tured yeast find a new way to

stand the heaMol.Cell 47: 2: 155-157, 2012.

Buchan JR, Kolaitis RM, Taylor JP and Parker R. Eukaryotic stress granules

are cleared by autophagy and Cdc48/VCP functicell 153: 7: 1461-1474,

2013.

Buchan JR, Muhlrad D and Parker R. P bodies promote stress granule

assembly irBaccharomyces cerevisiae. J.Cell Biol. 183: 3: 441-455, 2008.

Buchan JR, Nissan T and Parker RAnalyzing P-bodies and stress granules in

Saccharomyces cerevisiae. Methods Enzymol. 470: 619-640, 2010.

Buchan JR and Parker R. Eukaryotic stress granules: the ins and outs of

translationMol.Cell 36: 6: 932-941, 2009.

Buchan JR, Yoon JH and Parker R.Stress-specific composition, assembly and

kinetics of stress granules Baccharomyces cerevisiae. J.Cell.Sci. 124: Pt 2:

228-239, 2011.

155



28.

29.

30.

31.

32.

33.

34.

35.

Burd CG, Matunis EL and Dreyfuss G.The multiple RNA-binding domains of

the mRNA poly(A)-binding protein have different RNAnding activities.

Mol.Cell.Biol. 11: 7: 3419-3424, 1991.

Burgess HM and Gray NK. mRNA-specific regulation of translation by

poly(A)-binding proteinsBiochem.Soc.Trans. 38: 6: 1517-1522, 2010.

Christensen, Tove, Woeldike ,Helle, Boel ,Esper, rtglisen S,B.,

Hjortshoej ,Kirsten, Thim ,Lars and Hansen M,T. IHitpvel expression of

recombinant genes iwspergillus oryzae. Bio/Technology 6: 1419-1422, 1988.

Ciosk R, DePalma M and Priess JRATX-2, theC. elegans ortholog of ataxin

2, functions in translational regulation in the géne. Development 131: 19:

4831-4841, 2004.

Clarke SG. Protein methylation at the surface and buried deéepking outside

the histone boxTrends Biochem.&ci. 38: 5: 243-252, 2013.

Clarke SG and Tamanoi F eds. The Enzymes Volume 24: Protein

Methyltransferases, Academic Press, (Amsterdam)34570, 2006.

Coller J and Parker R. General translational repression by activators BNA

decappingCell 122: 6: 875-886, 2005.

De Virgilio C and Loewith R. Cell growth control: little eukaryotes make big

contributions Oncogene 25: 48: 6392-6415, 2006.

156



36.

37.

38.

39.

40.

4].

Decker CJ and Parker R.P-bodies and stress granules: possible roles in the

control of translation and mRNA degradati@uold Spring Harb Perspect.Biol. 4:

9: a012286, 2012.

Decker CJ, Teixeira D and Parker R.Edc3p and a glutamine/asparagine-rich

domain of Lsm4p function in processing body assgmbl Saccharomyces

cerevisiae. J.Cdll Biol. 179: 3: 437-449, 2007.

Deo RC, Sonenberg N and Burley SK.X-ray structure of the human

hyperplastic discs protein: an ortholog of the @nieal domain of

poly(A)-binding proteinProc.Natl.Acad.Sci.U.SA. 98: 8: 4414-4419, 2001.

Dewey CM, Cenik B, Sephton CF, Johnson BA, Herz Jal Yu G. TDP-43

aggregation in neurodegeneration: are stress grautiné keyBrain Res. 1462:

16-25, 2012.

Drawbridge J, Grainger JL and Winkler MM. Identification and

characterization of the poly(A)-binding proteinsorfr the sea urchin: a

guantitative analysisviol.Cell.Biol. 10: 8: 3994-4006, 1990.

Duncan R, Milburn SC and Hershey JW.Regulated phosphorylation and low

abundance of HeLa cell initiation factor elF-4F gest a role in translational

control. Heat shock effects on elF-4mBiol.Chem. 262: 1: 380-388, 1987.

157



42.

43.

44,

45,

46.

47.

Duncan RF and Hershey JW.Protein synthesis and protein phosphorylation

during heat stress, recovery, and adaptafi@ell Biol. 109: 4 Pt 1: 1467-1481,

1989.

Elden AC, Kim HJ, Hart MP, Chen-Plotkin AS, Johnson BS, Fang X,

Armakola M, Geser F, Greene R, Lu MM, Padmanabhan A Clay-Falcone

D, McCluskey L, Elman L, Juhr D, Gruber PJ, Rub U, Auburger G,

Trojanowski JQ, Lee VM, Van Deerlin VM, Bonini NM and Gitler AD.

Ataxin-2 intermediate-length polyglutamine expansioare associated with

increased risk for ALSNature 466: 7310: 1069-1075, 2010.

Engh I, Wurtz C, Witzel-Schlomp K, Zhang HY, Hoff B, Nowrousian M,

Rottensteiner H and Kuck U.The WW domain protein PRO40 is required for

fungal fertility and associates with Woronin bodieskaryot.Cell. 6: 5: 831-843,

2007.

Erickson SL and Lykke-Andersen J.Cytoplasmic mRNP granules at a glance.

J.Cell.&ci. 124: Pt 3: 293-297, 2011.

Eulalio A, Behm-Ansmant | and Izaurralde E. P bodies: at the crossroads of

post-transcriptional pathwayNat.Rev.Mol.Céll Biol. 8: 1: 9-22, 2007.

Fabian MR, Mathonnet G, Sundermeier T, Mathys H, Zpprich JT, Svitkin

YV, Rivas F, Jinek M, Wohlschlegel J, Doudna JA, Cén CY, Shyu AB,

158



48.

49.

50.

51.

52.

53.

Yates JR,3rd, Hannon GJ, Filipowicz W, Duchaine TFand Sonenberg N.

Mammalian miRNA RISC recruits CAF1 and PABP to affeABP-dependent

deadenylationMol.Cell 35: 6: 868-880, 2009.

Fabian MR, Sonenberg N and Filipowicz WRegulation of mRNA translation

and stability by microRNAsAnnu.Rev.Biochem. 79: 351-379, 2010.

FAO_WHO. Committee on Food Additives 31. World Health Origation

Technical Report Series: Geneva, 1987.

Feng D, Liu L, Zhu Y and Chen Q.Molecular signaling toward mitophagy and

its physiological significancdzxp.Cell Res. 319: 12: 1697-1705, 2013.

Fleissner A and Dersch P.Expression and export: recombinant protein

production systems fakspergillus. Appl.Microbiol.Biotechnol. 87: 4: 1255-1270,

2010.

FleiBner A and Glass NL. SO, a protein involved in hyphal fusion in

Neurospora crassa, localizes to septal plugBukaryot.Cell. 6: 1: 84-94, 2007.

FleiBner A, Leeder AC, Roca MG, Read ND and Glass IN Oscillatory

recruitment of signaling proteins to cell tips pmates coordinated behavior

during cell fusionProc.Natl.Acad.Sci.U.SA. 106: 46: 19387-19392, 2009.

159



54.

55.

56.

57.

58.

59.

FleiRner A, Sarkar S, Jacobson DJ, Roca MG, Read NBnd Glass NL.The

so locus is required for vegetative cell fusion gusbtfertilization events in

Neurospora crassa. Eukaryot.Cell. 4: 5: 920-930, 2005.

Franks TM and Lykke-Andersen J. The control of mRNA decapping and

P-body formationMol.Cell 32: 5: 605-615, 2008.

Funakoshi Y, Doi Y, Hosoda N, Uchida N, Osawa M, $fmada |, Tsujimoto

M, Suzuki T, Katada T and Hoshino S.Mechanism of mRNA deadenylation:

evidence for a molecular interplay between trarsiatermination factor eRF3

and mRNA deadenylasgSenes Dev. 21: 23: 3135-3148, 2007.

Gallie DR, Le H, Caldwell C, Tanguay RL, Hoang NX ad Browning KS.

The phosphorylation state of translation initiatidactors is regulated

developmentally and following heat shock in wheaBiol.Chem. 272: 2:

1046-1053, 1997.

Gallie DR and Tanguay R.Poly(A) binds to initiation factors and increases

cap-dependent translation in vittbBiol.Chem. 269: 25: 17166-17173, 1994.

Garneau NL, Wilusz J and Wilusz CJ.The highways and byways of mRNA

decay.Nat.Rev.Mol.Céll Biol. 8: 2: 113-126, 2007.

160



60.

61.

62.

63.

64.

Gilks N, Kedersha N, Ayodele M, Shen L, Stoecklin GDember LM and

Anderson P. Stress granule assembly is mediated by prion-lggregation of

TIA-1. Mol .Biol.Cell 15: 12: 5383-5398, 2004.

Ginsberg SD, Galvin JE, Chiu TS, Lee VM, Masliah Eand Trojanowski JQ.

RNA sequestration to pathological lesions of neagaherative diseaseicta

Neuropathol. 96: 5: 487-494, 1998.

Glozak MA, Sengupta N, Zhang X and Seto EAcetylation and deacetylation

of non-histone protein&ene 363: 15-23, 2005.

Grousl T, Ivanov P, Frydlova |, Vasicova P, Janda FVojtova J, Malinska K,

Malcova |, Novakova L, Janoskova D, Valasek L and Bisek J.Robust heat

shock induces elF2alpha-phosphorylation-independasgembly of stress

granules containing elF3 and 40S ribosomal subumtsbudding yeast,

Saccharomyces cerevisiae. J.Cell.Sci. 122: Pt 12: 2078-2088, 2009.

Guillemette T, van Peij N, Goosen T, Lanthaler K, Rbson GD, van den

Hondel CA, Stam H and Archer DB.Genomic analysis of the secretion stress

response in the enzyme-producing cell factsspergillus niger. BMC Genomics

8: 158, 2007.

161



65.

66.

67.

68.

69.

70.

Harding HP, Zhang Y, Bertolotti A, Zeng H and Ron D. Perk is essential for

translational regulation and cell survival duritge tunfolded protein response.

Mol.Cell 5: 5: 897-904, 2000.

Harris SD, Read ND, Roberson RW, Shaw B, Seiler ¥lamann M and

Momany M. Polarisome meets spitzenkorper: microscopy, gesetand

genomics converg&ukaryot.Cell. 4: 2: 225-229, 2005.

Herrmann M, Sprote P and Brakhage AA. Protein kinase C (PkcA) of

Aspergillus  nidulans s involved in penicillin production.

Appl.Environ.Microbiol. 72: 4: 2957-2970, 2006.

Hinnebusch AG. Translational regulation of GCN4 and the generahanacid

control of yeastAnnu.Rev.Microbiol. 59: 407-450, 2005.

Holcik M and Sonenberg N. Translational control in stress and apoptosis.

Nat.Rev.Mol.Cell Biol. 6: 4: 318-327, 2005.

Hoshino S, Imai M, Kobayashi T, Uchida N and KatadaTl. The eukaryotic

polypeptide chain releasing factor (eRF3/GSPT) yuagr the translation

termination signal to the 3'-Poly(A) tail of mRNADirect association of

erf3/GSPT with polyadenylate-binding proteinl.Biol.Chem. 274: 24:

16677-16680, 1999.

162



71.

72.

73.

74.

75.

76.

Howard RJ. Ultrastructural analysis of hyphal tip cell growth fungi:

Spitzenkorper, cytoskeleton and endomembranes dftmze-substitution.

J.Cell.&ci. 48: 89-103, 1981.

Hoyle NP, Castelli LM, Campbell SG, Holmes LE and Ahe MP.

Stress-dependent relocalization of translationadigned mMRNPs to cytoplasmic

granules that are kinetically and spatially digtinam P-bodiesJ.Cell Biol. 179:

1: 65-74, 2007.

Huang J and Klionsky DJ. Autophagy and human diseas|.Cycle 6: 15:

1837-1849, 2007.

Ikematsu N, Yoshida Y, Kawamura-Tsuzuku J, Ohsugi M Onda M, Hirai

M, Fujimoto J and Yamamoto T. Tob2, a novel anti-proliferative Tob/BTG1

family member, associates with a component of tl&RE€ transcriptional

regulatory complex capable of binding cyclin-depamdkinasesOncogene 18:

52: 7432-7441, 1999.

Inoue Y and Klionsky DJ. Regulation of macroautophagy Saccharomyces

cerevisiae. Semin.Cell Dev.Biol. 21: 7: 664-670, 2010.

Ito D and Suzuki N. Conjoint pathologic cascades mediated by ALS/FTLD-U

linked RNA-binding proteins TDP-43 and FUSeurology 77: 17: 1636-1643,

2011.

163



77.

78.

79.

80.

81.

82.

Jackson RJ, Hellen CU and Pestova TVThe mechanism of eukaryotic

translation initiation and principles of its reguden. Nat.Rev.Mol.Cell Biol. 11: 2:

113-127, 2010.

Jedd G and Pieuchot L.Multiple modes for gatekeeping at fungal cell-tdl-ce

channelsMol.Microbiol. 2012.

Jin FJ, Watanabe T, Juvvadi PR, Maruyama J, AriokaM and Kitamoto K.

Double disruption of the proteinase genes, tppA ae@E, increases the

production level of human |lysozyme byAspergillus oryzae.

Appl.Microbiol .Biotechnol. 76: 5: 1059-1068, 2007.

Johnson BS, Snead D, Lee JJ, McCaffery JM, Shorted and Gitler AD.

TDP-43 is intrinsically aggregation-prone, and ainyphic lateral

sclerosis-linked mutations accelerate aggregatiowd ancrease toxicity.

J.Biol.Chem. 284: 30: 20329-20339, 2009.

Jucker M and Walker LC. Self-propagation of pathogenic protein aggregates

in neurodegenerative diseasdature 501: 7465: 45-51, 2013.

Jung JH and Kim J. Accumulation of P-bodies i€andida albicans under

different stress and filamentous growth conditidfungal Genet.Biol. 48: 12:

1116-1123, 2011.

164



83.

84.

85.

86.

87.

Juvvadi PR, Maruyama J and Kitamoto K. Phosphorylation of thAspergillus

oryzae Woronin body protein, AoHex1, by protein kinasee@idence for its role

in the multimerization and proper localization tetWoronin body protein.

Biochem.J. 405: 3: 533-540, 2007.

Katayama T, Uchida H, Ohta A and Horiuchi H. Involvement of protein

kinase C in the suppression of apoptosis and irarippl establishment in

Aspergillus nidulans under conditions of heat stre$3.0S One 7: 11: 50503,

2012.

Kaushik S and Cuervo AM. Chaperone-mediated autophagy: a unique way to

enter the lysosome worldrends Cell Biol. 22: 8: 407-417, 2012.

Kedersha N, Cho MR, Li W, Yacono PW, Chen S, Gilk&, Golan DE and

Anderson P. Dynamic shuttling of TIA-1 accompanies the recrutrh of

MRNA to mammalian stress granul@€ell Biol. 151: 6: 1257-1268, 2000.

Kedersha N, Stoecklin G, Ayodele M, Yacono P, Lykké&ndersen J, Fritzler

MJ, Scheuner D, Kaufman RJ, Golan DE and Anderson PStress granules

and processing bodies are dynamically linked sifteeRNP remodelingl.Cell

Biol. 169: 6: 871-884, 2005.

165



88.

89.

90.

91.

92.

93.

Kedersha NL, Gupta M, Li W, Miller I and Anderson P. RNA-binding

proteins TIA-1 and TIAR link the phosphorylationedf-2 alpha to the assembly

of mammalian stress granuld<Cell Biol. 147: 7. 1431-1442, 1999.

Khaleghpour K, Kahvejian A, De Crescenzo G, Roy GSvitkin YV, Imataka

H, O'Connor-McCourt M and Sonenberg N. Dual interactions of the

translational repressor Paip2 with poly(A) bindprgtein.Mol.Cell.Biol. 21: 15:

5200-5213, 2001.

Khan IA, Lu JP, Liu XH, Rehman A and Lin FC. Multifunction of

autophagy-related genes in filamentous fuiMjicrobiol.Res. 167: 6: 339-345,

2012.

Kikuma T and Kitamoto K. Analysis of autophagy ilspergillus oryzae by

disruption of Aoatgl3, Aoatg4, and Aoatgl5 gel@&dviISMicrobiol.Lett. 316: 1:

61-69, 2011.

Kikuma T, Ohneda M, Arioka M and Kitamoto K. Functional analysis of the

ATG8 homologue Aoatg8 and role of autophagy in etddéhtiation and

germination inAspergillus oryzae. Eukaryot.Cell. 5: 8: 1328-1336, 2006.

Kitamoto K. Molecular biology of the Koji moldsAdv.Appl.Microbiol. 51:

129-153, 2002.

166



94. Klann E and Dever TE.Biochemical mechanisms for translational regulairon

synaptic plasticityNat.Rev.Neurosci. 5: 12: 931-942, 2004.

95. Kobayashi T, Abe K, Asai K, Gomi K, Juvvadi PR, Kab M, Kitamoto K,

Takeuchi M and Machida M. Genomics of Aspergillus oryzae.

Biosci.Biotechnol .Biochem. 71: 3: 646-670, 2007.

96. Konig J, Baumann S, Koepke J, Pohlmann T, Zarnack kand Feldbrugge M.

The fungal RNA-binding protein Rrm4 mediates longtahce transport of ubil

and rho3 mRNASEMBO J. 28: 13: 1855-1866, 2009.

97. Kozlov G, Safaee N, Rosenauer A and Gehring KStructural basis of binding

of P-body-associated proteins GW182 and ataxin-2thHey Mlle domain of

poly(A)-binding proteinJ.Biol.Chem. 285: 18: 13599-13606, 2010.

98. Kozlov G, Trempe JF, Khaleghpour K, Kahvejian A, Ekiel | and Gehring K.

Structure and function of the C-terminal PABC damaof human

poly(A)-binding proteinProc.Natl.Acad.Sci.U.SA. 98: 8: 4409-4413, 2001.

99. Kraft C, Peter M and Hofmann K. Selective autophagy: ubiquitin-mediated

recognition and beyondat.Cell Biol. 12: 9: 836-841, 2010.

100. Krick R, Bremer S, Welter E, Schlotterhose P, MueheY, Eskelinen EL and

Thumm M. Cdc48/p97 and Shpl/p47 regulate autophagosome nasegein

concert with ubiquitin-like Atg8J.Cell Biol. 190: 6: 965-973, 2010.

167



101.

102.

103.

104.

105.

106.

107.

Kroemer G, Marino G and Levine B. Autophagy and the integrated stress

responseMol.Cell 40: 2: 280-293, 2010.

Kunz JB, Schwarz H and Mayer A.Determination of four sequential stages

during microautophagy in vitr@d.Biol.Chem. 279: 11: 9987-9996, 2004.

LaGrandeur T and Parker R. The cis acting sequences responsible for the

differential decay of the unstable MFA2 and staB®K1 transcripts in yeast

include the context of the translational start codRNA 5: 3: 420-433, 1999.

Lai J, Koh CH, Tjota M, Pieuchot L, Raman V, Chandrababu KB, Yang D,

Wong L and Jedd G. Intrinsically disordered proteins aggregate at &ing

cell-to-cell channels and regulate intercellular  nroectivity.

Proc.Natl.Acad.Sci.U.SA. 109: 39: 15781-15786, 2012.

Lamphear BJ and Panniers R. Heat shock impairs the interaction of

cap-binding protein complex with 5 mRNA caBiol.Chem. 266: 5: 2789-2794,

1991.

Lamphear BJ and Panniers R.Cap binding protein complex that restores

protein synthesis in heat-shocked Ehrlich cell tgsa contains highly

phosphorylated elF-4B.Biol.Chem. 265: 10: 5333-5336, 1990.

Laroia G, Cuesta R, Brewer G and Schneider RXControl of mRNA decay by

heat shock-ubiquitin-proteasome pathw@gence 284: 5413: 499-502, 1999.

168



108.

109.

110.

111.

112.

113.

Le H, Browning KS and Gallie DR. The phosphorylation state of the wheat

translation initiation factors elF4B, elF4A, and-2lis differentially regulated

during seed development and germinatibBiol.Chem. 273: 32: 20084-20089,

1998.

Le H, Browning KS and Gallie DR. The phosphorylation state of

poly(A)-binding protein specifies its binding tolp@\) RNA and its interaction

with eukaryotic initiation factor (elF) 4F, elFisgédand elF4BJ.Biol.Chem. 275:

23:17452-17462, 2000.

Le H, Tanguay RL, Balasta ML, Wei CC, Browning KS,Metz AM, Goss DJ

and Gallie DR. Translation initiation factors elF-iso4G and elF#hBzract with

the poly(A)-binding protein and increase its RNAding activity.J.Biol.Chem.

272: 26: 16247-16255, 1997.

Levin DE. Regulation of cell wall biogenesis #accharomyces cerevisiae: the

cell wall integrity signaling pathwayenetics 189: 4: 1145-1175, 2011.

Li YR, King OD, Shorter J and Gitler AD. Stress granules as crucibles of ALS

pathogenesisl.Cell Biol. 201: 3: 361-372, 2013.

Lim NS, Kozlov G, Chang TC, Groover O, Siddiqui N, Volpon L, De

Crescenzo G, Shyu AB and Gehring KComparative peptide binding studies of

the PABC domains from the ubiquitin-protein isopeégtligase HYD and

169



114.

115.

116.

117.

118.

poly(A)-binding protein. Implications for HYD funicin. J.Biol.Chem. 281: 20:

14376-14382, 2006.

Liu-Yesucevitz L, Bilgutay A, Zhang YJ, VanderweydeT, Citro A, Mehta T,

Zaarur N, McKee A, Bowser R, Sherman M, PetrucelliL and Wolozin B.

Tar DNA binding protein-43 (TDP-43) associates watless granules: analysis

of cultured cells and pathological brain tissBeoSOne 5: 10: €13250, 2010.

Livingstone M, Atas E, Meller A and Sonenberg NMechanisms governing

the control of mRNA translationPhys.Biol. 7: 2: 021001-3975/7/2/021001,

2010.

Lopez de Silanes I, Galban S, Martindale JL, Yang XMazan-Mamczarz K,

Indig FE, Falco G, Zhan M and Gorospe M.lIdentification and functional

outcome of MRNAs associated with RNA-binding pnof€iA-1. Mol.Cell.Biol.

25: 21: 9520-9531, 2005.

Low JK, Hart-Smith G, Erce MA and Wilkins MR. The Saccharomyces

cerevisiae poly(A)-binding protein is subject to multiple pdsanslational

modifications, including  the methylation  of  glutami acid.

Biochem.Biophys.Res.Commun. 2013.

Lu X, de la Pena L, Barker C, Camphausen K and Tofon PJ.

Radiation-induced changes in gene expression ievoderuitment of existing

170



messenger RNAs to and away from polyson@asicer Res. 66: 2: 1052-1061,

2006.

119. Ma S, Musa T and Bag JReduced stability of mitogen-activated protein kima

kinase-2 mRNA and phosphorylation of poly(A)-bingliprotein (PABP) in cells

overexpressing PABRB.Biol.Chem. 281: 6: 3145-3156, 2006.

120. Machida M, Asai K, Sano M, Tanaka T, Kumagai T, Teai G, Kusumoto K,

Arima T, Akita O, Kashiwagi Y, Abe K, Gomi K, Horiu chi H, Kitamoto K,

Kobayashi T, Takeuchi M, Denning DW, Galagan JE, Nerman WC, Yu J,

Archer DB, Bennett JW, Bhatnagar D, Cleveland TE, ledorova ND, Gotoh

O, Horikawa H, Hosoyama A, Ichinomiya M, Igarashi R Iwashita K,

Juwvadi PR, Kato M, Kato Y, Kin T, Kokubun A, Maeda H, Maeyama N,

Maruyama J, Nagasaki H, Nakajima T, Oda K, Okada K, Paulsen I,

Sakamoto K, Sawano T, Takahashi M, Takase K, Terabashi Y, Wortman

JR, Yamada O, Yamagata Y, Anazawa H, Hata Y, KoideY, Komori T,

Koyama Y, Minetoki T, Suharnan S, Tanaka A, Isono K Kuhara S,

Ogasawara N and Kikuchi H.Genome sequencing and analysiggdergillus

oryzae. Nature438: 7071: 1157-1161, 2005.

171



121.

122.

123.

124.

125.

126.

127.

Machida M, Yamada O and Gomi K. Genomics ofAspergillus oryzae:

learning from the history of Koji mold and explaaat of its future DNA Res. 15:

4:173-183, 2008.

Manjithaya R, Nazarko TY, Farre JC and Subramani S. Molecular

mechanism and physiological role of pexophagyBS Lett. 584: 7: 1367-1373,

2010.

Markham P. Occlusions of Septal Pores in Filamentous Fuiycol.Res. 98:

1089-1106, 1994.

Maruyama J, Escafio CS and Kitamoto K.A0SO protein accumulates at the

septal pore in response to various stresses ifildngentous fungu#éspergillus

oryzae. Biochem.Biophys.Res.Commun. 391: 1: 868-873, 2010.

Matthias P, Yoshida M and Khochbin S.HDAC6 a new cellular stress

surveillance factorCell.Cycle 7: 1: 7-10, 2008.

Mauxion F, Chen CY, Seraphin B and Shyu ABBTG/TOB factors impact

deadenylase3Jrends Biochem.Sci. 34: 12: 640-647, 20009.

Michelitsch MD and Weissman JS.A census of glutamine/asparagine-rich

regions: implications for their conserved functiand the prediction of novel

prions.Proc.Natl.Acad.Sci.U.SA. 97: 22: 11910-11915, 2000.

172



128. Mizushima N, Yoshimori T and Ohsumi Y. The role of Atg proteins in

autophagosome formatioAnnu.Rev.Cell Dev.Biol. 27: 107-132, 2011.

129. Mizutani O, Nojima A, Yamamoto M, Furukawa K, Fujio ka T, Yamagata Y,

Abe K and Nakajima T. Disordered cell integrity signaling caused by dition

of the kexB gene iAspergillus oryzae. Eukaryot.Cell. 3: 4: 1036-1048, 2004.

130. Mochly-Rosen D, Das K and Grimes KV.Protein kinase C, an elusive

therapeutic targetNat.Rev.Drug Discov. 11: 12: 937-957, 2012.

131. Mollet S, Cougot N, Wilczynska A, Dautry F, Kress M Bertrand E and Weil

D. Translationally repressed mRNA transiently cycleotigh stress granules

during stressMol.Biol.Cell 19: 10: 4469-4479, 2008.

132. Morano KA, Grant CM and Moye-Rowley WS. The response to heat shock

and oxidative stress iBaccharomyces cerevisiae. Genetics 190: 4: 1157-1195,

2012.

133. Morawetz R, Lendenfeld T, Mischak H, Muhlbauer M, Gruber F,

Goodnight J, de Graaff LH, Visser J, Mushinski JF aad Kubicek CP.

Cloning and characterisation of genes (pkcl and\pkacoding protein kinase

C homologues fronTrichoderma reesei andAspergillus niger. Mol.Gen.Genet.

250: 1: 17-28, 1996.

173



134.

135.

136.

137.

138.

Moreno JA, Radford H, Peretti D, Steinert JR, Verity N, Martin MG,

Halliday M, Morgan J, Dinsdale D, Ortori CA, Barrett DA, Tsaytler P,

Bertolotti A, Willis AE, Bushell M and Mallucci GR. Sustained translational

repression by elF2alpha-P mediates prion neuro@gegeon.Nature 485: 7399:

507-511, 2012.

Fumiaki M, Watanabe Y, Miki Y, Tanji K, Odagiri S, Eto K and

Wakabayashi K. Ubiquitin-negative, eosinophilic neuronal cytoplasm

inclusions associated with stress granules and phagy: An

immunohistochemical investigation of two cases. mdpathology

doi: 10.1111/neup.12075, 2013.

Morozov 1Y, Jones MG, Spiller DG, Rigden DJ, Dattebhock C, Novotny R,

Strauss J and Caddick MX.Distinct roles for Cafl, Ccr4, Edc3 and CutA in the

co-ordination of transcript deadenylation, decagpamd P-body formation in

Aspergillus nidulans. Mol.Microbiol. 76: 2: 503-516, 2010.

Muckenthaler M, Gunkel N, Stripecke R and Hentze MW Regulated poly(A)

tail shortening in somatic cells mediated by capxpnal translational repressor

proteins and ribosome associatiBNA 3: 9: 983-995, 1997.

Muhlrad D, Decker CJ and Parker R. Turnover mechanisms of the stable

yeast PGK1 mRNAMol.Cell.Biol. 15: 4: 2145-2156, 1995.

174



139. Murrow L and Debnath J. Autophagy as a stress-response and quality-control

mechanism: implications for cell injury and humasedseAnnu.Rev.Pathol. 8:

105-137, 2013.

140. Newton AC. Regulation of protein kinase Curr.Opin.Cell Biol. 9: 2: 161-167,

1997.

141. Nilsson D and Sunnerhagen PCellular stress induces cytoplasmic RNA

granules in fission yead®NA 17: 1: 120-133, 2011.

142. Nissan T, Rajyaguru P, She M, Song H and Parker RDecapping activators in

Saccharomyces cerevisiae act by multiple mechanismislol.Cell 39: 5: 773-783,

2010.

143. Nixon R,A. The role of autophagy in neurodegenerative dis&eMed. 19: 8:

983-997, 2013.

144. Nonhoff U, Ralser M, Welzel F, Piccini |, BalzereiD, Yaspo ML, Lehrach H

and Krobitsch S. Ataxin-2 interacts with the DEAD/H-box RNA helicase

DDX6 and interferes with P-bodies and stress gesiMiol.Biol.Cell 18: 4:

1385-1396, 2007.

145. Norbury C,J. Cytoplasmic RNA: a case of the tail wagging the.ddg. Rev.

Mol. Cell Biol. 14: 10:643-653, 2013.

175



146.

147.

148.

149.

150.

151.

152.

153.

Okochi K, Suzuki T, Inoue J, Matsuda S and Yamamotor. Interaction of

anti-proliferative protein Tob with poly(A)-bindingrotein and inducible

poly(A)-binding protein: implication of Tob in tratational controlGenes Cells

10: 2: 151-163, 2005.

Ohn T, Kedersha N, Hickman T, Tisdale S and Anderso P. A functional

RNAI screen links O-GIcNAc modification of ribosomproteins to stress

granule and processing body assemidbt.Cell Biol. 10: 10: 1224-1231, 2008.

Parker R. RNA degradation in Saccharomyces cerevisaenetics 191: 3:

671-702, 2012.

Parker R and Sheth U.P bodies and the control of mRNA translation and

degradationMol.Cell 25: 5: 635-646, 2007.

Parker R and Song H.The enzymes and control of eukaryotic mRNA turnover

Nat.Sruct.Mol.Biol. 11: 2: 121-127, 2004.

Pickart CM. Mechanisms underlying ubiquitinatiosnnu.Rev.Biochem. 70:

503-533, 2001.

Pollack JK, Harris SD and Marten MR. Autophagy in filamentous fungi.

Fungal Genet.Biol. 46: 1: 1-8, 2009.

Pollack JK, Li ZJ and Marten MR. Fungal mycelia show lag time before

re-growth on endogenous carb@&notechnol.Bioeng. 100: 3: 458-465, 2008.

176



154. Powley IR, Kondrashov A, Young LA, Dobbyn HC, Hill K, Cannell IG,

Stoneley M, Kong YW, Cotes JA, Smith GC, Wek R, Hags C, Gant TW,

Spriggs KA, Bushell M and Willis AE. Translational reprogramming following

UVB irradiation is mediated by DNA-PKcs and allogslective recruitment to

the polysomes of mMRNAs encoding DNA repair enzyn@ses Dev. 23: 10:

1207-1220, 2009.

155. Reggiori F and Klionsky DJ. Autophagic processes in yeast: mechanism,

machinery and regulatioGenetics 194: 2: 341-361, 2013.

156. Reijns MA, Alexander RD, Spiller MP and Beggs JDA role for Q/N-rich

aggregation-prone regions in P-body localizatiadrCell.Sci. 121: Pt 15:

2463-2472, 2008.

157. Rice JC, Nishioka K, Sarma K, Steward R, Reinberg Dand Allis CD.

Mitotic-specific methylation of histone H4 Lys 20llbws increased PR-Set7

expression and its localization to mitotic chromuoss. Genes Dev. 16: 17:

2225-2230, 2002.

158. Ragdland GE, Tvegard T, Boye E and Grallert B.Crosstalk between the Tor

and Gcn2 pathways in response to different stre€ssCycle 13: 3: 2013.

177



159.

160.

161.

162.

163.

164.

Roux PP and Blenis JERK and p38 MAPK-activated protein kinases: a fgmil

of protein kinases with diverse biological funcsoNicrobiol.Mol.Biol.Rev. 68:

2: 320-344, 2004.

Roy G, De Crescenzo G, Khaleghpour K, Kahvejian AQ'Connor-McCourt

M and Sonenberg N.Paipl interacts with poly(A) binding protein thrdutgvo

independent binding motifsdol.Cell.Biol. 22: 11: 3769-3782, 2002.

Rubinsztein DC, Shpilka T and Elazar Z. Mechanisms of autophagosome

biogenesisCurr.Biol. 22: 1: R29-34, 2012.

Saibil H. Chaperone machines for protein folding, unfolding disaggregation.

Nat.Rev.Mol.Cell Biol. 14: 10: 630-642, 2013.

Scheper GC, Morrice NA, Kleijn M and Proud CG. The mitogen-activated

protein kinase signal-integrating kinase Mnk2 eu&aryotic initiation factor 4E

kinase with high levels of basal activity in mamiaalcells Mol.Cell.Biol. 21: 3:

743-754, 2001.

Schwartz DC and Parker R.Mutations in translation initiation factors lead to

increased rates of deadenylation and decappingRiXIAs in Saccharomyces

cerevisiae. Mol.Cell.Biol. 19: 8: 5247-5256, 1999.

178



165. Shah KH, Zhang B, Ramachandran V and Herman PKProcessing body and

stress granule assembly occur by independent affidreditially regulated

pathways irSaccharomyces cerevisiae. Genetics 193: 1: 109-123, 2013.

166. She M, Decker CJ, Chen N, Tumati S, Parker R and 3w H. Crystal

structure and functional analysis of Dcp2p fr&hizosaccharomyces pombe.

Nat.Sruct.Mol.Biol. 13: 1: 63-70, 2006.

167. Shepherd VA, Orlovich DA and Ashford AE. Cell-to-cell transport via motile

tubules in growing hyphae of a fungu<Cell.Sci. 105: Pt 4: 1173-1178, 1993.

168. Sheth U and Parker R.Decapping and decay of messenger RNA occur in

cytoplasmic processing bodi&kience 300: 5620: 805-808, 2003.

169. Shpilka T, Weidberg H, Pietrokovski S and Elazar Z. Atg8: an

autophagy-related ubiquitin-like protein famifgenome Biol. 12: 7: 226, 2011.

170. Siddiqui N, Mangus DA, Chang TC, Palermino JM, ShyuAB and Gehring

K. Poly(A) nuclease interacts with the C-terminal doma of

polyadenylate-binding protein domain from poly(Apting protein.

J.Biol.Chem. 282: 34: 25067-25075, 2007.

171. Sonenberg N and Hinnebusch AG.Regulation of translation initiation in

eukaryotes: mechanisms and biological targetd.136: 4: 731-745, 2009.

179



172. Stanley RE, Ragusa MJ and Hurley JH.The beginning of the end: how

scaffolds nucleate autophagosome biogené@ésends Cell Biol. 2013.

173. Steinberg G. Hyphal growth: a tale of motors, lipids, and that&mkaorper.

Eukaryot.Cell. 6: 3: 351-360, 2007.

174. Swanlund JM, Kregel KC and Oberley TD. Autophagy following heat stress:

the role of aging and protein nitratiohutophagy 4: 7: 936-939, 2008.

175. Swisher KD and Parker R.Localization to, and effects of Pbpl, Pbp4, Lsm12,

Dhhl, and Pabl on stress granuleSaccharomyces cerevisiae. PLoSOne 5: 4:

€10006, 2010.

176. Takahara T and Maeda T. Transient sequestration of TORCL1 into stress

granules during heat stre$8ol.Cell 47: 2: 242-252, 2012.

177. Takahashi S, Sakurai K, Ebihara A, Kajiho H, SaitoK, Kontani K, Nishina

H and Katada T. RhoA activation participates in rearrangement aicpssing

bodies and release of nucleated AU-rich mRNNacleic Acids Res. 39: 8:

3446-3457, 2011.

178. Takalo M, Salminen A, Soininen H, Hiltunen M and Hapasalo A.Protein

aggregation and degradation mechanisms in neurndegje/e diseases.

Am.J.Neurodegener Dis. 2: 1: 1-14, 2013.

180



179. Taylor MJ and Richardson T. Applications of microbial enzymes in food

systems and in biotechnologydv.Appl.Microbiol. 25: 7-35, 1979.

180. Teixeira D, Sheth U, Valencia-Sanchez MA, Brenguell and Parker R.

Processing bodies require RNA for assembly anda@onbntranslating mRNAs.

RNA 11: 4: 371-382, 2005.

181. Teter SA, Eggerton KP, Scott SV, Kim J, Fischer AMand Klionsky DJ.

Degradation of lipid vesicles in the yeast vacuelguires function of Cvtl7, a

putative lipasel.Biol.Chem. 276: 3: 2083-2087, 2001.

182. Tsuchiya K, Nagashima T, Yamamoto Y, Gomi K, Kitamdo K, Kumagai C

and Tamura G. High level secretion of calf chymosin using a

glucoamylase-prochymosin  fusion  gene  inAspergillus  oryzae.

Biosci.Biotechnol .Biochem. 58: 5: 895-899, 1994.

183. Uchida N, Hoshino S and Katada T.dentification of a human cytoplasmic

poly(A) nuclease complex stimulated by poly(A)-bimgl protein.J.Biol.Chem.

279: 2: 1383-1391, 2004.

184. Uttenweiler A and Mayer A. Microautophagy in the yeasaccharomyces

cerevisiae. Methods Mol.Biol. 445: 245-259, 2008.

181



185. Valbuena N, Rozalen AE and Moreno SFission yeast TORC1 prevents

elF2alpha phosphorylation in response to nitrogeth @amino acids via Gcn2

kinaseJ.Cell.&ci. 125: Pt 24: 5955-5959, 2012.

186. van Dijk E, Cougot N, Meyer S, Babajko S, Wahle Ead Seraphin B.Human

Dcp2: a catalytically active mRNA decapping enzyioeated in specific

cytoplasmic structure&EMBO J. 21: 24: 6915-6924, 2002.

187. van Peer AF, Muller WH, Boekhout T, Lugones LG andWosten HA.

Cytoplasmic continuity revisited: closure of semtiathe filamentous fungus

Schizophyllum commune in response to environmeartatlitions.PLoS One 4:

6: 5977, 2009.

188. Velichko AK, Markova EN, Petrova NV, Razin SV and Kantidze OL.

Mechanisms of heat shock response in mamntzd. Mol.Life Sci. 70: 22:

4229-4241, 2013.

189. Verghese J, Abrams J, Wang Y and Morano KABiology of the heat shock

response and protein chaperones: budding y8astharomyces cerevisiae) as a

model systemMicrobiol.Mol.Biol.Rev. 76: 2: 115-158, 2012.

190. Voigt O and Pdggeler SSelf-eating to grow and kill: autophagy in filameuns

ascomyceteAppl.Microbiol.Biotechnol. 97: 21: 9277-9290, 2013.

182



191.

192.

193.

194.

195.

196.

197.

Ward M, Wilson LJ, Kodama KH, Rey MW and Berka RM. Improved

production of chymosin in Aspergillus by expressioras a

glucoamylase-chymosin fusioBiotechnology (N.Y) 8: 5: 435-440, 1990.

Wei CC, Balasta ML, Ren J and Goss DJWheat germ poly(A) binding

protein enhances the binding affinity of eukaryatdiation factor 4F and

(iso)4F for cap analogueBiochemistry 37: 7: 1910-1916, 1998.

Wek RC, Jiang HY and Anthony TG. Coping with stress: elF2 kinases and

translational controBiochem.Soc.Trans. 34: Pt 1: 7-11, 2006.

Wilczynska A, Aigueperse C, Kress M, Dautry F and Vel D. The

translational regulator CPEB1 provides a link betwelcpl bodies and stress

granulesJ.Cdll.&ci. 118: Pt 5: 981-992, 2005.

Wilusz CJ, Gao M, Jones CL, Wilusz J and Peltz SWPoly(A)-binding

proteins regulate both mMRNA deadenylation and daiogpn yeast cytoplasmic

extractsRNA 7: 10: 1416-1424, 2001.

Wolozin B. Regulated protein aggregation: stress granules and

neurodegeneratioiMol.Neurodegener 7: 56-1326-7-56, 2012.

Wullschleger S, Loewith R and Hall MN. TOR signaling in growth and

metabolismCdl 124: 3: 471-484, 2006.

183



198.

199.

200.

201.

202.

203.

Yan G, Lai Y and Jiang Y. The TOR complex 1 is a direct target of Rhol

GTPaseMol.Cell 45: 6: 743-753, 2012.

Yao G, Chiang YC, Zhang C, Lee DJ, Laue TM and Desi CL. PAB1

self-association precludes its binding to poly(#)ereby accelerating CCR4

deadenylation in vivaMol.Cell.Biol. 27: 17: 6243-6253, 2007.

Yang XJ and Seto E.Lysine acetylation: codified crosstalk with other

posttranslational modificationMol.Cell 31: 4: 449-461, 2008.

Yoon J, Kimura S, Maruyama J and Kitamoto K. Construction of quintuple

protease gene disruptant for heterologous proteaayzction in Aspergillus

oryzae. Appl.Microbiol .Biotechnol. 82: 4: 691-701, 2009.

Yoon J, Maruyama J and Kitamoto K. Disruption of ten protease genes in the

filamentous fungus Aspergillus oryzae highly improves production of

heterologous proteingppl.Microbiol .Biotechnol. 89: 3: 747-759, 2011.

Zachara NE, O'Donnell N, Cheung WD, Mercer JJ, Marth JD and Hart

GW. Dynamic O-GIcNAc modification of nucleocytoplasmiaroteins in

response to stress. A survival response of mammeditts.J.Biol.Chem. 279: 29:

30133-30142, 2004.

184



204. Zekri L, Kuzuoglu-Ozturk D and lzaurralde E. GW182 proteins cause PABP

dissociation from silenced miRNA targets in the exlz® of deadenylation.

EMBO J. 32: 7: 1052-1065, 2013.

205. Zhang X, Wen H and Shi X. Lysine methylation: beyond histoneActa

Biochim.Biophys.Sin.(Shanghai) 44: 1: 14-27, 2012.

206. Zhang Y and Calderwood SK. Autophagy, protein aggregation and

hyperthermia: a mini-reviewnt.J.Hyperthermia 27: 5: 409-414, 2011.

185



Acknowledgements

186



| would like to thank all those people who have m#ds dissertation possible.

First of all, I would like to express the deepeppraciation to all Japanese
people. This dissertation would not have been aptished without four-year full
scholarship supportceived from the Interchange Association, Jagans@/ A A
Thih<). That is to say, my life has been financially poted by all Japanese

taxpayers. | expect myself to be able to repay yawor in a certain way in the future.

| would like to gratefully and sincerely thank mypervisor Professor Katsuhiko
Kitamoto for accepting me as a PhD student, becthese four years have been a
truly life-changing experience for me. | am vergnkful for that he has given to me
much freedom about my research, and a chance émdatto the international
conference. He led me to come out of Taiwan to dagad then to the world. | also
very appreciate for his enthusiasm to share Japandture and, especially, things
aboutA. oryzae, with international student3.o meetA. oryzae will definitely be the
most important memory to me.

| am particularly grateful for constructive comme@ind suggestions given by
Associate Professor Manabu Arioka.

| would like to thank Assistant Professor Jun-itharuyama for his valuable
advices, as well as his painstaking effort in proedding the drafts. And the most
importantly, | am extremely grateful for his suppso that | could do experiments
that | really wanted to do. Without his introdugcirigwould never have the data of
2D-SDS/PAGE and LC-MS/MS analyzes.

| would like to say a heartfelt thank you to ProjBesearcher Takashi Kikuma.

His encouragement and friendliness mean a lot toespecially when | was weary.

187



Thank all members, former and present, at the latbor of Microbiology for
giving me friendship and laughs and making my Pi®delight and joyful. People
say Japanese are cold and unfriendly, but | wilthem that it is not true.

| would like to extend my appreciation to my famélgd friends in Taiwan, Japan,
and other countries. Especially to the Yu's famllywouldn't have been in Japan
without you. Distance never becomes our problenur¥upport and encouragement
are always my great strength. | have made it actehgul, because | do not want to
fail to meet your expectations on me.

| would like to acknowledge people who have contidal to this dissertation:

Dr. Takuya Miyakawa and the Tanokura Laboratorye(Umiversity of Tokyo, Japan)
for providing reagents and the machine for 2D-SB&P analysis;

Professor Yukishige Ito (Synthetic Cellular Chemyidtaboratory, RIKEN, Japan) and
the Mass Spectrometry Service at RIKEN Brain S@&entstitute for conducting
LC-MS/MS analysis;

Dr. Mirai Tanigawa and Professor Tatsuya Maeda (Uheversity of Tokyo, Japan)
for generously sharing their immunoprecipitatiortinoels.

Lastly but the most importantly, | want to praiseddor all You have given to
me. From an anti-Christian to become a believéh@ésmost incredible life-changing

event happened in these four years.gidry and honor belong to God.

188



WO
ERARTYE 1§
T 2B LR A
e
EMHES A BOC

i SCRE
Studies on Stress GranulesAspergillus oryzae
(#5 Aspergillusoryzae (28115 A b L ZFERLICBE 3 20152 )

Introduction

Microorganisms are constantly challenged by evanging variables in their
environment. The ability to sense environmentahsli, including stress, activate
signal transduction, and mount appropriate acuteaalaptive responses is crucial for
eukaryotic cell survival. Adaptation requires ploysgical and metabolic changes,
and is ultimately achieved through the regulatibrgene expression. Traditionally,
transcriptional regulation has been regarded as ntlagor determinant of gene
expression. However, accumulating evidence indscatleat posttranscriptional
modulation of MRNA stability and translation playkey role in the control of gene
expression and provides greater plasticity, allgwitells to immediately adjust
protein synthesis in response to changes in thé&ra@muent. Recent studies have
demonstrated that one aspect of this modulatiooles the remodeling of mMRNAs
translated from polysomes into non-translating meger ribonucleoproteins
(mRNPs), which accumulate in discrete cytoplasm@ known as stress granules
and processing bodies (P-bodies).

The common feature of environmental stress responsekaryotic cells is the
global translation inhibition, in which cells shddwn protein synthesis to conserve
anabolic energy and initiate a reconfiguration @neg expression. The stalled
preinitiation complexes, together with their asateil mRNAs, are routed into stress
granules. However, a subset of mMRNAs required felt survival under stress
conditions are not delivered to stress granules diabilized and preferentially
translated in the cytoplasm. The function of strgisules is not fully understood;
however, they have been implicated in the posttrgotsonal regulation processes,
such as translational repression, mMRNA storagecatdar signal transduction.

Stress granules are conserved in eukaryotes aredldean studied extensively in
yeast and mammalian cells. However, stress gramulgsmentous fungi, including
Aspergillus oryzae, have not yet to be defined. For this reason, tlesgnt work was
to study stress granulesAnoryzae.
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Chapter 1. Cytoplasmic mRNP granules irA. oryzae

The poly(A)-binding protein Pablp, which is invalvan the translational
regulation and stability of mMRNAs, is one of thegnhceliable and easily visualized
components of stress granules in the y&astharomyces cerevisae. A homolog of
the S cerevisiae PABL1 gene was found in thé. oryzae genome database and
designated asAopabl (AO090003000927). To monitor stress granules by
fluorescence microscopy, an AoPabl1-EGFP fusiorepravas expressed R oryzae
under control of themyB promoter as a stress granule marker. Global &tashl
arrest is a common environmental stress responsekiaryotes, and the inhibition of
translation initiation leads to the formation ofess granules. As a first step in
characterizing stress granules An oryzae, several external stimuli were used to
assess the induction of stress granules in celgletd normal growth conditions,
AoPabl-EGFP was dispersed throughout the cytopl&stposing cells to stress,
including heat stress (45°C, 10 min), cold strels€( 30 min), glucose deprivation
(20 min), ER stress (10 mM DTT, 60 min), osmotiess (1.2 M sorbitol, 30 min),
and oxidative stress (2 mM.8,, 30 min), led to an induction of stress granuées,
judged by the accumulation of AoPabl1-EGFP as cgwupic foci. In eukaryotic cells,
non-translating mMRNAs also accumulate in P-bodsdsch contain a conserved core
of proteins involved in translational repressiomn anRNA degradation. To elucidate
the spatial and functional links of stress granaled P-bodies, a strain co-expressing
the P-bodies marker AoDcp2-EGFP and AoPabl-mDsRedexamined after being
exposed to 45°C for 10 min. Under heat stresssstigranules were found to
colocalize with P-bodies IA. oryzae. Finally, to investigate the functional importance
of stress granule formation on cell survival agasieess, a\. oryzae homolog of a
well-known stress granule marker important for sgrgranule formationAopubl,
was disrupted and cultured on PD plates contaibthgaM DTT, 2 mM HO,, or 1.2
M sorbitol. The phenotype of th&opubl disruptant was characterized by a slower
growth rate, and a severe impairment in conidianfdiron. The growth retardation of
the Aopubl disruptant was more severe under all examinedsstenditions. Taken
together, these results indicate that the formatbrstress granules is a general
phenomenon in response to external stress, whmlr®also irA. oryzae.
Chapter 2. Identification of A0SO as a novel compant of stress granules upon
heat stress inA. oryzae

The mycelia of flamentous fungi consist of a natkvof interconnected hyphae,
which are compartmentalized by septa. Septa comtaiantral pore that allows the
movement of cytoplasm and organelles between aujatsyphae for direct
communication and coordination. However, in respots hyphal damage and
stressful environmental conditions, cells defendirag} cytoplasmic loss by the rapid
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occlusion of septal pores. It has been shown posiyahat amA. oryzae homolog of
Neurospora crassa SO (SOFT) protein AoSO accumulates at the seisd hen
cells are exposed to various stresses. The sttdased accumulation behavior of
A0SO suggests that it may interact with stressgesn To investigate this possibility,
a strain co-expressing AoSO-EGFP and AoPabl-mDsiRedused to examine the
relative localizations of AoSO and stress granutesells exposed to heat stress.
AoPabl-mDsRed did not accumulate at the septaliparells exposed to heat stress.
However, in cells exposed to heat stress, AoSO-EGI® accumulated as
cytoplasmic foci, which colocalized with stress mgres labeled with
AoPabl-mDsRed at the hyphal tip. The physical atgon between AoSO-EGFP
and AoPab1-3HA was confirmed by co-immunoprecitgtalthough the association
between AoSO-EGFP and AoPab1-3HA was not inducedooeased after exposure
to heat stress. To clarify if the aggregation ofS&b requires the presence of
non-translating mRNAs, cycloheximide, which blodkanslational elongation and
traps mMRNAs in polysomes, was used to deplete dloé gf non-translating mRNASs.
The heat stress-induced formation of cytoplasmiS@dfoci at the hyphal tip was
greatly impaired by cycloheximide, suggesting ttybplasmic AoSO foci require a
pool of free mMRNAs for their aggregation. Howewcloheximide did not affect the
accumulation of AoSO at the septal pore. To gdietter understanding of the role of
A0SO in stress granules, the effectAalso deletion on stress granule formation was
examined. Heat stress-induced formation of streasules was slightly impaired in
the Aoso-deletion strain. The effect gfoso deletion on stress granules was further
evaluated by measuring the distance between thieahyip and stress granules. The
distribution of the largest stress granules labelath AoPabl-EGFP was less
concentrated and more distant from the hyphalrtithe Aoso-deletion strain. Taken
together, the results suggest that AoSO is a mmv@ponent of MRNP granulesAn
oryzae, which influences the formation and localizatiohstress granules in cells
exposed to heat stress.
Chapter 3. Participation of autophagy in the clearace of stress granules under
sustained heat stress

The formation of stress granules in response &sstis a conserved phenomenon
in eukaryotes, but little is known about the fafestvess granules. Autophagy is a
conserved and tightly regulated process in eukaryals for the bulk degradation
of cytoplasmic components in the vacuole or lysasota maintain cellular
homeostasis. IA. oryzae, stress granules were often found to dock withuohes,
suggesting a possibility that under sustained stoemdition, stress granules are
degraded by autophagy. To clarify it, a strain gpressing the autophagosome
marker EGFP-Ao0Atg8and AoPabl-mDsRed was used to examine their relativ
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localizations, and the fusion proteins were colized in cells exposed to heat stress.
Additionally, after exposure to heat stress, protamount of stress granule
component AoPab1-3HA was decreased in a time-depemdanner. However, in an
autophagy-defective strairAoatg8 disruptant, the degradation of AoPabl-3HA
induced by heat stress was greatly inhibited. Theseilts indicate that under
sustained heat stress, the degradation of strassilgrcomponent is at least partially
mediated through autophagy.
Chapter 4. The posttranslational modification of stess granule component
AoPabl in response to heat stress

Poly(A)-binding protein is a central regulator oRMA translation and stability
and is a core component of stress granules, suggdebat complex modulations are
required to coordinate its multi-functions and dapiresponse to stress.
Post-translational modification (PTM) is a crucialechanism to regulate the
functions of many eukaryotic proteins. To elucidatehether AoPabl was
post-translationally modified, lysates from unstexs cells or cells exposed to heat
stress for 10 or 30 min were analyzed by two-dinmrad SDS/PAGE. AoPabl1-3HA
was detected as a continuing band, indicating plal®TM isoforms. In addition to a
portion of isoforms with higher pl (basic isoform&jghly acidic isoforms appeared
in cells exposed to heat stress for 10 min, ancewnet observed after exposure of
heat stress for 30 min. Exposure to heat stres30fonin induced a broad distribution
of AoPab1 isoforms from pH 3-10 with highly baspesies. To identify the PTMs in
AoPabl, AoPabl-3HA was immunoprecipitated and amady using LC-MS/MS.
Methylation, acetylation, and phosphorylation wedentified at several residues
throughout all the functional domains of AoPablihwan exception of Q/G/P-rich
region. Exposure to heat stress resulted in change$Ms of AoPabl. These results
indicate that AoPabl is subject to extensively {@sislationaly modified and
regulated dynamically in response to heat stress.
Conclusion

A. oryzae is an industrially important species for hetrogenprotein production.
However, low vyield is still a major bottleneck foetrologous protein production,
even many genetic approaches have been used tovenpne productivity. The
present study provides an integrated perspectiveewkaryotic stress response.
Understanding of post-trancriptional regulation géne expression on mMRNA
modulation may provide new insights for industagplication in the near future.
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