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Abstract

AAA (ATPases associated with diverse cellular activities) ATPases widely exist in

many organisms and function in various organelles. However, there is little information

about AAA ATPase functioning in endocytosis. In the filamentous fungus Aspergillus

oryzae, we previously discovered a putative AAA ATPase AipA (AoAbp1 interacting

protein) that would be involved in endocytosis. Here, we further examined the function

of AipA and AoAbp1 in endocytosis using enhanced green fluorescent protein (EGFP)-

tagged arginine permease AoCan1 as an endocytic marker. In the AaipA strain,

endocytosis of AoCan1-EGFP was more facilitated than the control strain, suggesting

that AipA negatively regulates endocytosis. Additionally, the localization of F-actin,

visualized by Lifeact-EGFP, was concentrated at the hyphal tip in the AaipA strain than

the control strain, suggesting that endocytosis was promoted due to enhanced actin

polymerization in the AaipA strain. In contrast, in the AAoabp1 strain, endocytosis of

AoCan1-EGFP was delayed compared with the control strain, suggesting that AoAbp1

positively functions in endocytosis. In addition, in the AaipAAAoabp1 strain,

endocytosis of AoCan1-EGFP was also delayed. AipA localized at the endocytic collar

of the hyphal tip, only in the presence of AoAbp1, suggesting that AipA functions

downstream of AoAbp1 in endocytosis. Moreover, we investigated the aipA-
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overexpressing strain, and found that endocytosis of AoCan1-EGFP was inhibited.

Furthermore, we examined strains expressing aipAX**?* or aipAF>°*?, which decreased

ATPase activity, in the backgrounds of complementation or overexpression,

respectively, and found that AoCan1-EGFP endocytosis was promoted. These results

suggested that AAA ATPase activity of AipA is important for its function in endocytosis.

Keywords: AAA ATPase; AipA; AoAbp1; Aspergillus oryzae; endocytosis
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Introduction

Intracellular trafficking is a vesicle-mediated transport pathway for substances

between eukaryotic organelles. Membrane proteins and extracellular substances are

taken up by endocytosis via vesicles produced by the plasma membrane and

transported to early endosomes. Early endosomes then mature to late endosomes, and

substances to be degraded are transported from late endosomes to

lysosomes/vacuoles. On the other hand, substances to be recycled are transported

from early endosomes to the Golgi apparatus and then transported to the plasma

membrane or directly from early endosomes to the plasma membrane. Endocytosis is

an essential intracellular machinery highly conserved in eukaryotic cells that is involved

in numerous processes, such as the acquisition of nutrients and signal transduction

(Polo & Di, 2006). Detailed molecular mechanisms of endocytosis have been studied in

the model yeast Saccharomyces cerevisiae and mammalian cells, and there are at

least 10 estimated modes of endocytosis (McDermott & Kim, 2015). In particular,

clathrin-mediated endocytosis (CME) is well studied, and in S. cerevisiae, CME occurs

near actin-rich cell membranes called actin patches (Kim et al. 2006).

Filamentous fungi also have the process of endocytosis but its molecular machinery

has not yet been clarified well compared with yeasts (Pefalva 2010). In a model
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filamentous fungus Aspergillus nidulans, endocytosis was studied by using a lipophilic

dye FM4-64 that is non-selectively incorporated from the plasma membrane (Penalva

2005). In addition, in another model filamentous fungus Aspergillus oryzae,

endocytosis was studied by fusing the plasma membrane proteins AoUapC (uric acid-

xanthine permease), arginine permease AoCan1 (canavanine resistance), and maltose

transporter MalP (maltose permease) with enhanced green fluorescent protein (EGFP),

as marker proteins for endocytosis (Higuchi et al. 2006; Matsuo et al. 2013; Hiramoto

et al. 2015). In S. cerevisiae, Can1 is a member of MCC (membrane compartment of

Can1p) compartments and endocytosis of Can1-GFP is severely inhibited in the

sla2/end4 mutant (Grossmann et al. 2008). It has become possible to analyze

endocytosis in various filamentous fungi, which clarified that endocytosis actively

occurs at a site called the endocytic collar, membrane regions slightly away from the

hyphal tip. For example, in A. nidulans, localization analyses of AbpA, SlaB, FimA

corresponding to Abp1, End4/Sla2, Sac6 of S. cerevisiae, respectively, revealed that

these proteins mostly localize at the endocytic collar (Araujo-Bazan et al. 2008; Taheri-

Talesh et al. 2008; Upadhyay & Shaw 2008), similar results of which were also seen in

a model filamentous fungus Neurospora crassa (Echauri-Espinosa et al. 2012; Lara-

Rojas et al. 2016; Bartnicki-Garcia et al. 2018). Substances taken up by endocytosis
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from the endocytic collar are thought to include A. nidulans SynA and A. oryzae

AoSnc1, a SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein

receptor) protein, a flippase DnfA, and coronin involved in the formation of actin

patches in N. crassa. These proteins have been shown to be endocytosed from the

plasma membrane and recycled to the hyphal tip (Higuchi et al. 2009a; Pantazopoulou

& Penalva 2011; Shaw et al. 2011; Echauri-Espinosa et al. 2012; Schultzhaus et al.

2015).

A. oryzae has been used in the industrial fermentation and can secrete a large

amount of useful enzymes, such as amylases. In A. oryzae intracellular transport

pathway, it has been thought that secretory pathway and endocytosis are linked

through the apical endocytic recycling (Higuchi et al. 2009b; Shoji et al. 2014; Higuchi,

2021a; Higuchi, 2021b). In a previous study, we discovered a putative AAA (ATPase

associated with diverse cellular activities) ATPase AipA (AoAbp1 interacting protein) as

a binding partner of AoAbp1 by a yeast two-hybrid screening (Higuchi et al. 2011). AAA

ATPase family proteins have one or two highly conserved AAA ATPase domains at the

C-terminal region, by which ring-shaped hexamer is formed to generally function in

dissociation of protein complexes and membrane fusion (White & Lauring 2007). In an

aipA-overexpressing strain, both growth and endocytic recycling of FM4-64 to the
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apical vesicle cluster Spitzenkérper (Spk) were delayed, suggesting that AipA has a

negative function at the apical region of hyphae in growth and endocytosis (Higuchi et

al. 2011). In this study, we further investigated the function of AipA and AoAbp1 in

endocytosis of AoCan1 and their functional dependency. We revealed that AipA

negatively and AoAbp1 positively control endocytosis of AoCan1, in which AipA

functions downstream of AoAbp1.
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Materials and methods

Strains and media of A. oryzae

All A. oryzae strains used in this study are listed in Table 1. The genomic DNA of the

wild-type (WT) A. oryzae strain RIB40 was used for general DNA cloning.

Czapek-Dox (CD) medium (0.3% NaNOs3, 0.2% KCI, 0.1% KH2PO4, 0.05% MgSO,-

7H20, 0.002% FeSO4-7H20 and 2% glucose, pH 5.5) and Minimal (M) medium (0.2%

NH4Cl, 0.1% (NH4)2S04, 0.05% KCI, 0.05% NaCl, 0.1% KH2PO4, 0.05% MgSO4-7H-0,

0.002% FeSO4-7H20 and 2% glucose, pH 5.5) were used as standard media. For

strain auxotrophy, 0.0015% methionine was added to CD medium (CDm). When

indicated, glucose was replaced with maltose (CDm-mal), 5 mM L-arginine was added

to CD or CDm medium (CD+arg or CDm+arg), 75 nM itraconazole (ITA), and 6 mM

H20.. For rich growth cultures, potato dextrose (PD, Nissui) was used. Approximately

103 or 10° conidia of each strain were inoculated on each plate and subsequently

cultured at 30°C or 37°C for several days.

Construction of plasmids and strains

To construct control strains, we used expression vectors pgniaD carrying the

sequence of niaD selective marker, pgNotl-AosC and pgNotl-AosC-Notl carrying the
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sequence of AosC selective marker, and pgSmal-ptrA-Smal carrying the sequence of

ptrA selective marker (Togo et al. 2017). pgniaD, pgNotl-AosC, pgNotl-AosC-Notl and

pgSmal-ptrA-Smal were introduced into each strain DAIPA1, NSRku70-1-1AN and

DAIPA1-N, DAIPA1-N-Can1E and DABP1-Can1E, respectively, by A. oryzae

transformation.

To construct AAoabp1 and AaipAAAoabp1 strains, we used pgNotl-AosC-Notl.

Approximately 1 kb each of the upstream and downstream region of Aoabp1 ORF was

amplified by PCR using PrimeSTAR GXL DNA polymerase (Takara) and the primer

sets KK260 and KK261, and KK262 and KK263, respectively. pgNotl-AosC-Notl was

digested by Notl and ligated with the PCR-amplified sequences by In-Fusion reaction

(Takara), resulting in pgAAoabp1. The DNA fragment for deletion of Aoabp1 was

obtained by digesting pgAAoabp1 with Notl, and then introduced into the Aoabp1 locus

in strains NSRku70-1-1A and DAIPAS1 (AaipA) by A. oryzae transformation.

To construct strains endogenously expressing AoCan1 C-terminally fused with

EGFP, we used the expression vector pgSmal-egfp-TamyB-ptrA-Smal carrying the

sequence of egfp, TamyB and the ptrA marker. Approximately 1 kb each of the ORF

and downstream region of Aocan1 was amplified by PCR using PrimeSTAR GXL DNA

polymerase and the primer sets KK312 and KK313, and KK314 and KK315,
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respectively. pgSmal-egfp-TamyB-ptrA-Smal was digested by Smal and ligated with

the PCR-amplified sequences by In-Fusion reaction, resulting in pgAocan1-egfp-IL-

ptrA. For exchanging the marker ptrA to niaD, niaD and the other plasmid sequences

were amplified by PCR using KOD FX DNA polymerase (TOYOBOQO) and the primer

sets YM16 and YM17, and SH21 and SH22, respectively. The Aocan1-egfp-ptrA or

Aocan1-egfp-niaD sequence was obtained by digesting with Smal, and then introduced

into the Aocan1 locus in strains DAIPA-com, PaaA1, PaaA5421, PaaA5961, NSRku70-

1-1ANSO, DAIPA1-NS, DAIPA1-N, NSRku70-1-1AS, DABP1 and DAIPAABP1 by A.

oryzae transformation.

To construct complementary strains of aipA, we used pgNotl-AosC-Notl. The DNA

sequences of AosC and the other plasmid sequence was amplified by inverse PCR

using PrimeSTAR GXL DNA polymerase and the primer set KK134 and YM83.The

DNA sequences of PaipA, aipA ORF, and TaipA were amplified by PCR using

PrimeSTAR GXL DNA polymerase and the primer set RH169 and RH170, and ligated

with the PCR-amplified sequence by In-Fusion reaction, resulting in pgPaipA-aipA-

TaipA. The mutant aipA**?* and aipAF®°? expressing vector was amplified by PCR

using PrimeSTAR Max DNA polymerase (Takara) and the primer sets RH150 and

RH151, and RH152 and RH153, respectively, and ligated with the PCR-amplified

10
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sequences by In-Fusion reaction, resulting in pgPaipA-aipAX®*?A-TaipA and pgPaipA-

aipAFSA_TaipA. These plasmids were introduced into the strain DAIPA1-N-Can1E by

A. oryzae transformation.

To construct a complementary strain of Aoabp1, we used pgSmal-ptrA-Smal. The

DNA sequence of ptrA and the other plasmid sequence were amplified by inverse PCR

using PrimeSTAR GXL DNA polymerase and the primer set KK217 and KK305. The

DNA sequences of PAoabp1, Aoabp1 ORF, and TAoabp1 were amplified by PCR using

PrimeSTAR GXL DNA polymerase and the primer set RH173 and RH174. This plasmid

was introduced into the DABP1-Can1E by A. oryzae transformation.

To construct strains expressing Lifeact C-terminally fused with EGFP, we used the

expression vector pgPamyB-Smal-egfp-TamyB carrying the sequence of egfp, TamyB

and the niaD marker. The DNA sequence of lifeact was amplified by inverse PCR using

PrimeSTAR GXL DNA polymerase and the primer set YHK251 and YHK252, and

ligated with the PCR-amplified sequence by In-Fusion reaction, resulting in pgPamyB-

lifeact-egfp-niaD. Then, the PamyB was replaced with the promoter of pgkA (PpgkA) by

the same method using the primer sets YM56 and RH161, and RH160 and YMGO,

resulting in pgPpgkA-lifeact-egfp-niaD. This plasmid was introduced into the NSRku70-

1-1AS, DAIPAS1, DABP1, and DAIPAABP1 by A. oryzae transformation.

11
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To construct strains expressing AipA N-terminally fused with EGFP, we used the

expression vector pgPamyB-mdsred-aipA-TamyB carrying the sequence of PamyB,

aipA, TamyB, and the niaD marker. The DNA sequence of egfp and the other plasmid

sequence were amplified by PCR using PrimeSTAR MAX DNA polymerase and the

primer sets KK346 and KK347, and KK348 and KK349, respectively, and ligated with

the PCR-amplified sequence by In-Fusion reaction, resulting in pgPamyB-egfp-aipA-

TamyB. This plasmid was introduced into strains DAIPAS1 and DAIPAABP1 by A.

oryzae transformation. Then, to construct strains expressing mutant AipA N-terminally

fused with EGFP, the DNA sequences of aipA®*?A, aipAF%®? or ajpA23#6-370 and the

other plasmid sequence were amplified by inverse PCR using PrimeSTAR GXL DNA

polymerase and the primer sets RH150 and RH151, and RH171 and RH172,

respectively, and ligated with the PCR-amplified sequence by In-Fusion reaction,

resulting in pgPamyB-egfp-aipAX®*?A/aipAF®96Y/aip A2346-370_TamyB. These plasmids were

introduced into the strain DAIPAS1 by A. oryzae transformation.

To construct strains expressing AoAbp1 C-terminally fused with mDsRed, we used

the expressing vector pgPamyB-mdsred-aipA-TamyB, carrying the sequence of

PamyB, mdsred, TamyB, and the niaD marker. The DNA sequence of Aoabp1 ORF,

mdsred, and the other plasmid were amplified by PCR using PrimeSTAR MAX DNA

12
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polymerase and the primer sets KK320 and KK321, and KK322 and KK323, and

KK318 and KK319, respectively, and ligated with the PCR-amplified sequences by In-

Fusion reaction, resulting in pgPamyB-Aoabp1-mdsred-TamyB. This plasmid was

introduced into strains DABP1 and DAIPADABP1 by A. oryzae transformation.

To construct strains expressing AoSnc1 N-terminally fused with EGFP, we used the

expression vector pgPpgkA-egfp-Aosnc1-TamyB carrying the sequence of egfp,

Aosnc1 ORF, TamyB and the niaD marker. This plasmid was introduced into strains

NSRku70-1-1AS, DAIPAS1, DABP1, and DAIPAABP1 by A. oryzae transformation.

Fluorescence microscopy

To observe AoCan1-EGFP, Lifeact-EGFP, EGFP-AipA, AoAbp1-mDsRed, and

EGFP-AoSnc1, approximately 10° conidia were inoculated into 100 pl of CD or CDm-

mal medium placed into poly-lysine coated glass bottom dishes (Matsunami) at 30°C

for 20 h. Hyphae were observed by using a TCS SP8 inverted microscope (Leica)

equipped with a 100x objective lens (1.40 numerical aperture), a HyD2 detector, an

FOV scanner, and 488 nm and 561 nm argon lasers for EGFP and mDsRed

fluorescence, respectively. Image data were acquired by using LAS X software (Leica).

To analyze the fluorescence intensity of Lifeact-EGFP, line-scan was conducted by

13
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using the NIS Elements AR software (Nikon).

To determine the rate of endocytosis, number of hyphae was counted at each time

point with intervals of 10 min. After culturing for 20 h in CD or CDm medium, cells were

washed once with CD+arg or CDm+arg, then shifted and observed for up to 90 min.

Subsequently, at every 10 min, it was determined whether there was AoCan1-EGFP

fluorescence remained on the plasma membrane for approximately 50 hyphal cells. An

inhibitor treatment using nocodazole (NOC; Sigma) was carried out as described

previously (Higuchi et al., 2006). NOC was used at a final concentration of 100 pyg/mL

from a stock solution of 10 mg/mL suspended in DMSO.

Expression and purification of recombinant AipA

The full-length sequence of aipA ORF excluding intron was divided into 3 fragments

and amplified by PCR using KOD FX Neo DNA polymerase and the primer sets RH141

and RH142, and RH143 and RH144, and RH145 and RH146, respectively. pET50b(+)

vector (Novagen) was amplified by inverse PCR using KOD FX Neo DNA polymerase

and the primer sets pET50b inf Fw and pET50b inf Ry, and ligated with the PCR-

amplified sequences by In-Fusion reaction, resulting in pET50b(+)-aipA. The mutant

AipAKS42A and AipAFS%Q expressing vector was amplified by PCR using PrimeSTAR

14
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Max DNA polymerase (Takara) and the primer sets RH150 and RH151, and RH152

and RH153, respectively, and ligated with the PCR-amplified sequences by In-Fusion

reaction, resulting in pET50b(+)-aipAX®*?A and pET50b(+)-aipAF5%Q,

Rosetta™ 2(DE3) cells (Novagen) were transformed with the expression plasmids

for AipA, AipAK542A and AipAES%Q, Cells were grown in LB media supplemented with

0.003% kanamycin and chloramphenicol at 37°C to ODso=0.5-0.8. Protein expression

was induced at 48 h, 15°C with 0.5 mM isopropyl B-D-thiogalactopyranoside (IPTG).

Cells were harvested by centrifugation at 8,000 X g for 10 min and resuspended in lysis

buffer 1 (60 mM HEPES, pH 7.6, 200 mM NaCl, 0.5 mM EDTA, 10% glycerol). The

lysis buffer for AipA (lysis buffer 2) additionally contained 10 mM MgCl.. Lysis buffers

were supplemented with protease inhibitor.

All purification steps were performed at 4°C. Cells were lysed by sonication. The

lysates were clarified by centrifugation at 15,000 rpm for 10 min and the soluble

extracts were bound to HisTrap™ FF 1 mL column (GE Healthcare) and washed with

buffer 3 (100 mM MOPS-NaOH, pH 7.4, 500 mM NaCl, 40 mM imidazole, 1 mM ATP).

The bound AipA was eluted with buffer 4 (100 mM MOPS-NaOH, pH 7.4, 500 mM

NaCl, 250 mM imidazole, 1 mM ATP). The eluate was treated with HRV 3C protease

(Novagen) overnight at 4°C, and was buffer exchanged using spin concentrators into

15
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buffer 5 (60 mM HEPES, pH 7.6, 200 mM NacCl, 10 mM MgClz, 1 mM ATP). Protein

solutions were then passed over fresh His-Trap to remove the HRV 3C protease and

uncleaved protein. The flow-through was collected and concentrated using Amicon

Ultra spin concentrator (Millipore) with appropriate molecular weight cut-offs. Then the

concentrated protein was buffer exchanged using spin concentrators into buffer 6 (60

mM HEPES, pH7.6, 200 mM NaCl, 10 mM MgClz, 1 mM ATP, 5% glycerol). Protein

concentration was measured using the BCA Protein Assay Kit (Takara).

ATPase assay

ATP hydrolysis rates were determined using a spectrophotometric assay that

couples ADP formation to the depletion of NADH (Narby 1988; Olszewski et al. 2019).

AipA and ATPase mix were incubated separately at 30°C for 20 min and then combined

in 96-well plate (Greiner). Absorbance at 340 nm was monitored in 15 sec intervals for

25 min with a flexible microplate reader InfiniteF200PRO (Tecan). Reaction was

performed in 1 X ATPase mix (5 mM ATP, 3 U mL"" pyruvate kinase (Sigma), 3 U mL""

lactate dehydrogenase (Sigma), 1 mM NADH, 7.5 mM phosphoenol pyruvate (Sigma))

and buffer 7 (60 mM HEPES, pH7.6, 200 mM NaCl, 10 mM MgCl., 5% glycerol).

ATPase rate was extracted from the linear region of the absorbance trace using the

16



262

263

264

265

266

267

268

269

270

271

272

273

274

extinction coefficient for NADH (6.22 mM-' cm™).

Quantitative RT-PCR analysis

Quantitative reverse transcription PCR (qRT-PCR) analysis was performed as

described previously (Togo et al. 2017). Total RNA was extracted from cells of each

strain cultured in 200 mL of CD or CDm-mal medium for 2 days, and cDNA was

synthesized using a SuperPrep Cell Lysis & RT Kit for gPCR (TOYOBO). qRT-PCR

analysis of each cDNA sample was carried out in triplicate by using a Thermal Cycler

Dice Real Time System TP-800 instrument (Takara) and Thunderbird SYBR qPCR Mix

(TOYOBO). The mRNA expression level of aipA was determined by using the primer

set YHK255 and YHK256. The expression of the gene was normalized to that of gpdA

(AO090003001322) determined by the primers YHK196 and YHK197.
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Results

Endocytosis of AoCan1 is facilitated in AaipA and delayed in AAoabp1 cells

To investigate how AipA and AoAbp1 are involved in endocytosis in A. oryzae, we

analyzed endocytosis of the arginine permease AoCan1 tagged with EGFP in the

AaipA or AAoabp1 background, using the way reported before (Matsuo et al. 2013).

Generally, since the amount of transporters localized at the apical plasma membrane is

less than other hyphal regions, we investigated endocytosis of AoCan1-EGFP at

around hyphal middle regions (Hayakawa et al. 2011). AoCan1-EGFP was gradually

taken up from the plasma membrane into cells by endocytosis when the observation

medium was changed to one containing arginine, and the EGFP fluorescence on the

plasma membrane disappeared. To monitor the endocytic process in detail,

approximately 50 cells were observed every 10 min for a total of 90 min, and the

presence or absence of AoCan1-EGFP fluorescence at the plasma membrane was

counted as endocytosis occurred or not. In control and AaipA strains, AoCan1-EGFP at

the plasma membrane was lost at 90 min after the medium shift (Fig. 1A, B). However,

at 50 and 70 min points, endocytosis of AoCan1-EGFP was facilitated in the AaipA

strain compared with the control strain (Fig. 1B). Next, we investigated the AAoabp1

cells for endocytosis and found that the fluorescence of AoCan1-EGFP remained at the

18
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plasma membrane even at 90 min after the induction of endocytosis (Fig. 2A, B). In

contrast, in the complement Aoabp1 strain, the fluorescence of AoCan1-EGFP was

disappeared almost as much as the control strain (Fig. 2A, B). These results suggested

that AipA and AoAbp1 are negative and positive regulators of AoCan1 endocytosis,

respectively, in A. oryzae.

Actin cytoskeleton is closely related to endocytosis in filamentous fungi (Upadhyay

& Shaw 2008; Higuchi et al. 2009a; Echauri-Espinosa et al. 2012). To visualize

filamentous actin (F-actin) dynamics, we used actin marker protein Lifeact fused with

EGFP (Riedl J et al. 2008; Hayakawa et al. 2011; Mamun et al. 2020), and found that

the localization of F-actin was concentrated at the tip of the hypha in AaipA strain; in

contrast, in AAoabp1 and AaipAAAoabp1 strains, it was similar to control strain (Fig.

3A, B). Therefore, it was suggested that AipA may negatively regulate the

polymerization of F-actin via AoAbp1, and that there are other proteins which have

similar function to AoAbp1.

Endocytosis in filamentous fungi can be broadly divided into two types by cargo,

destination, and proteins involved in the process. The first is the case where it goes to

the vacuole after endocytosis for degradation, and it is considered that transporters,

such as AoUapC and AoCan1, are endocytosed in which clathrin is involved. The

19
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second is the case of recycling to the tip of the hyphae after endocytosis. Membrane

proteins that are mainly localized in the endocytic collar, such as SNARE proteins and

flippase, are the cargoes of endocytosis, and the AP-2 complex is thought to play an

important role (Marzoukou et al. 2017). Based on such information, we investigated the

function of AipA and AoAbp1 by analyzing the localization of EGFP-AoSnc1, which is

considered to be the cargo of the latter apical endocytic recycling. It was reported that

in the endocytosis-defective strain, AoSnc1 loses its apical polarity and is uniformly

localized at the plasma membrane (Higuchi et al. 2009a). However, the localization of

EGFP-AoSnc1 in AaipA and AAoabp1 strains was not different from that of the control

strain (Fig. S1). In addition, the phenotypic change on growth was not observed in the

AaipA and AAoabp1 strains (Fig. S2). Collectively, it was suggested that neither AipA

nor AoAbp1 has crucial roles in apical endocytic recycling of AoSnc1 and cell viability.

AIpA localization is dependent on the presence of AoAbp1

In our previous study, AipA was identified as a protein interacted with AoAbp1

(Higuchi et al. 2011). Indeed, AipA colocalizes with AoAbp1 at the endocytic sites of

apical regions. To examine which protein functions upstream in endocytosis, we

observed the localization of these proteins in each mutant strain. In the AaipA strain,
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337

338

339
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341

342

343

344

345

346

AoAbp1-mDsRed localized at the tip of hyphae as in the control strain (Fig. 4A),

indicating that the localization of AoAbp1 is independent of AipA. However, in the

AAoabp1 strain, EGFP-AipA was dispersed and localized at dots in the hyphal

cytoplasm (Fig. 4A), suggesting that the localization of AipA at the endocytic sites

depends on the presence of AoAbp1.

Previously, we demonstrated that the interaction between AipA and AoAbp1 occurs

in the proline-rich region (346-370 aa) of AipA and the SH3 domains of AoAbp1.

Therefore, we investigated whether interaction with AoAbp1 is important for the

localization of AipA, and found that EGFP-AipA2%46-370 was dispersed in the cytoplasm

(Fig. 4B). This result revealed that the localization of AipA at the endocytic sites

depends on the interaction between AipA and AoAbp1. Moreover, we examined

whether AAA ATPase activity is important for the localization of AipA. In our previous

study, we determined that the AAA ATPase domain of AipA is highly conserved with that

of S. cerevisiae AAA ATPases Sap1p, Yta6p, and Vps4p (Babst et al. 1997, 1998;

Higuchi et al. 2011). Therefore, for the analysis of the AAA ATPase domain of AipA, two

point mutations AipAK542A and AipAE®%6Q were introduced. K542A of AipA is a mutation to

Walker A, which is an ATP binding site, and E596Q of AipA is a mutation to Walker B,

which is an ATP hydrolytic active site. By using recombinant proteins, we determined
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357
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359

360

361

362

363

that the ATPase activity of AipA<54?A and AipAF®%¢Q were 23% and 28%, respectively,

lower than that of the wild-type AipA (Fig. S3). Next, we generated strains expressing

EGFP-AipAK542A or EGFP-AipAE®%€Q and found that EGFP-AipAK®*?A |ocalized at the tip

of hyphae as in the control strain; on the other hand, EGFP-AipAF®%? |ocalized at both

the tip and basal regions of hyphae (Fig. 4C). These results suggested that the K542A

mutation of AipA does not affect the localization of AipA, but the E596Q mutation

seems to be more important for its localization than the K542A mutant.

Endocytosis of AoCan1-EGFP is delayed in AaipAAAoabp1 cells

To further study about the functional dependency of AipA and AoAbp1, we analyzed

endocytosis of AoCan1-EGFP in the AaipAAAoabp1 strain. The fluorescence of

AoCan1-EGFP remained at the plasma membrane even at 90 min after the induction of

endocytosis in AaipAAAoabp1 cells, and the cells that endocytosis of AoCan1-EGFP

occurred were only 27% compared with the control cells (Fig. 5A, B). These results

were similar to that of AoCan1 endocytosis in AAoabp1 strain, suggesting that the

deletion effect of Aoabp? was more significant than that of aijpA in endocytosis of

AoCan1-EGFP. Moreover, we found that the localization of Lifeact-EGFP (Fig. 3),
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381

EGFP-AoSnc1 (Fig. S1) and the growth phenotype (Fig. S2) were not changed in the

AaipAAAoabp1 strain compared with the control strain.

Analysis of AoCan1-EGFP endocytosis in the aipA-overexpressing strains

To investigate an effect of aipA-overexpression, we analyzed endocytosis of
AoCan1-EGFP in the aipA-overexpressing strain. We confirmed that the mRNA
expression level of the strain was more than 10-fold higher than that of the control
strain (Fig. S4). Endocytosis of AoCan1-EGFP was delayed especially at 30 min and
later after the medium shift in the aipA-overexpressing strain compared with the control
strain (Fig. 6A, B). Then, to investigate effects of the AipA542A and AipAF5%@ mutations,
we also monitored endocytosis of AoCan1-EGFP in aipAX***A- and ajpAF®9°%-
overexpressing strains, and the mRNA expression levels of these strains were about
10-fold higher than that of the control strain (Fig. S4). We found that endocytosis of
AoCan1-EGFP in the aipA*®**?*-overexpressing strain was almost same with that in the
control background and faster than that in the aipA-overexpressing strain at 30, 80 and
90 min after the medium shift (Fig. 6A, B). It was also found that, in the ajpAF®9°%-

overexpressing strain, endocytosis of AoCan1-EGFP was facilitated at 30, 50, 70 and

80 min, compared with the aipA-overexpressing strain (Fig. 6A, B). These results
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393
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suggested that the negative effect of ajpA-overexpression in endocytosis was

dependent on the function of AAA ATPase activity of AipA. Moreover, we found that

overexpressed EGFP-AipA, EGFP-AipAX®*2A and EGFP-AipAE®%Q were localized along

microtubule, which was confirmed by a treatment using a microtubule depolymerizing

reagent nocodazole (Fig. 7). Furthermore, EGFP-AipAX®**?A and EGFP-AipAF®%? were

accumulated at the hyphal tip more than EGFP-AipA, suggesting that this localization

change might reduce the negative function in endocytosis of AoCan1 (Fig. 7). The

localization patterns of EGFP-AipAX®*?A and EGFP-AipAF*®¢Q in Fig. 7 were different

from those in Fig. 4C. This was likely because of the different strain backgrounds: in

Fig. 4C, native aipA was deleted and EGFP-fused proteins were moderately

expressed, while in Fig. 7, native aipA existed and EGFP-fused proteins were

overexpressed.

Analysis of AoCan1-EGFP endocytosis in the aipA-complementary strains

Finally, we analyzed endocytosis of AoCan1-EGFP in aipA-complementary strain, in

which aipA was introduced under the control of the native promoter into the aipA

disruptant strain. We confirmed that the mRNA expression levels were almost the same

among the generated strains (Fig. S5). At 10, 20 and 40 min points after the medium
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shift, the population of cells with endocytosis of AoCan1-EGFP in the aipA-
complementary strain was lower than that in the AaipA strain, and there was a
tendency that the function of AipA was complemented, although there was no
significant difference (Fig. 8A, B). On the other hand, unexpectedly, in the ajpA<>*?A-
expressing strain in the aipA deletion background, endocytosis of AoCan1-EGFP was
faster than other three strains and there was a significant difference at 50 min after the

medium shift (Fig. 8A, B). Moreover, in the ajpAF%?

-expressing strain in the aipA
deletion background, endocytosis of AoCan1-EGFP was facilitated at 20-90 min
compared to the AaipA strain, although there was no significant difference (Fig. 8A, B).
These results suggested that AipAX542A and AipAF®%Q may behave differently with or

without wild-type AipA, and that mutations K542A and E596Q in the AAA ATPase

domain have different effects on AipA function.
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Discussion

In this study, we revealed the function of AipA to negatively control endocytosis of

the arginine permease AoCan1 fused with EGFP in A. oryzae. Although endocytosis of

AoCan1-EGFP was delayed in the AAoabp1 and AaipAAAoabp1 strains, it was

accelerated in the AaipA strains compared to the control strains. Moreover, in the aipA-

overexpressing strain, the uptake of AoCan1-EGFP was decreased, whereas in the

mutant aipA-overexpressing strain in which AAA ATPase activity was reduced, this

endocytic defect was not observed. Collectively, our data further clarified that AipA

negatively regulates endocytosis of AoCan1.

We also revealed that AoAbp1, as an AipA-interacting protein, was involved in

endocytosis of AoCan1-EGFP, although AAoabp1 cells did not exhibit any significant

growth defect. In the rice blast fungus Magnaporthe oryzae, the growth of AMoabp1

cells is very severely inhibited and the internalization of FM4-64 was delayed in the

hyphae of the AMoabp 1 mutant. The internalization of FM4-64 did not occur until 4 min

after the staining in about 76% of the mutant hyphae, while it occurred after 1 min in

the wild-type strain (Li et al. 2019). In S. cerevisiae, abp1A showed no significant

difference from wild-type cells in the behavior of generally used endocytic factors and

in the uptake nor subsequent trafficking of FM4-64 (Kaksonen et al. 2005;
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Aghamohammadzadeh et al. 2014). However, abp1 deletion is lethal when combined

with other gene deletion, sla1A, sla2/, and sac6/, suggesting that Abp1 seems to be

multifunctional, and the functional activity of Abp1 might be overlapped with that of

Sla1, Sla2, and Sac6 (Pollard & Cooper 1986; Hartwig & Kwiatkowski 1991; Holtzman

et al. 1993). Therefore, it was suggested that there might be some protein(s) which has

a complementary function with AoAbp1 for the growth of A. oryzae. Furthermore, our

localization analysis using the AaipA and AAoabp1 strains suggested that AipA

functions downstream of AoAbp1 in AoCan1 endocytosis.

According to the estimated amino-acid sequence of AipA, AAA ATPase domain is

located at the C-terminal region. The ATPase domain of AAA+ proteins forms oligomers

that are predominantly hexametric and are always ring-shaped with a central cavity

(White & Lauring 2007; Puchades et al. 2020). ATP binding and hydrolysis are

obviously required to provide the energy for AAA+ proteins to remodel their substrate

proteins. AipA is predicted to be a type | AAA+ protein from the amino acid sequence.

The same type | AAA ATPase as AipA includes katanin and spastin that have been

studied in advance in mammalian cells, and these proteins use the ATPase activity for

disassembly of tubulin polymers (Puchades et al. 2020). The N-terminal region of

katanin and spastin, a microtubule-interacting and -trafficking (MIT) domain, recognizes
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microtubules (Roll-Mecak & Vale 2008; Roll-Mecak & McNally 2010). In contrast, AipA
does not have a domain homologous to the MIT domain, but EGFP-AipA seemed to be
localized at microtubules in the aipA-overexpressing background. Therefore, although
AipA does not have the MIT domain, it is suggested that AipA has a spastin-like
function with affinity to microtubules. On the other hand, in the hyphal tip of AaipA cells,
actin cytoskeleton was more accumulated compared with the control cells, suggesting
that AipA might have a function of negatively regulating the F-actin polymerization via
AoAbp1. It was also suggested that there are some other proteins which have a
function similar to AoAbp1.

Although recombinant AipAX54?A and AipAF®%6Q still retained more than 70% residual
ATPase activity, there was significant difference in endocytosis of AoCan1-EGFP
between the ajpA-overexpressing strain and aipAX**?A- or aipAEF>***?-overexpressing
strains. In Drosophila melanogaster, the mutant E561A of Spastin, which is important
for substrate binding to its substrate, microtubules, causes difficulty in capturing
microtubules, so that mutation of E561 abolishes severing while still retaining about
75% ATPase activity of wild-type Spastin (Sandate et al. 2019). Although the substrate
for AipA has not yet been discovered, it is possible that it may become a functional

deletion even if the ATPase activity was not decreased dramatically like Spastin in D.
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melanogaster.

We found phenotypic differences of AipAX542A and AipAF®%? in endocytosis of

AoCan1-EGFP between the strain backgrounds of overexpression and

complementation (Fig. 9). AipA**2A promoted endocytosis of AoCan1-EGFP, but its

overexpression in the presence of AipA did not. In contrast, overexpression of AipAF5%6Q

in the presence of AipA enhanced endocytosis of AoCan1-EGFP, but AipAF®%? itself did

not. Since it was previously shown that AipA interacts with itself (Higuchi et al. 2011),

these phenotypic differences might be caused by interaction between AipA and its

mutant. In addition, we found that the localization patterns of AipAX%4?A and AipAF®96Q

were different, which might cause difference in endocytosis. It was also suggested that

AipA might use different functions depending on the ATPase activity, and it can be

considered that the mutations in AAA ATPase domain enable AipA to participate in

different mechanisms in endocytosis of AoCan1. In the future, it is necessary to

proceed with a more detailed analysis of the molecular function of AipA in endocytosis

by discovering an unknown AipA substrate, except for AoAbp1, and investigating the

relationship between ATPase activity and the substrate.
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616 Table1 A. oryzae strains used in this study.

Strain

R1B40

NSRku70-1-1A

NSRku70-1-

1AN

DAIPAl-com

PaaAl

PaaA5421

PaaA5961

PaEaASO1

Genotype

Wild-type

niaD- sC- adeA- adeA AargB Aku70::argB

niaD—::niaD sC— adeA— adeA AargB Aku70::argB

niaD—::(PaipA-aipA-TaipA niaD) sC— adeA—

AaipA::adeA AargB Aku70::argB

niaD—::(PamyB-aipA niaD) sC— adeA—::adeA

AargB Aku70::argB

niaD—::(PamyB-aipA****A niaD) sC— adeA—::adeA

AargB Aku70::argB

niaD-::(PamyB-aipA®¢? niaD) sC- adeA-::adeA

AargB Aku70::argB

niaD— niaD sC—::(PamyB-egfp-aipA AosC)

adeA-:adeA AargB Aku70::argB

38
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Higuchi et

al.(2011)



PaEaA542S01

PaEaA596S01

DAIPAl

NSRku70-1-

1ANSO

DAIPA1-N

DAIPA1-NS

DAIPAS1-PaEA

DABP1-PaAD

niaD-::niaD sC-::(PamyB-egfp-aipAK542A AosC)

adeA-::adeA AargB Aku70::argB

niaD-::niaD sC-::(PamyB-egfp-aipAE596Q AosC)

adeA-::adeA AargB Aku70::argB

niaD- sC- adeA- AaipA::adeA AargB Aku70::argB
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618 Table 2 Primers used in this study.

Name Sequence (5'to 3

KK134 GATTTAGTTCCGTTCGTGCAGG

KK217 ATGGGGTGACGATGAGCCGC

KK260 GCTATCAACGCGGCCGCTATTGGGCATAAGTATTAGGCGCATTTG

KK261 AACTAAATCGCGGCCTTTCAGAAAGATTCCACAAGGCACAAC

KK262 GTTCCTTGGGCGGCCTCCAAGGTGGTGTCTTCCAC

KK263 TGCACCATAGCGGCCGCATTGATCTTGGCCGCAAGAG

KK305 CCCGGGGTTGATAGCTTGGCGTAATCATG

CAAGCTATCAACCCCGGGATACTTGGGATTTACTTATTGGACTAACCC
KK312
AG

KK313 CTTGCTCACCATCCCGCCTCGAAACGAGCGAAAGATC

KK314 AATCAATTGCCCCCCATCAGACGTTTAAAGTACCCACG

KK315 GAGTGCACCATACCCGGGACCGGAACGGTATAGTCTATGC

KK318 CCAGTAGCAACTTTATTATACATAGTTGATAATTCACTGGC

KK319 GATGCCATCTGTGGGGTTTATTGTTCAGAGAAG

KK320 CCCACAGATGGCATCCCTTAACCTTTCATC
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KK321

TGTCCATCTTTCGAAGTTCTACATAATTTGCTGG

KK322

TTCGAAAGATGGACAACACCGAGGACGTCATC

KK323

TAAAGTTGCTACTGGGAGCCGGAGTGGC

KK346

ATGATGCGTCCCAAACCGGC

KK347

CTGTGGGGTTTATTGTTCAGAGAAGGGAG

KK348

CAATAAACCCCACAGATGGTGAGCAAGGGCGAGGAG

KK349

TTTGGGACGCATCATCTTGTACAGCTCGTCCATGCCGTG

RH14

TTTCAGGGACCCGGGATGATGCGTCCCAAACCGGC

RH14

TTCTTCTTCGTTGTTCTGTCCTTCGAAGTAGACGGCAGTC

RH14

AACAACGAAGAAGAAGCTTT

RH14

CCGTCTGTAAGTTGGACTAA

RH14

CCAACTTACAGACGGCTTCTCAGGCTCCGACATAA
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RH14

GGCTTTGTTTAGCAGCTATCCACCTCTCTCGCCGA

RH15
ACGGGTGCCACGATGCTTGCGCGCGCG
0
RH15
CATCGTGGCACCCGTCCCTGGAGGTCC
1
RH15
GTGGACCAGATCGACTCACTATTGTCC
2
RH15
GTCGATCTGGTCCACAAAGATGATCGA
3
RH16
ATGGGTGTCGCCGATCTCATC
0
RH16
ATCGGCGACACCCATTGTTCTATCACACAAGGTGGGG
1
RH16

CTATCAACGCGGCCGCCCATTCTTTATGTTACTTCTATCCTG
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RH17

GAACGGAACTAAATCCTTGACGGGTTTGTAGTGGAAG

RH17

AAGGATACTGTTCAGTCCGGAGGATCTGCGGGTGC
1
RH17

CGCAGATCCTCCGGACTGAACAGTATCCTTGGAGCC
2
RH17

GCTATCAACCCCGGGTATTGGGCATAAGTATTAGGCG
3
RH17

CTCATCGTCACCCCATATTGATCTTGGCCGCAAGAG
4
SH21 TATGGTGCACTCTCAGTACAATCTGC
SH22 TATGCGGTGTGAAATACCGCACAG
YHK1

CGTCGAGTCCACTGGTGTCTT
96
YHK1

97

TTGTTGACACCCATAACGAACATGG
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YHK2 ATCAAGAAGTTCGAGTCCATCTCCAAGGTGGTGATGGTGAGCAAGGG

51 CGAGGAG

YHK2 CTCGAACTTCTTGATGAGATCGGCGACACCCATCTGTGGGGTTTATTG

52 TTCAGAGAAGGG

YHK2
GCTGCAACTACCTCGAACAACC
55

YHK2
TTGTCGCTCAACGCATCTTCAC
56

YM16 ATTTCACACCGCATAGGGGATCTGTAGTAGCTCGTGA

YM17 TGAGAGTGCACCATACGCTTAACAAGTATGATCGTCT

YM56 GATAACAATTTCACATATTGACTACTATGGTAACCAACGCG

YM60 TGTGAAATTGTTATCCGCTGGTATCAG

YM83 GCGGCCGCGTTGATAGCTTGGCG

pPET50

b inf CTGCTAAACAAAGCCCGAAAGGAAGC

Fw
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pET50

b inf CCCGGGTCCCTGAAAGAGGACTTCAAG

Rv

619
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Figure legends

Fig 1 Localization and endocytosis of AoCan1-EGFP in the AaipA strain.

(A) The images of representative hyphae of each strain were taken by confocal

microscopy at 0, 30, 60, 90 min after the medium shift. Scale bar = 10 ym.

(B) The ratio of hyphae with AoCan1-EGFP endocytosed was measured at ten time

points for each strain. The error bars represent the SDs from three independent

experiments, each with n = 50. *, **Statistically significant difference at P < 0.05, 0.01,

respectively (Student’s t test). a, b, c: Statistically significant difference at a = 0.05

(tukey-kramer’s multiple test).

Fig 2 Localization and endocytosis of AoCan1-EGFP in the AAoabp1 strain.

(A) The images of representative hyphae of each strain were taken by confocal

microscopy at 0, 30, 60, 90 min after the medium shift. Scale bar = 10 ym.

(B) The ratio of hyphae with AoCan1-EGFP endocytosed was measured at ten time

points for each strain. The error bars represent the SDs from three independent

experiments, each with n = 50. *, **Statistically significant difference at P < 0.05, 0.01,

respectively (Student’s t test). a, b, c: Statistically significant difference at a = 0.05

(tukey-kramer’s multiple test).
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Fig 3 Localization of Lifeact-EGFP in aipA and Aoabp1 deletion strains.

(A) 1.0x10° conidia of each strain in 100 L of CD medium were cultured at 30°C for 20

h, and subsequently observed under fluorescence microscope. Scale bar = 10 pm.

(B) Fluorescence intensity profiles of Lifeact-EGFP in each strain were taken at the

cross section of 2 um from the hyphal tip.

Fig 4 Localization of EGFP-AipA and AoAbp1-mDsRed in AaipA and AAoabp1

cells.

(A) The images of representative hyphae of each strain expressing EGFP-AipA or

AoAbp1-mDsRed were taken by confocal microscopy. Note that EGFP-AipA was

dispersed from the hyphal tip region in the AAoabp1 cells. (B) EGFP-AipA~346-370

exhibited cytoplasmic localization. (C) EGFP-AipAF>*?* showed similar localization to

EGFP-AipA; in contrast, EGFP-AipAF5%Q exhibited both apical and basal localization.

Scale bar = 10 ym.

Fig 5 Localization and endocytosis of AoCan1-EGFP in the AaipAAAoabp1 strain.

(A) The images of representative hyphae of each strain were taken by fluorescent
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microscopy at 0, 30, 60, 90 min after the medium shift. Scale bar = 10 ym.

(B) The ratio of hyphae with AoCan1-EGFP endocytosed was measured at ten time

points for each strain. The error bars represent the SDs from three independent

experiments, each with n = 50. *Statistically significant difference at P < 0.05 (Student’s

t test).

Fig 6 Localization and endocytosis of AoCan1-EGFP in aipA-, aipA¥>4?A- and

aipAE>%%Q.overexpressing strains.

(A) The images of representative hyphae of each strain were taken by confocal

microscopy at 0, 30, 60, 90 min after the medium shift. Scale bar = 10 ym.

(B) The ratio of hyphae with AoCan1-EGFP endocytosed was measured at ten time

points for each strain. The error bars represent the SDs from three independent

experiments, each with n = 50. a, b, c: Statistically significant difference at a = 0.05

(tukey-kramer’s multiple test).

Fig 7 Localization of EGFP-AipA in the aipA-overexpressing background.

Hyphal images of each strain were taken by confocal microscopy at approximately 30

min after the treatment of NOC or its solvent DMSO. Scale bar = 10 ym.
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Fig 8 Localization and endocytosis of AoCan1-EGFP in aipA-, aipAX**?A-and

aipAEF*9¢e.complementary strains.

(A) The images of representative hyphae of each strain were taken by confocal

microscopy at 0, 30, 60, 90 min after the medium shift. Scale bar = 10 ym.

(B) The ratio of hyphae with AoCan1-EGFP endocytosed was measured at ten time

points for each strain. The error bars represent the SDs from three independent

experiments, each with n = 50. a, b: Statistically significant difference at a = 0.05

(tukey-kramer’s multiple test).

Fig 9 Schematic diagram of AoCan1 endocytosis in A. oryzae.

The rate of AoCan1 endocytosis is depicted as the width of the arrow (red, accelerated;

blue, delayed) in WT and each mutant strain.
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Fig. 2 Hiasa et al.
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Fig. 3 Hiasa et al.
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Fig. 4 Hiasa et al.
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Fig. 5 Hiasa et al.
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Fig. 6 Hiasa et al.

(A) 0 min 30 min 60 min 90 min 0 min 30 min 60 min 90 min

Control

aipA O/E

0 min 30 min 60 min

aipAE596C2
O/E

(B)

— 100 A

X

L

8 80 A

=

>

O

3

e 60 -

= —®— Control

=

2 40 1 aipA O/E

2

o in AK542A

O 204 aipA O/E
I‘ a/‘pAESQEQ O/E

0 A 4 T T T T 1

0 20 40 60 80 100

Time (min)



Fig. 7 Hiasa et al.
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Fig. 8 Hiasa et al.
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Fig. 9 Hiasa et al.
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Supplementary figure legends

Fig S1 Localization of EGFP-AoSnc1 in deletion strains.

Approximately 1.0x10° conidia of each strain in 100 uL of CD medium were cultured at

30°C for 20 h, and subsequently observed under confocal microscope. Scale bar = 10

pm.

Fig S2 Growth test of deletion strains.

Approximately 1.0x10* conidia of each strain were inoculated onto PD or M medium

plate added with the indicated reagent, and were cultured at 30, 37°C for 4 days.

Fig S3 AAA ATPase assay of AipA.

AAA ATPase activity was measured using the recombinant AipA. The vertical axis is the

relative ratio with the ATPase activity of WT=1. The error bars represent the SDs from

three independent experiments, each with n=3.

Fig S4 Expression analysis of aipA-, aipAX**?A- and aipAF>°%Q-overexpressing

strains.

Relative expression levels of aipA in cells of each strain cultured with maltose,
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normalized by the expression of gpdA. The relative ratios are depicted with the

expression level of the control strain as 1. The error bars represent the SDs from three

independent experiments, each with n=3.

Fig S5 Expression analysis of aipA-, aipAX**?A- and aipA>°°?-complementary

strains.

Relative expression levels of aipA in cells of each strain cultured in CD medium,

normalized by the expression of gpdA. The relative ratios are depicted with the

expression level of the aipA-complementary strain as 1. The error bars represent the

SDs from three independent experiments, each with n=3.
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Fig. S1 Hiasa et al.
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Fig. S2 Hiasa et al.
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Fig

ATPase activity
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Fig. S4 Hiasa et al.
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Fig. S5 Hiasa et al.
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