Appl Microbiol Biotechnol (2015) 99:1805-1815
DOI 10.1007/500253-014-6264-8

APPLIED GENETICS AND MOLECULAR BIOTECHNOLOGY

Distinct mechanism of activation of two transcription factors,
AmyR and MalR, involved in amylolytic enzyme production

in Aspergillus oryzae

Kuta Suzuki - Mizuki Tanaka - Yui Konno - Takanori Ichikawa -
Sakurako Ichinose « Sachiko Hasegawa-Shiro - Takahiro Shintani -

Katsuya Gomi

Received: 25 September 2014 /Revised: 16 November 2014 / Accepted: 18 November 2014 /Published online: 9 December 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract The production of amylolytic enzymes in
Aspergillus oryzae is induced in the presence of starch or
maltose, and two Zn,Cyse-type transcription factors, AmyR
and MalR, are involved in this regulation. AmyR directly
regulates the expression of amylase genes, and MalR controls
the expression of maltose-utilizing (MAL) cluster genes.
Deletion of malR gene resulted in poor growth on starch
medium and reduction in x-amylase production level. To
elucidate the activation mechanisms of these two transcription
factors in amylase production, the expression profiles of am-
ylases and MAL cluster genes under carbon catabolite dere-
pression condition and subcellular localization of these tran-
scription factors fused with a green fluorescent protein (GFP)
were examined. Glucose, maltose, and isomaltose induced the
expression of amylase genes, and GFP-AmyR was
translocated from the cytoplasm to nucleus after the addition
of these sugars. Rapid induction of amylase gene expression
and nuclear localization of GFP-AmyR by isomaltose sug-
gested that this sugar was the strongest inducer for AmyR
activation. In contrast, GFP-MalR was constitutively localized
in the nucleus and the expression of MAL cluster genes was
induced by maltose, but not by glucose or isomaltose. In the
presence of maltose, the expression of amylase genes was
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preceded by MAL cluster gene expression. Furthermore, dele-
tion of the malR gene resulted in a significant decrease in the
«-amylase activity induced by maltose, but had apparently no
effect on the expression of «-amylase genes in the presence of
isomaltose. These results suggested that activation of AmyR
and MalR is regulated in a different manner, and the preceding
activation of MalR is essential for the utilization of maltose as
an inducer for AmyR activation.

Keywords Aspergillus oryzae - Transcription factor - Gene
expression regulation - Amylase gene - Nuclear localization -
Inducing sugar

Introduction

A filamentous fungus, Aspergillus oryzae, has the ability to
produce copious amounts of enzymes such as amylolytic
enzymes and has been utilized in Japan for the production of
traditional Japanese fermented foods and beverages such as
sake, soy sauce, and miso (soybean paste) for over a thousand
years (Machida et al. 2008). The production of amylolytic
enzymes by A. oryzae is induced in the presence of starch or
maltooligosaccharides (Tonomura et al. 1961), and the induc-
tion of the corresponding amylolytic genes is regulated by a
fungal-specific Zn,Cys transcription activator, AmyR (Gomi
et al. 2000; Petersen et al. 1999). The AmyR activation
mechanism has been well studied in Aspergillus nidulans by
subcellular localization analysis using a green fluorescent
protein (GFP)-fused AmyR. In A. nidulans, isomaltose in-
duces amylase synthesis (Kato et al. 2002b) and triggers rapid
nuclear localization of GFP-AmyR, whereas the absence of
inducing sugars has been found to result in the distribution of
GFP-AmyR in the cytoplasm (Makita et al. 2009; Murakoshi
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et al. 2012). Although the expression of amylolytic genes is
strongly repressed by a C,H,-type transcription factor, CreA,
under glucose-containing condition, the nuclear localization
of GFP-AmyR is also triggered by glucose. However, glucose
and maltose require higher concentration and longer time,
when compared with isomaltose, to induce nuclear localiza-
tion of GFP-AmyR (Murakoshi et al. 2012). These observa-
tions indicate that isomaltose is the strongest inducer for the
activation of A. nidulans AmyR.

Both A. oryzae and A. nidulans amyR disruption strains
showed poor growth on the starch medium (Gomii et al. 2000; Tani
et al. 2001). However, an A. oryzae amyR disruption strain could
grow normally in the maltose medium, whereas an 4. nidulans
amyR disruption strain exhibited a significantly limited growth
(Hasegawa et al. 2010; Tani et al. 2001). This result suggests that
regulation of the maltose utilization system in A. oryzae is inde-
pendent of AmyR. In a previous study, we identified a Zn,Cysg-
type transcription activator MalR, the ortholog of yeast maltose-
utilizing (MAL) activator, in the 4. oryzae genome (Hasegawa
etal. 2010). Similar to the yeast MAL activator, the malR gene was
found to constitute the cluster together with genes encoding
putative maltose permease (MalP) and maltase (MalT). The tran-
scription of malP and malT was noted to be regulated by MalR,
and the expression of MAL cluster genes, including malR, was not
affected by the amyR disruption. The disruption mutants of malR
and malP exhibited a growth defect in the maltose medium,
suggesting that maltose utilization in A. oryzae is controlled by
the MAL cluster independent of AmyR (Hasegawa et al. 2010).
The expression of the agdF gene, an ortholog of malT in
A. nidulans, is regulated by AmyR (Nakamura et al. 2000).
These observations suggest that the mechanism for the regulation
of maltose utilization in A. oryzae appreciably differs from that in
A. nidulans. In addition, involvement of MalR in o-amylase
production indicates that the mechanism of amylolytic enzyme
production differs between A. oryzae and A. nidulans.

In our recent study, 4. oryzae AcreA mutant strains showed a
high o-amylase activity in a complete medium containing glucose,
suggesting that glucose could act as an inducer for o-amylase
production in A. oryzae (Ichinose et al. 2014). However, there is
no information on the activation mechanisms of AmyR and MalR
in A. oryzae. In the present study, we investigated the activation
mechanism of 4. oryzae AmyR and MalR through expression
analysis of amylases and MAL cluster genes in the AcreA strain,
and performed subcellular localization analysis of these transcrip-
tion activators using GFP-fused proteins.

Materials and methods
Strains and media

An A. oryzae AligD::loxP pyrG-deficient strain (AligD::loxP,
niaD ", sC, pyrG"), which was derived from a AligD::loxP
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strain (Mizutani et al. 2012), was used as the recipient strain
for malR deletion. The AligD::loxP strain was constructed
from A. oryzae NS4 strain (niaD ™, sC ) (Yamada et al.
1997) derived from the wild-type strain, 4. oryzae RIB40
(National Research Institute of Brewing Stock Culture,
Higashi-hiroshima, Japan). The A. oryzae strains used in this
study are listed in Table 1. The AligD::loxP pyrG::niaD strain
(Ichinose et al. 2014) was defined as the wild-type strain in
this study. Escherichia coli DH5« (Promega, Madison, WI,
USA) was used for the construction and propagation of plas-
mid DNAs. The minimal medium (MM) for A. oryzae culture
was Czapek—Dox (CD) medium that contained 0.5 %
(NH4)>SO4; 0.05 % KCI; 0.2 % KH,POy; 0.05 % MgSOy;
trace amounts of FeSO,4, ZnSO,4, CuSO,4, MnSOy,, Na,B,0-,
and (NH4)¢Mo,0,4; and 1 % sugar, supplemented with
0.0003 % (0.02 mM) methionine. For the cultivation of strain
AligD::loxP pyrG, 0.2 % uracil was added to the medium.
YPM medium (0.5 % yeast extract, 1 % Bacto-peptone, and
1 % maltose) was used to assess the & -amylase production of
the AamyR strains that express intact or C-terminal truncated
AmyR of 4. oryzae and A. nidulans.

Constructions of plasmid DNAs and DNA fragment
for gene deletion

The plasmids for the GFP-fused AmyR and MalR expression
driven by the thid promoter were constructed as follows. The
thiA promoter region was amplified by PCR with a primer set,
PthiAsenPstl and PthiAantiSall, using the genomic DNA of
A. oryzae RIB40 as the template. The amplified fragment was
digested with Psfl and Sall, and replaced with the gladi42
promoter of the plasmid pNGA142 (Tamalampudi et al. 2007),
which contains the niaD gene as a selectable marker, yielding the
plasmid pNthiA. Next, the gfp gene was amplified by PCR with
a primer set, GFPsenSall and GFP5GAantiNotl, using the plas-
mid pAGAR-F (Makita et al. 2009; provided by Prof. Kobayashi
of Nagoya University, Japan) as the template. To construct
functional GFP fusion proteins, five Gly-Ala repeats were at-
tached to the C terminus of GFP as a linker, as reported previ-
ously (Yang et al. 2004). The Sall/Nod-digested gfp fragment
was inserted into pNthiA, yielding the plasmid pNthiA-
GFP5GA. Then, the amyR and malR genes were amplified by
PCR using primer sets, amyRsenNotl+amyRantiSphl and
malRsenNotl+malRantiSpel, respectively, and these fragments
were inserted into pNthiA-GFP5GA to be fused in-frame at the
3" terminus of the gfp gene through codons for five Gly-Ala
repeats. The 3'-terminally truncated amyR gene encoding the
AmyR;_s;; variant was also amplified by PCR using a primer
set, amyRsenNotl+amyRDCantiSphl, and inserted into Notl/
Sphl-digested pNthiA-GFP5GA. The plasmids carrying a codon
for an alanine substitution in the putative nuclear localization
signals (NLSs) were generated by QuikChange site-directed
mutagenesis (Agilent Technologies, Santa Clara, CA, USA) with
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Table 1 Aspergillus oryzae

strains used in this study

Strain Strain origin Genotype Reference

NS4 RIB40 niaD 5 sC™ Yamada et al. (1997)
AligD::loxP pyrG=mniaD  AligD::loxP pyrG~ sC"; niaD::pyrG Ichinose et al. (2014)
AamyR NS4 niaD " AamyR::sC Hasegawa et al. (2010)
AmalR AligD::loxP pyrG~ niaD™ AmalR::pyrG This study

AcreA AligD::loxP pyrG~ niaD; Acred::pyrG Ichinose et al. (2014)
GFP-AmyR AamyR niaD::PthiA-gfp-amyR This study
GFP-AmyR s, AamyR niaD::PthiA-gfp-amyR; s;; This study
GFP-AmyRnis1m AamyR niaD::PthiA-gfp-amyRy;sim This study
GFP-AmyRns2m AamyR niaD::PthiA-gfp-amyRysom This study
GFP-AmyRNi swm AamyR niaD::PthiA-gfp-amyRyrsym This study
GFP-MalR AmalR niaD::PthiA-gfp-malR This study
GFP-MalRy sm AmalR niaD::PthiA-gfp-malRyy s, This study
PenoA::AoAmyR AamyR niaD::PenoA-amyR This study
PenoA::AoAmyR;_sy; AamyR niaD::PenoA-amyR; _s;; This study
PenoA::AnAmyR AamyR niaD::PenoA-A. nidulans amyR This study
PenoA-::AnAmyR; 514 AamyR niaD::PenoA-A. nidulans This study

amyR;_s14

primer sets AmyRNLSIm+AmyRNLSIm-r, AmyRNLS2m+
AmyRNLS2m-1, and MalRNLSm+MalRNLSm-r.

The plasmids for expression of the A. nidulans amyR gene
were constructed as follows. The intact and 3'-truncated amyR
genes were amplified by PCR with primer set
ANamyRsenNotl+ANamyRantiSphl, using the plasmids
PAGAR-F and pAR-Zn3 (Makita et al. 2009; provided by
Prof. Kobayashi of Nagoya University, Japan) as templates,
respectively. The obtained PCR fragments were digested with
Noftl and Sphl and inserted into the plasmid pNE, which was
constructed by replacement of the glaA142 promoter of the
plasmid pPNGA142 with the enolase gene promoter derived
from the plasmid pNGEG (Tsuboi et al. 2005). In a similar
manner, the 4. oryzae intact and 3'-truncated amyR genes
were amplified by PCR with primer sets amyRsenNotl+
amyRantiSphl and amyRsenNotl+amyRACantiSphl, using
the A. oryzae genomic DNA as the template, and inserted into
the plasmid pNE.

The DNA fragment for malR deletion using pyrG as a
selectable marker was amplified by PCR with the genomic
DNA of the A. oryzae malR deletion strain (provided by Dr.
Yasuji Koyama of Noda Institute for Scientific Research,
Japan) using primers malRsen and malRanti. The nucleotide
sequences of all the primers used in this study are shown in
Supplemental Table S1.

Fungal transformation

Transformation of A. oryzae was performed according to the
method described by Gomi et al. (1987).

Southern and northern blot analyses

The preparation of A. oryzae genomic DNA and total
RNA, Southern blot analysis, and northern blot analysis
were performed as described previously (Tanaka et al.
2012).

Fluorescence microscopy

Approximately 5x10° A. oryzae conidiospores were in-
oculated onto coverslips (18x18 mm) dipped in 500 ul
of MM containing 1 % casamino acids as the carbon
source with or without sugars. The hyphal cells grown
on the coverslips were examined by fluorescence mi-
croscopy. To examine subcellular localization of GFP-
AmyR in a relatively short period after sugar addition,
the medium was removed from the coverslip following
incubation at 30 °C for 12 h, and the hyphae on the
coverslip were dipped in fresh MM containing 1 or
0.1 % sugar with thiamine at a final concentration of
10 uM. Then, the fluorescence of the hyphae was
examined after incubation at 30 °C for 10 or 30 min.
For nuclear fluorescence staining, Hoechst33342 was
added at a final concentration of 0.1 mg/ml for
15 min before microscopy imaging. A confocal laser
scanning microscope (FV1000-D IX81; Olympus,
Tokyo, Japan) was used for microscopy and image
preparations. Fluorescence images were uniformly ad-
justed for clarity using Adobe Photoshop software
(Adobe Systems, San Jose, CA, USA).
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Intracellular protein extraction

The mycelium grown in the liquid MM was harvested by
filtration through Miracloth (EMD Millipore Corporation,
Billerica, MA, USA), washed with distilled water, and frozen
in liquid nitrogen. Then, the mycelium was ground to a fine
powder in liquid nitrogen using a mortar and pestle. The
powdered mycelium was suspended in protein extraction
buffer [25 mM Tris—HCI (pH 8.0), 0.25 % CHAPS,
100 mM NaCl, 2 mM phenylmethylsulfonyl fluoride
(PMSF), 15 uM pepstatin A, and complete EDTA-free prote-
ase inhibitor (Roche, Indianapolis, IN, USA)] and incubated
on ice for 15 min, followed by centrifugation at 20,400xg for
10 min at 4 °C. The protein concentration in the supernatant
was measured by the Bradford method (Bradford 1976) using
a Coomassie protein assay kit and a microplate photometer
Multiskan FC (Thermo Fisher Scientific Inc., Waltham, MA,
USA), and approximately 100 pg of proteins was concentrat-
ed by precipitation with 10 % trichloroacetic acid (TCA).

Western blot analysis

Approximately 10 pg of intracellular proteins was subjected
to SDS-PAGE and transferred onto an Immobilon P
polyvinylidene difluoride membrane (EMD Millipore
Corporation, Billerica, MA, USA) with Towbin buffer. Anti-
GFP (mFX75; Wako, Osaka, Japan) antibody was used for the
detection of GFP-fused proteins. Signal detection was per-
formed using Chemi-Lumi One L kit (Nacalai Tesque, Kyoto,
Japan), according to the manufacturer’s instructions, and the
chemiluminescence signal was detected using an image ana-
lyzer ImageQuant LAS-4000 (GE Healthcare, Piscataway,
NJ, USA).

«-Amylase activity assay

The o-amylase activity was measured as described previously
(Ichinose et al. 2014; Sato et al. 2011).

Results

Expression analysis of amylolytic genes and MAL cluster
genes in AcreA strain

As reported previously (Hasegawa et al. 2010), to verify the
involvement of MalR in amylolytic enzyme production, we
generated a deletion mutant of malR by replacement with the
A. nidulans pyrG gene. The deletion of malR gene was con-
firmed by Southern blot analysis (Supplemental Fig. S1). To
examine the effect of malR deletion on amylolytic enzyme
production, the mycelia of the wild-type and AmalR strains
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grown in liquid MM with casamino acids as the carbon source
were transferred to the maltose medium, and the x-amylase
activities in the culture supernatants were measured. As
shown in Table 2, the x-amylase activity of the AmalR strain
was significantly reduced, when compared with that of the
wild-type strain, suggesting that MalR essentially contributed
to the amylolytic enzyme production in 4. oryzae.

To verify whether glucose could induce the transcription of
amylolytic genes in 4. oryzae, the expression of o-amylase
genes (amyA/B/C) and a glucoamylase gene (glad) in the
AcreA strain was examined (Fig. 1). The mycelia of the
wild-type and AcreA strains grown in casamino acids medium
were transferred to glucose and maltose media, and the gene
expression level was monitored by northern blot analysis. In
the wild-type strain, the expression of amyA/B/C and glaA was
strongly induced after transfer to the maltose medium, where-
as induction of these genes was not observed after transfer to
the glucose medium. However, in the Acred strain, the ex-
pression of these genes was induced by maltose as well as
glucose. These results indicated that glucose could induce the
amylolytic gene expression under CreA-deficient condition in
A. oryzae. Furthermore, we found that the expression of MAL
cluster genes (malP and malT) was strongly induced by malt-
ose in both wild-type and AcreA strains. However, the tran-
scripts of these MAL cluster genes were not detectable in the
AcreA strain after transfer to the glucose medium. These
results suggested that glucose could act as an inducer for
AmyR activation, but not for MalR activation.

Subcellular localization of GFP-AmyR and GFP-MalR

To investigate the subcellular localization of AmyR and MalR
in A. oryzae, GFP-fused AmyR and MalR were expressed
under the control of the #1i4 promoter. In this experiment, the
expression level of both GFP-fused regulators was controlled
by thiamine addition (Kubodera et al. 2003). The growth of
the amyR or malR disruption mutant on the starch medium
was restored by the introduction of the expression plasmid for
GFP-AmyR or GFP-MalR, respectively, suggesting that the

Table 2 Effect of malR gene deletion on x-amylase production level

Strain «-Amylase activity (U/ml)

4h 8h
Wild-type 29.6£3.57 58.0+£5.41
AmalR 1.93+1.89 20.3+£9.03

Approximately 1x107 conidiospores of wild-type and AmalR strains
were grown in liquid MM containing 1 % casamino acids as the carbon
source for 24 h, followed by transfer to MM containing 0.1 % maltose as
the sole carbon source. The x-amylase activity in the culture broth was
measured after incubation for 4 and 8 h. The values represent the mean+
standard deviation of three independent experiments
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Fig. 1 Expression profiles of amylase genes and MAL cluster genes in
the AcreA strain. The wild-type and Acre4 mutant strains were grown in
liquid MM+0.1 % polypeptone medium containing 1 % glycerol as the
carbon source for 24 h, followed by transfer to liquid MM containing 1 %
glucose or maltose. The mycelia were harvested at the time points
indicated, and the total RNA was extracted from the harvested mycelia.
Approximately 20 pg of the total RNA was subjected to northern blot
analysis and the digoxigenin (DIG)-labeled fragments of each gene were
used as probes. The loading control used was 18S rRNA

N-terminal fusion of GFP to these regulators had no apparent
effect on the transcriptional activation potential of both AmyR
and MalR (Fig. 2a, d). To observe GFP fluorescence, the
transformant expressing GFP-AmyR was cultured in liquid
MM containing casamino acids with or without sugars for
12 h, and the fluorescence of GFP was observed by confocal
fluorescence microscopy. In the absence of sugars, GFP fluo-
rescence was observed in the cytoplasm of the hyphae
(Fig. 2b), whereas in the presence of glucose or maltose,
GFP fluorescence was observed in organelles stained with
Hoechst dye, indicating that GFP-AmyR was accumulated
in the nucleus. In addition, when we examined the effect of
sugars on subcellular localization of GFP-AmyR in a short
period, the GFP fluorescence was detected in the nucleus
30 min after the addition of glucose or maltose (Fig. 2c).
These results suggested that inducing sugars, such as maltose
and glucose, for amylolytic gene expression can trigger the
nuclear localization of AmyR in A. oryzae, as observed for
AmyR in A. nidulans (Makita et al. 2009; Murakoshi et al.
2012). On the contrary, GFP fluorescence was observed in the
nucleus when the transformant expressing GFP-MalR was
cultured in the liquid MM using casamino acids as the carbon
source (Fig. 2e). The nuclear localization of GFP-MalR was
unaffected by the addition of sugars, indicating that MalR was
constitutively localized in the nucleus (Fig. 2e).

Effects of mutations in putative NLSs on AmyR and MalR
subcellular localization

In A. nidulans AmyR, two NLSs situated within the zinc
binuclear motif have been identified (Makita et al. 2009). As
two basic amino acid clusters also existed within the zinc
binuclear motif of A. oryzae AmyR (Fig. 3a), these amino
acid clusters in GFP-AmyR were replaced with alanine resi-
dues. After transfer to the maltose medium, in both single and

double NLSs-mutated GFP-AmyRs, GFP fluorescence was
not observed in the nucleus, but was detectable around the
nuclear envelope (Fig. 3b). In addition, the degradation prod-
ucts of NLSs-mutated AmyR proteins could not be detected
by western blot analysis (Supplemental Fig. S2a). These ob-
servations indicated that both the basic amino acid clusters are
functional NLSs of 4. oryzae AmyR.

A single basic amino acid cluster, RRK, was noted within
the zinc binuclear motif of MalR (Fig. 3¢). To examine wheth-
er this basic amino acid cluster acts as a NLS, RRK was
replaced with three alanine residues (AAA) in the GFP-
MalR, and subcellular localization of the mutated GFP-
MalR (GFP-MalRy; s,,) was observed by fluorescence mi-
croscopy. The GFP fluorescence of GFP-MalRyy s, was dif-
fused in the cytoplasm under any culture conditions, although
it was still observed in the nucleus (Fig. 3d). Western blot
analysis using anti-GFP showed that intact GFP-MalRny s,
protein primarily existed in the cells, suggesting that GFP
fluorescence in the cytoplasm was not derived from free
GFP produced by the degradation of GFP-MalRy ., protein
(Supplemental Fig. S2b). These results indicated that the basic
amino cluster was a functional NLS of MalR, although nucle-
ar localization of MalR could not be regulated by this signal
alone.

Effects of C-terminal deletion on AmyR subcellular
localization

The A. oryzae AmyR protein structure closely resembled
that of A. nidulans AmyR and could be also divided into
five regions, including a zinc binuclear motif and four
MH regions (Fig. 3a; Tani et al. 2001). In contrast,
although the entire amino acid sequence of MalR showed
homologies to that of AmyR, MalR presented no identity
to the MH4 domain of AmyR (Fig. 3c and Supplemental
Fig. S3). It has been shown that the deletion of the C-
terminal region, including MH4, caused constitutive nucle-
ar localization of A. midulans AmyR and resulted in
constitutive expression of amylolytic genes (Makita et al.
2009). Thus, to examine the role of the C-terminal region
of A. oryzae AmyR in its subcellular localization, the
truncated AmyR (AmyR; s5;;) that lacks the C-terminal
93 amino acid residues, including the MH4 region, was
fused to the GFP protein and expressed in the amyR
disruption strain. In the absence of inducing sugars, the
fluorescence of GFP-AmyR;_s5;; was observed in the nu-
cleus, suggesting that GFP-AmyR;_s;; was constitutively
localized to the nucleus (Fig. 4a). However, the GFP-
AmyR, 5 -expressing strain showed a little «-amylase
activity in the liquid medium even in the presence of
maltose (Fig. 4b). Western blot analysis using anti-GFP
antibody revealed that the amount of intact GFP-AmyR_s;;
protein was comparable with that of GFP-AmyR
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A
Wild-type
(NS4}
+ Maltose
AamyR
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GFP-AmyR
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Fig. 2 Subcellular localization of GFP-AmyR and GFP-MalR. a Com-
plementation of GFP-AmyR. Approximately 1x10° conidiospores of
wild-type, AamyR, and GFP-AmyR-expressing strains were grown on
MM agar plates containing 0.1 % glucose or starch as the sole carbon
source at 30 °C for 3 days. b GFP fluorescence of GFP-AmyR after 12-h
cultivation in MM using 1 % casamino acids as the carbon source, with or
without 1 % sugars. The hyphal cells were examined by confocal mi-
croscopy at x1000 magnification. ¢ GFP fluorescence 30 min after the

(Supplemental Fig. S2c), suggesting that the decrease in
x-amylase production may not have been caused by the
proteolytic degradation of GFP-AmyR,_s;;. These results
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bar: 5 ym

addition of sugars with thiamine. The hyphae grown in MM using 1 %
casamino acids as the carbon source for 12 h were dipped in fresh MM
containing 1 % sugars with thiamine at a final concentration of 10 uM. d
Complementation of GFP-MalR. Approximately 100 conidiospores of
the AmalR and GFP-MalR-expressing strains were grown on MM agar
plates containing 0.1 % glucose or starch as the sole carbon source at
30 °C for 3 days. e GFP fluorescence of the GFP-MalR after 12-h
cultivation in MM containing 1 % casamino acids with or without sugars

suggested that the C-terminal region of 4. oryzae AmyR
is required for transcriptional activity and intracellular
localization.
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A
Zn(11),Cysg MH1 MH2 MH3 MH4
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511
KQACDNCRBRKIKCSRELPCDKCQRLLLSCSYSD-VLRRKGPK
NLS1 NLS2

B

GFP-AmyR

GFP-AmyRy s1m

GFP-AmyRy som

GFP-AmyRy swm

bar: 5 p

Fig. 3 Subcellular localization of NLS-mutated AmyR and MalR. a
Schematic representation of the AmyR domain structure. The zinc
binuclear motif and four MH domains are represented as black boxes.
The amino acid sequence of the zinc binuclear motif is shown and two
putative NLSs are underlined. b GFP fluorescence of NLS-mutated GFP-
AmyR after 12-h cultivation in the medium containing 1 % maltose. The
hyphae were examined at x3000 magnification. ¢ Schematic

Comparison of the ability of maltose and isomaltose
to activate AmyR and MalR

To investigate whether maltose or isomaltose could act as a
stronger inducer for AmyR and MalR, the expression profiles
of AmyR- and MalR-regulated genes in the AcreA strain were
monitored by northern blot analysis after the addition of each
sugar (Fig. 5a). The expression of amyA/B/C genes was in-
duced 10 min after the addition of isomaltose. In contrast, these
genes were not expressed at least for 10 min, but were strongly
induced 30 min after the addition of maltose. In agreement with
amyA/B/C expression profiles, GFP-AmyR was accumulated
in the nucleus 10 min after isomaltose addition, and it remained
in the cytoplasm for the same period after maltose induction
(Fig. 5b). Conversely, malTand malP genes were not expressed
even after 60 min of incubation following isomaltose addition.
These results clearly indicated that isomaltose could act as a
strong inducer for AmyR activation, but not for MalR

Cc

Zn(I1),Cyss MH1 MH2 MH3
1 465

HKACDACGRBKVRCNGQQRCQQCEHMGLVCTYTDNRLARSRKH

GFP-MalR

GFP-MalRy, g,

)

Without sugar + Maltose

bar: 5 pm

representation of the MalR domain structure. The zinc binuclear motif
and three MH domains are represented as black boxes. The amino acid
sequence of the zinc binuclear motif is shown and a basic amino acid
cluster is underlined. d GFP fluorescence of NLS-mutated GFP-MalR
after 12-h cultivation in the medium containing 1 % maltose. The hyphae
were examined at x3000 magnification

activation. Contrary to the observation that the amyA/B/C genes
were expressed 30 min after induction, the expression of malT
and malP was induced within 10 min after maltose addition,
suggesting that MalR was activated prior to AmyR activation in
the presence of maltose as an inducing sugar. Finally, we
examined the expression profiles of amyA/B/C genes in the
AmalR strain after the addition of maltose or isomaltose. In the
AmalR strain, the expression of amyA/B/C genes was normally
induced after isomaltose addition, but was strongly repressed
after maltose addition (Fig. 5c). This result suggested that MalR
was essential for the utilization of maltose as an inducer for
AmyR activation.

Discussion

The amylolytic enzyme production by A. oryzae is strongly
induced in the presence of maltose, and the expression of
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Fig. 4 Subcellular localization of the C-terminal truncated GFP-AmyR.
a GFP fluorescence of the C-terminal truncated GFP-AmyR. The hyphae
were examined as described in Fig. 3b. b The x-amylase activity of intact
and C-terminal truncated AmyRs-expressing strains. Approximately 1x
107 conidiospores of each strain were grown in the casamino acids
medium with or without 1 % maltose at 30 °C for 24 h. The harvested
mycelia were incubated in 100 mM phosphate buffer for 60 min to release
the a-amylase bound to the cell wall, and the x-amylase activities in the
culture broth and phosphate buffer were measured. The total activity was
divided by the mycelial dry weight. Error bars indicate the standard
errors of three independent experiments

amylolytic genes and MAL genes are regulated by two distinct
Zn,Cysg transcription activators, AmyR and MalR, respec-
tively. Deletion of the malR gene resulted in a reduced o-
amylase activity, poor growth on the starch medium, and
retardation of «-amylase gene expression in the maltose me-
dium (Table 2, Figs. 4a and 5c), indicating that MalR also
contributes to the regulation of amylolytic gene expression. In
the present study, we examined the expression profiles of
these genes in Acred strain and subcellular localization of
the transcription activators to understand the mechanism of
amylolytic gene expression in 4. oryzae.

The results obtained in this study clearly indicated that the
activation mechanism of AmyR and MalR drastically differed
from one another. Subcellular localization analysis using
GFP-AmyR revealed that AmyR was translocated from the
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Fig. 5 Comparison of the ability of maltose and isomaltose to activate
AmyR and MalR. a Expression profiles of amylase and MAL cluster
genes in the AcreA strain after the addition of maltose or isomaltose. The
AcreA strain was grown in MM containing 1 % casamino acids for 24 h,
followed by transfer to MM containing 0.1 % maltose or isomaltose as the
sole carbon source. The mycelia were harvested and subjected to northern
blot analysis as described Fig. 1. b GFP fluorescence of GFP-AmyR in
10 min after the addition of maltose or isomaltose with thiamine. The
hyphae were examined as described in Fig. 2¢c. The final concentration of
maltose and isomaltose added to the medium is 0.1 %. ¢ Expression of «-
amylase genes in the wild-type and AmalR strains after the addition of
maltose or isomaltose

cytoplasm to the nucleus in response to the presence of glu-
cose, maltose, and isomaltose (Fig. 3b). In addition, the ex-
pression of x-amylase genes was induced by the addition of
these sugars in the carbon catabolite derepression mutant
AcreA and isomaltose could rapidly trigger the o-amylase
gene expression (approximately 10 min after induction).
These results suggested that activation of 4. oryzae AmyR is
regulated by its translocation in the nucleus and that
isomaltose is the strongest inducer for AmyR activation, as
reported for A. nidulans AmyR (Kato et al. 2002a; Makita
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et al. 2009). In contrast to AmyR, MalR was constitutively
localized to the nucleus and the expression of MAL cluster
genes involved in maltose utilization was induced only by
maltose and not by glucose or isomaltose. Conversely, the oc-
amylase gene expression was induced within 30 min of incu-
bation after the addition of maltose, and the expression of
MAL cluster genes was induced within 10 min after maltose
addition. These results indicated that activation of AmyR was
preceded by MalR activation in the presence of maltose.

In A. nidulans, the transglycosylation activity of two -
glucosidases (AgdA and AgdB) with a signal peptide is in-
volved in the conversion from maltose to isomaltose for o-
amylase gene induction, although other «-glucosidase(s) with
isomaltose-forming activity may exist (Kato et al. 2002a, b).
The nuclear localization of 4. nidulans GFP-AmyR after
maltose addition was inhibited by the addition of a «-
glucosidase inhibitor, castanospermine (Murakoshi et al.
2012). However, in 4. oryzae, induction of «-amylase gene
expression after maltose addition was not inhibited by the
addition of «-glucosidase inhibitors, castanospermine and 1-
deoxynojirimycin (data not shown). It should be noted that the
malT gene in the MAL cluster encodes the functional intracel-
lular «-glucosidase (Hasegawa et al. 2010). Therefore, we
hypothesized that the conversion of maltose to isomaltose in
A. oryzae is executed intracellularly, whereas that in
A. nidulans is completed extracellularly by the
transglycosylation activity of AgdA and AgdB (Kato et al.
2002a, b). The normal expression of x-amylase genes after
isomaltose addition in the AmalR strain could support this idea
(Fig. 5c¢). To assess our hypothesis, construction of the malT
deletion mutant and assay for transglycosylation activity of
MalT are currently underway. However, understandably, the
possibility of involvement of other intercellular and/or extra-
cellular x-glucosidase(s) in isomaltose formation should not
be ruled out. In this context, according to the Carbohydrate-
Active enZYme (CAZy) database (http:/www.cazy.org/), ten
«-glucosidases that belong to glycoside hydrolase family 31
(GH31), including extracellular AgdA and AgdB, are found in
the A. oryzae genome. Furthermore, additional four enzymes
highly homologous to MalT, which belongs to GH13, are
present in the 4. oryzae genome. It will be necessary to
examine whose gene(s) other than the malT gene is directly
regulated by MalR.

Based on our experimental results, we proposed the fol-
lowing regulation mechanism of A. oryzae x-amylase gene
expression in the presence of maltose. First, the maltose
transporter MalP whose gene is expressed at the basal level
incorporates a small amount of maltose into the 4. oryzae cell,
triggering the activation of MalR. Then, transcription of MAL
cluster genes is quickly induced by the activated MalR, and a
large amount of maltose is incorporated into the cell by MalP.
Finally, the transglycosylation activity of intracellular «-glu-
cosidase(s) converts maltose into isomaltose, which

simultaneously triggers the activation and translocation of
AmyR into the nucleus.

The nuclear localization of AmyR was blocked by muta-
tion of basic amino acid clusters present within their
Zn(I),Cyss DNA binuclear domain, suggesting that these
basic amino acid clusters are functional NLSs. The recogni-
tion of NLS by nuclear importins mediates protein transport
from the cytoplasm to the nucleus (Lott and Cingolani 2011;
Marfori et al. 2011; Xu et al. 2010). The GFP fluorescence of
the mutated AmyRs harboring mutation in single NLS was
observed around the nuclear envelope, whereas double NLS
mutation resulted in the distribution of GFP-AmyR in the
cytoplasm. We speculated that although intact NLS of a single
NLS-mutated AmyR was recognized by nuclear importins,
the interaction force of the mutated AmyRs with nuclear
importins was not sufficient for the import of AmyR into the
nucleus. On the other hand, mutation of a basic amino acid
cluster located within the zinc binuclear domain of MalR led
to the diffusion of GFP fluorescence in the cytoplasm, sug-
gesting that this basic amino acid cluster was also a functional
NLS. However, strong GFP fluorescence of the NLS-mutated
MalR was still observed in the nucleus, indicating that the
basic amino acid cluster of MalR was not essential for nuclear
localization, and that other sequences required for nuclear
import of MalR may exist. In fact, amino acids 220-226,
PTERARR, in MalR has also been predicted as NLS by
pSORT program (http://psort.hgc.jp/); therefore, we are
planning to examine whether this putative NLS actually
functions as another NLS in MalR by site-directed
mutagenesis.

The MH4 domain of 4. nidulans AmyR has been reported
to be essential for its cytoplasmic location (Makita et al.
2009). Accordingly, in the present study, deletion of the C-
terminal region containing the MH4 domain resulted in con-
stitutive nuclear localization of 4. oryzae AmyR (Fig. 3b). By
contrast, MalR showed no identity to the MH4 domain of
AmyR (Supplemental Fig. S3), which might contribute to the
difference in subcellular localization under inducer-deficient
condition between AmyR and MalR. It has been reported that
the constitutive nuclear localization of the C-terminal deleted
A. nidulans AmyR resulted in constitutive amylase production
(Makita et al. 2009). In the present study, deletion of the C-
terminal region of A. oryzae AmyR led to a marked loss of -
amylase production even in the presence of maltose (Fig. 3c).
In addition, the expression of the C-terminal truncated
A. nidulans AmyR in the 4. oryzae AamyR strain restored -
amylase production (Supplemental Fig. S4). These results
suggested that the C-terminal region of 4. oryzae AmyR is
essential for transcriptional activation potential, probably ei-
ther by functioning as an activation domain or by functioning
to make the protein properly folded. Although the C-terminal
region of the yeast MAL activator also led to marked loss of
transcriptional activation potential (Danzi et al. 2003), it has
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been proposed that the C-terminal region of the MAL activator
possesses both positive and negative regulatory roles (Danzi
et al. 2003; Hu et al. 1999). Therefore, the function of the C-
terminal regions of AmyRs may be considerably complicated
and further analysis is required.

The process of MalR activation remains completely un-
clear. It is known that phosphorylation of transcription factors
regulates their stability, localization, protein—protein interac-
tion, DNA binding, and transcriptional activity (Holmberg
et al. 2002). For instance, it has been reported that the activa-
tion of A. oryzae XInR, the transcriptional activator of
xylanolytic and cellulolytic genes, is controlled by reversible
phosphorylation (Noguchi et al. 2011). In addition, it has been
indicated that the activation of yeast MAL activator is regulat-
ed by interaction with several chaperone proteins (Bali et al.
2003; Ran et al. 2008, 2010). Thus, studies on post-
translational modifications and interaction with chaperone
proteins of AmyR and MalR are necessary for a more detailed
understanding of their activation mechanism.
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