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I
Screening of Chemical Compounds that Reduced Malate Secretion in

Arabidopsis thaliana

ABSTRACT

Arabidopsis thaliana protects its sensitive root tips from aluminum toxicity by activating
malate secretion through aluminum-activated malate transporter 1 (ALMT1), which is
regulated by gene expression and malate transport activity. In this study, we used a library of
specific inhibitors to discovery novel factors involved in Al-responsive AtALMT1 signaling
pathway. This library consisted over 200 specific inhibitors of various protein
kinases/phosphatases and inositol-related kinases, which are frequently used for profiling signal
transduction pathways in medical researches. From the screening, three inhibitors (PIK-75,
AZD7762, and WP1130) were identified as differently affected Al-inducible malate secretion.
We found that AZD7762 affected Al-induced AtALMTI expression in the late phase of
treatment, while WP1130 inactivated malate transport activity. On the other hand, PIK-75
inhibited both early Al-inducible AtALMTI expression and malate transport activity.
Furthermore, Al-inducible expression of all the tested genes (e.g. STOP1-regulated genes and
Al-biomarker genes) was significantly suppressed by PIK-75. These results suggest that PIK-
75 inhibited an essential and common process of early Al-responsive signal transduction

pathway.



1. INTRODUCTION

Aluminum (AI**

) toxicity is one of the major limiting factors affecting plant production in
acidic soils. The primary symptom of Al toxicity is inhibitory root growth. For instance, the
rapid inhibition (within 1 h) of root growth primarily caused by a block in cell elongation, while
a long-time exposure to Al (>24 h) both cell elongation and division are blocked (Jones et al.,
1995; Kochian, 1995). Believably, plant species have evolved lots of mechanisms for adapting
to the acidic soil environment. These mechanisms could be divided into two distinct categories
of Al resistance: resistance (exclusion) mechanisms and tolerance mechanisms. Firstly,
exclusion of organic acids (OAs), such as malate and citrate, into the rhizosphere can detoxify

Al toxicity by chelating the free AI**

to AI-OAs complexes (Ryan et al., 1995) and enhance
defense mechanisms through induced systemic resistance by recruiting beneficial rhizobacteria
(Rudrappa et al., 2008). Secondly, tolerance mechanisms, which enable plants to hold Al safely
once it enters the symplast, include chelating the intracellular AI** to form the harmless
complexes and store AI*" in subcellular compartments that harmless for plants. Currently, our
knowledge of Al resistance in some crop plants has increased dramatically, due to the
application of genetics and molecular biology. However, with population growth and climate
change, the demand for food will rapidly increase. To address this urgent problem, transgenic
strategies would be a beneficial way to develop high tolerance crop plants against Al stress
(Hoisington, 2002; Bhalla, 2006).

Al-induced malate secretion in Arabidopsis would be a good model to use to clarify the
molecular mechanisms of OA secretion. Malate secretion is regulated by both Al-inducible
expression of AtALMT]I and Al-activated malate transport by AtALMT1 (Daspute et al., 2018).

The former is controlled by both quick (e.g. <3 h) and inducible (e.g. 24 h) processes using

various transcription factors. For example, sensitive to proton rhizotoxicity 1 (STOP1; Iuchi et
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al., 2007) is essential for a quick Al-responsive expression of AtALMT1, while transcription of
CAMTA2 (AtALMT] activator; Tokizawa et al., 2015) and WRKY46 (AtALMT1 repressor; Ding
et al., 2013) regulates the inducible expression of AtALMTI. By contrast, the activation of
AtALMT1, a malate transporter, is directly regulated by the Al binding to the protein and by
post-translational regulation (Sasaki et al., 2004; Kobayashi et al., 2007; Ligaba et al., 2009).
From these findings, we can infer that other molecules involve in the regulatory mechanisms
of each process. Part of this complex mechanism can be from various molecules that induce
AtALMTI expression, such as phytohormones (e.g. IAA and ABA) and hydrogen peroxide
(Kobayashi et al., 2013a). The gene is also induced by biotic stimuli, such as the FLG22-peptide
of microbe-associated molecular patterns (Lakshmanan et al., 2012; Kobayashi et al., 2013a),
and typical pathogen signaling pathways regulated by coronatine insensitive 1 and jasmonic
acid (Yang et al., 2017). These complex regulations could account for the pleiotropic roles of
AtALMT1-dependent malate secretion in stress tolerance. Further studies are necessary to
clarify the complex regulating mechanisms of AtALMT1, which is associated with various
beneficial phenotypes.

An electrostatics study, which assessed AI**

activity at the plasma membrane (PM) surface
({A**}pm), revealed that the activation of AtALMTI expression and several other Al-biomarker
genes are very sensitive to Al (Kobayashi et al., 2013b). Association of {Al**}pu and Al-
inducible expression of several genes suggested Al-sensing mechanisms of the PM. In contrast,
STOPI1 coregulates Al-inducible expression of AZALMT1 and other Al-tolerance genes, namely
ALUMINUM SENSITIVE 3 (ALS3) and multidrug and toxic compound extrusion (MATE)
(Sawaki et al., 2009), while it does not regulate the expression of the above Al-biomarker genes

(Kobayashi et al., 2013b). These findings suggest a common Al-sensing process that activates

the transcription of several genes but that might be regulated differently by distinct signal
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transducers, which are regulated post-translationally (e.g. protein phosphorylation). In fact,
previous studies identified that Al signaling is blocked by protein kinase inhibitors. For example,
K-252a blocks malate secretion in wheat (Osawa and Matsumoto, 2001) and Arabidopsis
(Kobayashi et al., 2007), while several other inhibitors suppress citrate-transporting MATE in
eucalypts, which is an Al-inducible expression regulated by STOP1-like protein (Sawaki et al.,
2013).

Another factor that controls malate secretion is Al-activation of ALMT1 protein, which

occurs in a quick manner. A wheat study identified that extracellular AI**

might activate
TaALMT]1 by binding to negatively charged amino acids of the ALMT1 domain that localized
at extracellular space (Sasaki et al., 2014). However, Al-activated malate secretion by
AtALMT1 was immediately stopped by removing Al from the incubating solutions; while it
was maintained by the addition of protein phosphatase inhibitor Cyclosporin A (Kobayashi et
al., 2007). Additionally, Ligaba et al. (2009) found that the malate transporter TAIALMT]1 is
affected by mutations at the phosphorylation sites within the protein. Taken all, these results
suggest that the malate transporters directly interact with AI** and its post-translational
mechanisms involve protein phosphorylation that regulates malate transport by ALMTI.

The pharmacological approach, which uses small molecules to rapidly and conditionally
inactivate proteins, is one approach to studying molecular mechanisms (Ellman, 1996;
Thompson and Ellman, 1996; Alaimo et al., 2001). In medical studies, small-molecule
compounds that show nearly target-specific behavior to proteins have been used to study
complex biological processes, which include changes in the signal transduction in cancer and
tumor cells. A similar approach would be useful for studying complex regulatory mechanisms

of such as Al-induced OA secretion. In fact, this approach has been used to identify several

small molecules that affect signal transductions in plants (Brown et al., 2011; Nishimura et al.,
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2014). Recently, a small molecule 3-amino-N-(3-methyl phenyl)thieno[2,3-b]pyridine-2-
carboxamide, screened from a library of 5000 compounds, was found to target the FIT-
dependent transcriptional pathway in Arabidopsis under iron deficiency stress (Kailasam et al.,
2018). In the current study, we used this approach to identify unknown regulators of Al-
inducible malate secretion. We used a library of more than 200 inhibitors, mainly protein kinase
inhibitors that have been used in human pharmacological research for discovering cancer-
related drugs. The library also included inhibitors that suppress early signal transduction in
cancer responses, such as those for signaling lipids. Some of these processes have been
proposed as an early Al-signaling mechanism (e.g. phospholipid signaling; Jones and Kochian,
1995; Jones and Kochian, 1997; Martinez-Estévez et al., 2003), while their relationship to OA

secretion has not been clarified.



2. MATERIALS AND METHODS

Arabidopsis accessions

Arabidopsis thaliana wild-type Col-0 (Columbia) was obtained from the RIKEN
BioResource Center. A transgenic Arabidopsis that overexpressed AtALMTI using the
cauliflower mosaic virus 35S promoter (35S:4tALMT1) was developed by Kobayashi et al.
(2013a) using Col-0 as the host. In this study, the homozygous T3 generation of 35S:AtALMTI
was used to analyze the suppression effects of inhibitors on Al-activated malate transport by
AtALMTI. Transgenic Arabidopsis that STOP1 fused to a GFP gene driven by the AtSTOP1
promoter (ProSTOP1:STOPI-GFP) were obtained from the RIKEN BioResource Center. The
following T-DNA insertion mutants of CIPK3 (cipk3; SALK 064491C), CIPKS8 (cipkS;
SALK 139697C), CIPKII (cipkll; SALK 108074), CIPK26 (cipk26; SALK 005859C),
UBP6 (ubp6; SALK 206973C), and UBP14 (ubpi14; SALK 055277C) were obtained from
Nottingham Arabidopsis Stock Centre (NASC). Homozygosity of these lines was confirmed by
genomic PCR using primers recommended by the SALK database (Table 1) and they were
propagated by the single seed-decent method. We could isolate homozygous lines of CIPK3,
CIPKS8, CIPK11 and CIPK26 as putative targets of AZD7762; UBP6 and UBP14 as putative

targets of WP1130.

Growth conditions

Arabidopsis seedlings were grown hydroponically based on the method described by
Kobayashi et al. (2007) in modified MGRL nutrition solution (Fujiwara et al., 1992). Briefly,
the solution consisted of 2% MGRL nutrients other than CaCl, and/or phosphorous ion (Pi).
The concentration of CaCl, was increased to a final concentration of 200 uM to maintain root

viability. For experiments on malate secretion, Pi was removed to enhance Al toxicity, while

6



sucrose (1% w/v) was added to the in vitro culture solution to grow the seedlings. Sucrose-free
medium was used for growing seedlings used in the transcription assays. The in vitro culture of
the seedlings was conducted in a transparent plastic pot (150 mL solution), and 16 seedlings
were grown separately on a 1-cm? mesh floated on the solution, as described by Hoekenga et
al. (2003), and grown for 4 d. For transcription assays, approximately 100 seedlings were grown
on a mesh supported by a photo-slide mount hydroponic culture (4 meshes per L) as described
by Kobayashi et al. (2007), and the solutions were replaced every 2 d. The pH of all precultured
solutions was adjusted to 5.5 and prepared in a growth room at 25 + 1°C with a photosynthetic
photon flux density of 37 umol/m?/s (12-h day/night cycle). All the seedlings were grown from

surface-sterilized seeds that were kept in the refrigerator at 4°C for 3 d before seeding.

Root growth assay

Wild-type Col-0 were precultured in a transparent plastic pot (150 mL modified MGRL solution
without Pi at pH 5.5) for 4 d as described above. For assessing effect of inhibitors on the root
growth, 4-day-old seedlings were transferred the 2% MGRL nutrients (without Pi at pH 5.0) in
the presence or absence (as control = 100%) of inhibitors (1 uM PIK-75, 1 uM AZD7762, 1
uM WP1130, 1 uM PAO, 25 uM LY294002, 2 uM U73122, and 2 uM U73343, respectively)
for 3 h, then transferred to the 1/2 MS medium (with 1% sucrose and 1% agar at pH 5.5) for
root growth. All experimental operations are carried out in a clean bench. Root elongation was
measured at day 3. Five of the 10 seedlings with the longest roots are used to calculate the

relative root elongation.

Quantification of malate secretion

The roots of precultured seedlings grown on mesh (16 seedlings on 1 cm?) were transferred
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into 2 mL Al-containing solution (pH 5.0, 10 uM Al of in vitro culture solution) in 12-well plate
(1 mesh per well). The 12-well plates were continuously gently shaken using a rotary shaker
(20 rpm, Multi Shaker MMS, Eyela Tokyo Rikakikai Co., Ltd., Japan) for 2 h for evaluating
the effects on Al-activated malate transport by AtALMT]1 or for 24 h to screen the effective
chemicals, after which the malate concentrations in the solutions were quantified using the
NAD/NADH cycling—coupled enzymatic method, as described previously (Kobayashi et al.,
2007). 35S:AtALMTI seedlings were used for the experiments to evaluate the suppressing
effects of the inhibitors on Al-activated malate transport by AtALMTI1. Col-0 was used for

screening the effective chemicals that suppress malate secretion (more detail below).

Chemical profiling of malate secretion and Al-inducible gene expression

Two hundred seventy inhibitors of signal transduction, which were used previously in
human medical research (Table 2), were separately dissolved in dimethyl sulfoxide (DMSO),
then, added to the solutions used for malate secretion and gene expression assays. The most
effective inhibitors were identified in two screening steps as follows: 1) first screening (5 uM
inhibitors) used with Col-0 to examine Al-inducible malate secretion at 24 h; 2) second
screening (1 uM most effective 31 inhibitors from first screening) used with Col-0 to examine
Al-inducible malate secretion at 24 h.

Three of the most effective inhibitors: PIK-75 (human PI3K inhibitor), WP1130 (human
deubiquitinase inhibitor), and AZD7762 (human Chk1/Chk2 inhibitor; Table 3) were selected
for further profiling of the Al-activated malate transport by AtALMT 1 using the 35S:4tALMT1I
transgenic line (malate secretion for 2 h), and the expression of Al-inducible genes consisted of
STOP1-regulated Al-tolerance genes AtALMTI, MATE, and ALS3 (Sawaki et al., 2009) and Al-

biomarker genes A13g28510, At5g05340, and At5g13320 (Kobayashi et al., 2013b) in wild-type.
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DNA isolation, genotyping, RNA isolation, and transcription analyses

For genotyping T-DNA insertion lines, genomic DNA was isolated using the sodium
dodecyl sulfate method, and PCR-based genotyping was conducted on genomic DNA as
described previously (Kobayashi et al., 2007). Total RNA was isolated from Arabidopsis roots
using Sepasol-RNA I Super G (Nacalai Tesque) following the manufacturer’s instructions.
Quantitative real-time RT-PCR was conducted using SYBR premix Ex Taq II (Takara Bio) and
Thermal Cycler Dice Real Time System II (Takara Bio) following the manufacturers’
instructions for using gene-specific primers (Table 1). UBQI (At3g52590) was used as an
internal standard. The standard curve method of the guidelines of Bustin et al. (2009) was used

to calculate all the quantifications.

Confocal microscope analysis

To investigate the effect of inhibitors on intracellular localization of STOPI, transgenic
Arabidopsis (a STOPI promoter::STOP1-GFP reporter construct) were grown in hydroponic
solution as described above (-P, pH 5.5) for 5 days. After five days growing, the seedlings were
transferred to the medium (-P, pH 5.5) containing either 10 uM Al or 10 uM Al and inhibitors
co-treatment for 6 h [Al treatment contained the same concentration of DMSO (0.1%)].
Florescence signal of GFP in the roots of transgenic plants were observed by using LSM-710
leaser-scanning confocal microscope (Carl Zeiss, Tokyo, Japan). GFP signal was excited at 488
nm by Argon laser and fluorescence of 493-536 nm were observed. GFP images and images

merged with bright field were analyzed by software ZEISS.



Prediction of Arabidopsis proteins inhibited by human inhibitors

The targets of the inhibitors in human research were collected from the Selleck.co.jp
database (http://www.selleck.co.jp). Arabidopsis targets with high homologs were predicted by
using UniProtKB (https://www.uniprot.org/uniprot/) and Basic Local Alignment Search Tool
(BLAST) analysis (Table 4). The PI3K/PI4K domain sequence 797—1068 (Accession number:
P42336) in human p110a was used for BLAST against The Arabidopsis Information Resource
(TAIR) database for detecting its Arabidopsis orthologs. In silico docking assay was further
conducted for the most effective inhibitor, PIK-75, with Arabidopsis proteins using
MODELLER (Sali and Blundell, 1993) and AutoDock Vina 1.1.2 (Trott and Olson, 2010)
according to the manufacturers’ instructions. The binding mode of the human PI4KIIIf PIK-93
complex (PDB code: 4DOL) was used as the modeling template (Burke et al., 2014). A grid box
size of 25A x 25A x 25A, centered at coordinates 8.9 (x), 333.3 (), and 7.6 (2) of the PDB
structure, was also used as the parameters for the docking assay. Figures were generated using
UCSF Chimera (Pettersen et al., 2004).

Binding of AZD7762 to its human targets viz. Chk1 and Chk2 were analyzed by docking
in a similar way. This compound was found to interact with several amino acid residues in a
tyrosine kinase catalytic domain within the region 1-257 (identified by Simple Modular
Architecture Research Tool; Accession number: SM000220) in Chkl and 1-267 (SM000219)
in Chk2 (Letunic and Bork, 2017). These domain sequences were used for BLAST against the
TAIR database for orthologous sequences in Arabidopsis. These plant orthologs were also
analyzed by docking with AZD7762 (Table 5). Similarly, binding of WP1130 to its human target
was also analyzed by docking (e.g. USPS5). This compound was found to interact with amino
acid residues in an unknown region 254-497, next to a Ubiquitin carboxyl-terminal hydrolase-

like zinc finger domain (198-253; SM000290). This interacting region sequence was used for

10



BLAST against the TAIR database for Arabidopsis orthologs which were again analyzed for

binding with WP1130 (Table 5).
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3. EXPERIMENTAL RESULTS
3.1 Identification of kinase inhibitors that suppressed Al-inducible malate secretion

Effective inhibitors of Al-responsive malate secretion were identified from 270 kinase
inhibitors (Table 2), which consisted of those previously used in medical science research. Most
of the inhibitors were protein kinase inhibitors but also contained other kinase inhibitors, such
as phosphatidyl inositol kinases. We used Al-responsive malate secretion, which comprises both
transcriptional regulation (e.g., Tokizawa et al., 2015) and malate transport (e.g., Kobayashi et
al., 2007), as an index for evaluating the suppressing effects of the inhibitors.

Thirty-one inhibitors suppressed malate secretion (24 h in10 uM Al, the amount of malate
secretion was less than 80% compared with no-inhibitor control [100%]) at a concentration
adjusted to 5 uM (Fig. 1). The 31 inhibitors comprised different types of proteins and other
kinases. The inhibitors were grouped according to the target protein as follows: 1) protein
tyrosine kinase/receptor (12 inhibitors), 2) serine/threonine-protein kinase/receptor (8
inhibitors), 3) phosphatidylinositol kinase (5 inhibitors), 4) mitogen-activated protein kinases
(3 inhibitors), and 5) others (3 inhibitors) (Table 3). These results indicated that we could
successfully identify different kinases that can regulate Al-inducible malate secretion.

The 2" screening identified three compounds (PIK-75, AZD7762, and WP1130) as the
most effective against Al-inducible malate secretion in Arabidopsis (Fig. 1C). At this step, the
compounds were given at a concentration of 1 uM to reduce the possibility of cytotoxicity. At
this concentration, neither expression of some of the housekeeping genes (e.g. UBQI, SAND,
and ACT2; Fig. 2) nor the root growth of Arabidopsis was affected by the inhibitors (Fig. 3).
These three compounds interfere with different target proteins in human. The compound N-
[(E)-(6-bromoimidazo[1,2-a]pyridin-3-yl)methylideneamino]-N,2-dimethyl-5-

nitrobenzenesulfonamide named PIK-75 is a specific inhibitor of p110a, isoform of PI3K
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(Zheng et al., 2011); however, the compound 3-(carbamoylamino)-5-(3-fluorophenyl)-N-[(3S)-
piperidin-3-yl]thiophene-2-carboxamide named AZD7762 is a potent selective inhibitor of cell
cycle checkpoint kinases (Chkl1, Chk2) that causes cell cycle arrest and allows DNA repair
(Zabludoff et al., 2008). Finally, the compound (E)-3-(6-bromopyridin-2-yl)-2-cyano-N-[(1S)-
I-phenylbutyl]prop-2-enamide named WP1130 1is identified as a partly selective
deubiquitinases (DUBs) inhibitor that inhibits the activity of USP9x, USP5, USP14 and UCH37
(USP: ubiquitin-specific proteases; UCH: ubiquitin COOH-terminal hydrolase) (Kapuria et al.,
2010). On the other hand, putative target proteins of each compound in Arabidopsis were listed
in table 5, that were highly homologous to the chemical-interacting domains in the
corresponding human targets. For instance, AZD7762 was predicted inhibiting CIPKs and/or
CDPKs in Arabidopsis, although its human targets are cell cycle checkpoint kinases. These
three inhibitors were characterized further as to whether each inhibits a different process in Al-

inducible malate secretion.

3.2 Effects of selected inhibitors on AtALMTI expression and malate transport by
AtALMT1

Transcriptional regulation of AtALMT1 is regulated differently in the early (e.g. 3 h) and
late (>12 h) phase of Al treatment in the wild-type (Tokizawa et al., 2015). Furthermore, malate
transport by AtALMT1 can be immediately activated by Al, which was identified by using
transgenic Arabidopsis that constitutively expresses AtALMT] under cauliflower mosaic virus
35S promoter (35S:AtALMTI). The 35S:AtALMTI showed higher malate secretion than the
wild-type only under Al stress but not in absence of Al (Kobayashi et al., 2013c). For this reason,
we used the 35S:4tALMTI for evaluating the process of Al-activated malate transport. We

profile the three selected inhibitors based on the following three regulatory factors: early and
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late phases of Al-inducible expression of AtALMTI in wild-type (transcription at 3 and 24 h),
and Al-activated malate transport using the 35S:4t4ALMT1 (malate secretion after transferring
to Al-containing medium from Al-free medium for 2 h; Fig. 1).

To evaluate the suppressing effect of selected inhibitors on malate transport, four-day-old
transgenic plants 35S:4tALMT1 were exposed to either 10 uM AICI3 (as control=100 %) or 10
uM AICIz and inhibitor co-treatment medium for a short time (e.g. 2 h). Malate secretion was
significantly inhibited by inhibitors PIK-75 and WP1130 (63% and 55%, respectively), while
AZD7762 did not show any significantly inhibitory effect on Al-activated malate transport (Fig.
4). This result indicated that both PIK-75 and WP1130 inhibited the process of Al-activated
malate transport by AtALMT1.

On the other hand, to determine effect of selected inhibitors on AtALMTI expression, wild-
type Col-0 were incubated in the Al-containing medium in the presence or absence (control =
100%) of inhibitor for 3 h/24 h. We found that AtALMT1 expression after 24 h in the solution
containing Al was inhibited dramatically by PIK-75 (28% = inhibitor treatment to that of no-
inhibitor control) and AZD7762 (28%) (Fig. 5), while the inhibitory effects were different
during the early phases (3 h in Al solution). PIK-75, but not AZD7726, inhibited AtALMT]I
expression at 3 h (Fig. 5). These results indicated that PIK-75 inhibits the common and essential
processes that regulate early Al-inducible AtALMTI expression and malate transport by
AtALMT1, while AZD7726 inhibits Al-inducible 4tALMT1 expression only in the late phase
of treatment and WP1130 blocks Al-activated malate transport rather than AtALMTI

transcription.

3.3 Effect of PIK-75, AZD7762, and WP1130 on transcription of other Al-inducible genes

Expression of AtALMTI and other Al-tolerant genes, such as ALS3 and MATE, are
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coregulated by STOP1 zinc finger transcription factor (Sawaki et al., 2009). However, several
other genes (e.g. At3g28510, At5205340, and At5g13320) are induced by 1 uM Al at pH 5.5 in
the early phase of treatment, but not regulated by STOP1; thereafter, these genes can be used
as Al-biomarker genes that can determine AI’" contact with the surface of the PM (Kobayashi
et al., 2013b). The suppression effects of the inhibitors were profiled by comparing them on the
expression of these genes.

PIK-75 inhibited Al-inducible expression of STOP1-regulated genes in the early phase of
treatment (3 h), while other inhibitors did not affect (Fig. 6). In the late phase (24 h), PIK-75
inhibited 4LS3 expression, while AZD7762 inhibited MATE (Fig. 6). However, the expression
of AtSTOP1 was not affected by these inhibitors (Fig. 7). These results indicate that PIK-75
inhibits the early Al-activated process of STOP1-regulated genes without inhibiting AtSTOP1
transcription, while AZD7762 inhibits the expression of AtALMT] and MATE in the late phase
only.

The suppressing effects of the inhibitors were characterized further based on the expression
of Al-biomarker genes, which are highly sensitive to Al but not regulated by STOP1 (Kobayashi
et al., 2013Db). In this study, we also found that expression of these Al-biomarker genes was not
suppressed by Al in the stop! mutant, compared with that in the wild-type (Fig. 8). It indicates
that the transcriptional regulation of these Al-biomarker genes belongs to the STOPI-
independent pathway. We observed that PIK-75, but not AZD7762, inhibited the expression of
all the Al-biomarker genes in the early phase of treatment (3 h; Fig. 9). WP1130 suppressed the
transcription of some of the Al-biomarker genes, even though it did not affect the expression of
STOPI1-regulated Al-tolerance genes (Fig. 5, 6, and 9). These results indicate that each

compound, which inhibits different target proteins, differently affects Al-inducible processes.
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3.4 Effects of inhibitors PIK-75 and AZD7762 on transcription of CAMTA2 and WRKY46

As described, both PIK-75 and AZD7762 inhibited Al-induced AtALMT1 expression in the
late phase of treatment (24 h; Fig. 5). Our previous study has indicated that transcription factors
CAMTA2 (activator of AtALMTI) and WRKY46 (repressor; Ding et al., 2013) regulate Al-
inducible AtALMT] expression in the late phase of treatment (Tokizawa et al., 2015). We further
profiled effect of PIK-75 and AZD7762 on expression of CAMTA2 and WRKY46 in wild-type
for 24 h.

We found that AZD7762 dramatically upregulated expression of WRKY46, while slightly
suppressed expression of CAMTA2 (Fig. 10). This result reveals that the suppressing effect of
AZD7762 on the late phase of AtALMTI expression primarily involves WRKY46-mediated
pathway. On the other hand, PIK-75 significantly suppressed transcription levels of CAMTA2,
as well as upregulated WRKY46 after 24 h treatment (Fig. 10), suggesting that PIK-75 inhibited
the late phases of AtALMT1 expression involved in the transcription factors of both CAMTA2

and WRKY46.

3.5 Prediction of putative Arabidopsis proteins of the inhibitors PIK-75, AZD7762, and
WP1130

According to the homology search, putative Arabidopsis proteins of PIK-75, AZD7762,
WP1130 were predicted as PI3K/PI4Ks, CIPKs/CDPKs, and UBPs, respectively, with similar
docking scores (Table 5). Furthermore, in silico binding assay with the most effective inhibitor
PIK-75 also found that the orthologs PI3K/PI4Ks in Arabidopsis can bind with PIK-75 at the
interacting domains (Fig. 11). Similarly, the Arabidopsis proteins CIPK3, CIPKS, CIPKI1,
CIPK26 and so on, were predicted as candidates of AZD7762; UBP6, UBP14 and so on, were

predicted as candidates of WP1130; PI3K, PI4K[B2, PI4KfB1, PI4Ko2, and PI4Kal were
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predicted as candidates of PIK-75 (Table 5).

3.6 Characterization of Al-inducible malate secretion and AtALMTI expression in the
roots of UBP and CIPK T-DNA insertion mutants

To validate the role of UBP and CIPK in the regulation of Al-inducible malate secretion
as suggested by our pharmacological assays, we analyzed AtALMTI expression and malate
release in the available T-DNA insertion mutants of CIPKs and UBPs, respectively. Since
WP1130 suppressed malate secretion in 35S:4tALMTI rather than Al-inducible AtALMT]I
expression in wild-type (Fig. 4 and 5), we analyzed the malate secretion in the T-DNA insertion
mutants of UBP. However, we could not find a significant reduction of malate secretion in these
mutants, which may be attributed to genetic redundancy (Fig. 12; Liu et al., 2008). On the other
hand, even though AZD7762 significantly inhibited the late-phase Al-inducible AtALMTI
expression, we failed to detect significant suppression of AtALMT1 expression in the single T-
DNA insertion mutants of some of the putative targets of AZD762 such as CIPK3, CIPKS,

CIPK11 and CIPK26, which may be due to genetic redundancy (Fig. 12).
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4. DISCUSSION

Al-inducible malate secretion in Arabidopsis is controlled by both AtALMTI expression
and malate transport by AtALMT1 (Hoekenga et al., 2006; Kobayashi et al., 2007; Ligaba et
al., 2009). We identified the different regulatory mechanisms of each process using a
pharmacological approach with a library of various types of compounds, which affect different
signaling pathways in human cells (Table 3). In addition, we employed lower concentrations of
these chemicals at the 2" screening, by which we could minimize their cytotoxic effects. Under
these concentrations, expression of some of the housekeeping genes and the root growth were
not affected by the inhibitors (Fig. 2 and 3). But we might exclude effective compounds that
block Al-inducible malate secretion if their uptake or biological activity reduced at low
concentration. Despite such limitations, we succeeded to identify three inhibitors (PIK-75,
AZD7762, and WP1130) that suppressed Al-inducible malate secretion differently as follows:
1) AZD7762 affected Al-induced AtALMTI expression in the late phase of treatment, 2)
WP1130 inactivated malate transport activity, and 3) PIK-75 inhibited both malate transport
activity and AtALMT]1 expression (Fig. 4 and 5).

AZD7762 is identified as a potent selective inhibitor of cell cycle checkpoint kinases
(Chk1 and Chk2; Table 3), which belongs to the damaged DNA repairing pathway (DDR
pathway). However, putative target proteins of AZD7762 are CIPKs and CDPKs in Arabidopsis
as predicted by a homology search against the interacting domain of the Chk1/Chk2 in humans
(Table 4), even though inhibition of the DDR pathway maintains root growth (e.g. inhibits the
active process for stopping root growth by sensing DNA damage in Al treatment) (Eekhout et
al.,2017). CBL1 is already known to be involved in upregulating AtALMT1 (Ligaba-Osena et
al., 2017). Additionally, CDPKs might also regulate AtALMTI expression, because AZD7762

bind in silico to both CIPKs and CDPKs with similar affinity (Table 4) and CDPKs reportedly
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enhance a group of specific WRKY transcription factors (Gao et al., 2013, 2014). Our results
strongly suggest that AZD7762 inhibited the late phase of AtALMTI expression primarily
through the WRKY46-mediated pathway, but may also include CAMTA2, because AZD7762
significantly upregulated expression of WRKY46 while CAMTAZ2 was slightly suppressed (Fig.
10). However, we failed to detect significant suppression of 4tALMT1 expression in the single
T-DNA insertion mutants of some of the putative targets of AZD762 such as CIPK3, CIPKS,
CIPK11 and CIPK26, which may be due to genetic redundancy (Fig. 12).

On the other hand, we found that WP1130 suppressed malate secretion in 35S:4tALMT1
rather than Al-inducible AtALMT1 expression in wild-type (Fig. 4 and 5). This indicates that
WP1130 blocks the process of Al-activated malate transport by AtALMT]1 rather than
expression of AtALMTI. In fact, the small-molecule WP1130 can inhibit deubiquitinases such
as ubiquitin-specific proteases (UBPs), as predicted by a homology search against the
interacting domain of the USPs in humans (Table 4). In plants, UBPs reportedly participate in
signal transduction under Pi-starvation (Li et al., 2010) and biotic stress (Ewan et al., 2011).
These stimuli are also known to activate ALMT1-dependent malate secretion (Rudrappa et al.,
2008; Kobayashi et al., 2013a; Balzergue et al., 2017). However, we could not find a significant
reduction of malate secretion in the T-DNA insertion mutants of UBP which may be attributed
to genetic redundancy (Fig. 12; Liu et al., 2008). Although the molecular mechanisms of
deubiquitinases regulating malate transport are still unclear, our findings suggest a possible role
of UBPs in Al-activated malate transport by AtALMT]1.

Clear inhibitory effects of PIK-75 occurred during the early phase of Al treatment, which
inhibited both Al-inducible expression of AtALMTI and Al-activated malate transport by
AtALMT]1 (Fig. 4 and 5). Furthermore, homology search and in silico binding assay identified

that it can inhibit both PI3K and PI4Ks in Arabidopsis (Table 4, Fig. 11). These findings suggest
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that phosphatidylinositol (PtdIns) metabolism could play important roles in the early Al-
inducible malate secretion, including activation of both AtALMTI expression and malate
transporter activity. However, there is a dearth of information about PtdIns-signals in plants
under Al stress. Jones and Kochian (1995; 1997) previously reported that PtdIns metabolism
pathway may involve in early Al signaling; however, its relationship to Al-inducible malate
secretion has not been clarified. Further characterization of the PtdIns inhibitors on would be
useful for profiling of PtdIns metabolisms interfere with Al-inducible malate secretion.
Overall, these inhibitors exhibited differently inhibitory effect on the complex regulation
of Al-responsive AtALMTI signaling pathway in Arabidopsis thaliana. Firstly, targets of
inhibitor PIK-75 belong to the up-stream of Al-responsive AtALMT1 signaling pathway:
releasing multiple signals to down-stream responses, including early activation of malate
transport activity and Al-inducible AtALMT] expression. Secondly, inhibitor AZD7762 blocked
Al-induced AtALMTI expression in the late phase through activating WRKY46 expression.
Finally, inhibitor WP1130 decreased malate release mainly dependents on inactivation of
malate transporter ALMT1. As WP1130 displayed inhibitory effect on expression of some of
Al-biomarkers, suggests that its targets also involve in the other early Al-responsive signals
transduction pathway. Besides, we also found that PIK-75, but not AZD7762, inhibited the early
activated process of STOPI1-regulated genes (e.g. AtALMTI, ALS3, and MATE) without
inhibiting STOP! transcription. This suggests that PIK-75 block the process of STOP1
accumulation to nucleus, that was further confirmed by the confocal microscope analysis that
PIK-75 greatly blocked intracellular localization of STOP1 into nucleus, while AZD7762
exhibited similar GFP signals with Al treatment (Fig. 13). Taken all, our findings herein firstly
discovered that there may be a common mechanism in Al-induced AtALMTI expression and

AtALMT] transport protein activity.
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Table 1. Sequence information of PCR primers for quantitative RT-PCR, genomic PCR, and cloning

Sequence (5'to 3")

PCR category 3 .
Forward primer sequence Reverse primer sequence
AtALMTI(At1g08430) TCTTCATGTTTTTCATGGTTTGAGTT CACAGTTTTACATGACGTTGATAATGAT
ALS3 (At2g37330) TATCGATCCTTGCCGGGACTTCA GCTTGTCTTGGCGTTGCTCCTA
AtMATE (At1g51340) CCTTAGCGTTTGTGTTCGATGGAG ACCATGAGTCGATGAGAGGAAGAG
At3g28510 AATACGTCCCTGCCCATTTC TCGTAGGCTTGGCTTCTCTTC
At5g13320 TGCCCTAACAACACCGAAAG GAACCCGTCCTCACAACCTC
Real-time At5g05340 CTCTTCAACGGCGGCTCTAC CAAACCTTGCGGATTTCACC
RT-PCR CAMTA?2 (At5g64220) CACCCAGTGGTTCACTCTTTCTC TGCCCGTCTTTTCGGAAATA
WRKY46 (At2g46400) ACATCACATCCCCGAAGACG ACTTCTTCGGACTTGGTCGG
AtSTOPI (At1g34370) TTTCCGCGACTGATGTTTGAT ACAGGCATTCGCAATAAGCAT
NtMATE CAGCATTGTGTTCTTGCTCATTC TGGTTTCGGGAGGATAGGC
NtActin AACCCCAAGGCCAATAGAGAA GAGACACCATCACCAGAATCCA

UBQ1I (At3g52590)
PI4Kol (At1g49340)
PI4Ko2 (At1g51040)
PI4KpB1 (At5g64070)
PI4KB2 (At5g09350)
Genomic CIPK3 (At2g26980)
PCR CIPKS (At4g24400)
CIPK11 (At2g30360)
CIPK26 (At5g21326)
UBP6 (At1g51710)
UBP14 (At3g20630)

TCGTAAGTACAATCAGGATAAGATG
CGATTCGAGAGTGCTCATTTC
ATCACCAGGGTGAGTCTGTTG

AGGACGTAACCAGAGGGGTAG
ATGAACGAAATTGGGTTCTCC
TACTGGTTGTTGTTGTTGCAGG

TCGTGGATCGTAGCACA

CAATCCCGACGAGTAAGAAATC
AGCATAAGATGGCTGAACAGG
AGGAGGAGTTTACGGCAGAAG
GAGTATTGTTATCCCGCGATTC
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CACTGAAACAAGAAAAACAAACCCT
AACAATATTGCGATGGACAGC
TCAATAATACCCTTCCCGGAC
CGTTGTGACCCGTCATTAATC
AAACCTCCTTATCTTCCGCTG
TAGTGATGAGTTTCATGGCACC
ACCCCACAGGACCAAA
TATCTTTTTAAAAGCTTCCGCG
CAGGAGCAGCATAGTTTGGAG
CTTGGCAACACGTGTTACATG
GCTTTACCGGAGTATCGAAGG



AAAAAGCAGGCTGATTTCACTCTTCCTCAAATGAAA AGAAAGCTGGGTAGCAGTATGGTGGTCCT

Cloni PI3K (At1 260490
onmng (At1gh0490) \ \ Gee GTAG
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Table 2. List of inhibitors used for characterizing signal transduction pathway of Al-inducible malate secretion of Arabidopsis thaliana.

1 2 3 4 5 6 7 8 9 10 11 12
L BMS- . . . Pelitinib .
Dovitinib Erlotinib Gefitinib Neratinib | PD153035 Vandetanib
599626 (EKB- i WZ3146 WZ4002 | WZ8040 IMD 0354
(TKI-258) HCl (Iressa) (HKI-272) HCl (Zactima)
(AC480) 569)
. . Cediranib Imatinib .
Tivozanib o BIBF1120 BMS ) Y-27632 PHA- Imatinib
Axitinib Piceatannol | (AZD2171 CYCl116 (Gleevec WHI-P154
(AV-951) (Vargatef) 794833 ) 2HCI 665752 ) Mesylate
o Motesanib | Amuvatini ) . Sunitinib
) Masitinib MGCD- ) Pazopanib Sorafenib TG
Ki8751 KRN 633 Diphosphat b (MP- OSI-930 Malate TSU-68
(AB1010) 265 HCI (Nexavar) 100713
e 470) (Sutent)
Vatalanib Foretinib . o . o .
) Danusertib Saracatinib o Dasatinib Nilotinib Quercetin NVP- o
dihydrochlo | (GSK1363 Bosutinib . Quizartinib .
. (PHA- AT9283 (AZD0530 (BMS- (AMN- (Sophoretin | ADW74 Torin 2
ride 089, (SKI-606) (AC220)
739358) ) 354825) 107) ) 2
(PTK787) XL880)
. o CI-1033 Regorafeni Crizotinib | Brivanib
Ponatinib Tandutinib o INIJ- PF- NVP-
KW 2449 (Canertini | CP-724714 b (BAY (PF- (BMS- SGX-523
(AP24534) | (MLN518) 38877605 | 04217903 TAE226
b) 73-4506) 02341066) | 540215)
XL-184 ) )
TAE684 Rigoserti
R406 (free free base GSK46136 ) )
SU11274 (NVP- SB 525334 R406 . BI 2536 HMN-214 b (ON- AT7519 Tideglusib
base) (Cabozanti 4
TAE684) ) 01910)
nib)

23




PD Roscovitin )
o SNS-032 Barasertib
Linsitinib BS-181 0332991 PHA- e Aurora A CCT129 ENMD-
o L (BMS- AZD7762 . (AZD1152- TPCA-1
(OSI-906) HCl (Palbociclib 793887 (Seliciclib, Inhibitor I 202 2076
387032) HQPA)
) HCl CYC202)
VX-680 Desmethyl
AZD6244 o
. MLN8237 | GSK19045 PHA- (MK-0457, ZM- .. | AZDS833 Erlotinib
Hesperadin o SNS-314 . AS703026 | (Selumetini BIX 02188
(Alisertib) 29A 680632 Tozasertib 447439 b) 0 (CP-
) 473420)
CI-1040 BIRB 796
BMS PD032590 U0126- LY222882 i SB .
BIX 02189 (PD184352 | PD318088 PD98059 (Doramapi SB 203580 Torin 1
777607 1 EtOH 0 202190
) mod)
Dovitinib
Dilactic o
. Dinaciclib
acid OSU- GSK69069 AS- SAR13167
MLNS8054 VX-702 GDC-0879 PLX-4720 | (SCH7279 | SP600125 GDC-0941
(TKI258 03012 65) 3 605240 5
Dilactic
acid)
TG100- ZSTK47 Semaxanib
IC-87114 | LY294002 PIK-293 PIK-90 PIK-93 TGX-221 XL147 XL765 AZDB8055
115 4 (SU5416)
. ' Triciribine .
Deforolimu Rapamyci o Brivanib L
. Lo (Triciribin PIK-75 . Baricitinib
S Everolimus KU- n Temsirolim alaninate o
) ) o . WYE-354 e Hydrochlor Indirubin | SB 216763 | (LY300910
(Ridaforoli | (RADO001) 0063794 (Sirolimus | us (Torisel) . (BMS-
phosphate ide 4)
mus) ) ) 582664)
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Enzastauri

MK-2206 E7080 .
) o YM20163 PD1730 n Golvatinib
KU-55933 | KU-60019 | dihydrochlo | (Lenvatini AT7867 INK 128 AG-1024 | LY2784544
. 6 74 (LY31761 (E7050)
ride b)
5)
Vemurafeni Linifanib AEE788 Afatinib Lapatinib BEZ235 Tyrphostin
. INJ- GSK10596
b BX-795 SB 431542 (ABT- (NVP- (BIBW299 | Ditosylate 1706621 BX-912 (NVP- s AG 879
(PLX4032) 869) AEE788) 2) (Tykerb) BEZ235) (AG 879)
Tofacitinib ) DCC-
. Crenolanib
citrate (CP- GSK 18387 NVP- PCI-32765 PF- 2036 LDN19318
PI-103 AG-490 (CP- KX2-391 o i BYL719
690550 868596) 05A BSK805 (Ibrutinib) | 00562271 (Rebasti 9
citrate) nib)
R935788 o .
OSI-420 . Mubritinib Apatinib
Raf265 NVP- (Fostamati CAL-101
AZDg931 o (Desmethy i AZ 960 (TAK PP242 Cyt387 (YN968 GDC-0068
derivative BHG712 . nib (GS-1101)
1 Erlotinib) o 165) DI1)
disodium)
. Phenformi .
Telatinib BI16727 BKM120 cx-4945 AZD543 Dabrafenib
n
PIK-294 AMG-208 | (BAY 57- | (Volaserti WP1130 (NVP- (Silmitase hvdrochl TAK-733 g PP-121 (GSK2118
rochlor
9352) b) BKM120) rtib) Y 4 436)
ide
PF- NU7441
LY260361 CCT12893 GSK2126 WYE- A- AS-
OSI-027 05212384 A66 (KU- WYE-687 CEP33779
8 (IC-83) 0 458 125132 674563 252424
(PKI-587) 57788)
GSK11202 | Flavopirid .
Ruxolitinib
12 ol GDC-0980 M
. AS-604850 | WAY-600 | TG101209 A-769662 | TAK-901 AMG 900 (INCB018 | AZD4547
(Trametinib | hydrochlor (RG7422) 336372 124)
) ide
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Tofacitinib

BGJ398 CP-
PF- Staurospori | Thiazovivi Tie2 kinase | Sotrastaurin | BMS- (
PH-797804 WP1066 | CP 673451 | PHT-427 L (NVP- 690550,
04691502 ne n inhibitor (AEBO71) 265246 L
BGJ398) | Tasocitinib
)
Dacomitini
. R788 b AG-1478
Palomid . PF- . SB INCB2806
AST-1306 | SB590885 (Fostamati | CAY10505 | CHIR-124 (PF299804 | (Tyrphostin TAK-285
529 . 03814735 415286 0
nib) ,PF- AG-1478)
00299804)
TG101348
GSK10709 PHA- CCT13769 CHIR- NVP- PHA-
(SAR30250 | PKI-402 AZD2014 | AMG458 Arry-380 MK-2461
3 16 767491 0 98014 BGT226 848125
. 3-
MK-5108 | ARRY334 | Wortmanni NVP- CH542480
Methylade
(VX-689) 543 n BVU972 2

nine
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Table 3. Target proteins of 31 inhibitors in Homo sapiens (human), which were most effective to inhibit malate secretion from the roots of Arabidopsis in

Al medium.
Inhibitor Target in human Description
PIK-75 Hydrochloride pl10a PI3K
BMS 794833 VEGFR protein tyrosine kinase (receptor)
GDC-0879 B-Raf serine/threonine-specific protein kinase
AZD7762 Chk1, Chk2 serine/threonine-specific protein kinase
Linifanib (ABT-869) VEGFR/PDGFR protein tyrosine kinase (receptor)
TAK-285 HER2 and EGFR(HER1) protein tyrosine kinase (receptor)
CI-1033 (Canertinib) EGFR and ErbB2 (HER?2) protein tyrosine kinase (receptor)
PIK-90 PI3Ka/y/6 PI3K
Neratinib (HKI-272) HER2 and EGFR protein tyrosine kinase (receptor)
WP1130 USP9x, USP5, USP14 and UCH37 deubiquitinase
SB 431542 ALKS5 serine/threonine kinase (receptor)
E7080 (Lenvatinib) VEGFR2(KDR)/VEGFR3(Flt-4) protein tyrosine kinase (receptor)
GSK1904529A IGF-1R/IR protein tyrosine kinase (receptor)
BX-795 PDK1 phosphoinositide-dependent kinase-1
KU-60019 ATM serine/threonine kinase
CP-724714 HER2/ErbB2 protein tyrosine kinase (receptor)
PHA-680632 Aurora Kinase A/B/C serine/threonine-protein kinases
PIK-293 PI3KS PI3K
AT7867 Akt1/2/3 and p70S6K/PKA serine/threonine kinase
TAK-901 Aurora Kinase A/B serine/threonine-protein kinases
CI-1040 (PD184352) MEK1/2 mitogen-activated protein kinase kinase
Phenformin hydrochloride AMPK (activator) 5" adenosine monophosphate-activated protein kinase
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PD318088 MEK1/2 mitogen-activated protein kinase kinase

GSK 690693 Akt1/2/3 serine/threonine kinase
Cyt387 JAKI1/JAK2 protein tyrosine kinase
AEE788 (NVP-AEE788) EGFR and HER2/ErbB2 protein tyrosine kinase (receptor)
R406 Syk tyrosine-protein kinase
3-Methyladenine Vps34 and PI3Ky PI3K
PIK-93 PI3Ka PI3K
Mubritinib (TAK 165) HER2/ErbB2 protein tyrosine kinase (receptor)
PD0325901 MEK mitogen-activated protein kinase kinase

*Pre-grown Arabidopsis roots were exposed to Al containing medium (10 uM Al at pH 5.0) for 24 hours in the presence of inhibitors (5 uM). The
inhibitors showed most effectively inhibited malate secretion are listed with the target proteins in human as well as their descriptions.
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Table 4. Arabidopsis proteins that have high homology to human target proteins of PIK-75, WP1130, and AZD7762.

o E value in homology . Docking Score
Inhibitor AGI code Gene Name % ldentity
search (kcal/mol)

AT1G49340 phosphatidylinositol 4-kinase alphal 4.00E-36 34% -8.5

AT1G60490 phosphatidylinositol 3-kinase 4.13E-36 34% -8.3

PIK-75 AT1G51040 phosphatidylinositol 4-kinase alpha 2 1.40E-31 34% -8.6

AT5G09350 phosphatidylinositol 4-kinase beta2 7.81E-28 32% -9.7

AT5G64070 phosphatidylinositol 4-kinase beta 1 1.52E-27 31% 9.1

AT3G20630 ubiquitin-specific protease 14 8.00E-63 43% -5.5

AT2G22310 ubiquitin-specific protease 4 1.00E-07 24% -7.8

WP1130 AT2G40930 ubiquitin-specific protease 5 3.00E-07 35% -5.3

AT1G51710 ubiquitin-specific protease 6 8.00E-07 32% -6.9

AT4G39910 ubiquitin-specific protease 3 1.00E-06 25% -7.4

AT5G21326 CBL-interacting protein kinase 26 5.00E-51 40% -8.1

AT4G24400 CBL-interacting protein kinase 8 5.00E-50 41% -8.7

AT2G26980 CBL-interacting protein kinase 3 1.00E-49 40% -8.7

AZD7762 AT2G30360 CBL-interacting protein kinase 11 5.00E-47 39% -8.7

AT5G21222 protein kinase family protein 1.00E-46 39% -8.1

AT4G04720 calcium-dependent protein kinase 21 1.00E-40 39% -8.4

AT1G50700 calcium-dependent protein kinase 33 2.00E-40 39% -8.1

29



*AGI code, gene name, E value and % Identity were obtained from BLASTP using functional domains of human target proteins (PIK-75, PI3K/PI4K
domain 797-1068 (Accession number: P42336) in human p110a; WP1130, unknown domain 254-497 in human USP5 which next to the Znf UBP
domain 198-253 (Accession number: SM000290); AZD7762, tyrosine kinase catalytic domain 1-257 (SM000220) in human Chk1 and 1-267 (SM000219)

in human Chk2).
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Figure 1. Schematic representation of chemical screening of effective inhibitors in Al-
inducible malate secretion in Arabidopsis. Roots of the 4-day-old seedlings of wild-type Col-
0 were exposed to Al-containing solution (10 pM AICl; at pH 5.0) in the presence or absence
(as control = 100%) of inhibitors for 24 h. (A) Distribution of malate secretion in the roots of
wild-type under cotreatment with Al and inhibitors (5 uM). (B) Thirty-one inhibitors that
suppressed malate secretion more than 20% were selected from the first screening shown in the
panel A. The 31 inhibitors comprised different types of protein- and other-kinases, and other
signal transducers. (C) Malate secretion in the roots of wild-type under cotreatment with Al and
most effective inhibitors (I uM) that were consisted of PIK-75, AZD7762, and WP1130.
Relative malate secretion (%, inhibitor/no inhibitor) compared with that of no-inhibitor control
is shown. These inhibitors were characterized further as to whether each inhibits a different

process in Al-responsive malate secretion.
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Figure 2. RT-PCR analysis of UBQI (At3g52590), SAND (A12g28390), and ACT2
(A£3g18780) transcripts in wild-type under stress conditions. Roots of the 10-day-old
seedlings of wild-type Col-0 were exposed to Al containing solutions (10 uM AICl3 at pH 5.0)
in the presence or absence (as control) of inhibitors (I uM PIK-75, 1 uM AZD7762, 1 uM
WP1130, 1 uM PAO, 25 uM LY294002, 2 uM U73122, and 2 uM U73343, respectively) for 3
h. RT-PCR analysis wuses the primers specific for UBQI (Forward:
TCGTAAGTACAATCAGGATAAGATG; Reverse:
CACTGAAACAAGAAAAACAAACCCT), SAND (Forward:
GGGACCCCACAAGACTCAATA; Reverse: CATCTTTTACCCTTTGGCACAC) and ACT?2

(Forward: GGCAAGTCATCACGATTGG; Reverse: CAGCTTCCATTCCCACAAAC).
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Figure 3. Effects of the inhibitors on the root growth of wild-type Arabidopsis. Seedlings
were precultured in a transparent plastic pot (150 mL modified MGRL solution without Pi at
pH 5.5) for 4 d as described in the materials and methods. For assessing effect of inhibitors on
the root growth, 4-day-old seedlings were transferred the 2% MGRL nutrients (without Pi at
pH 5.0) in the presence or absence (as control = 100%) of inhibitors (1 uM PIK-75, 1 uM
AZD7762, 1 uM WP1130, 1 uM PAO, 25 uM LY294002, 2 uM U73122, and 2 uM U73343,
respectively) for 3 h, then transferred to the 1/2 MS medium (with 1% sucrose and 1% agar at
pH 5.5) for root growth. All experimental operations are carried out in a clean bench. Root
elongation was measured at day 3. Five of the 10 seedlings with the longest roots are used to

calculate the relative root elongation. Values are means = SD (n = 5).
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Figure 4. Al-activated malate secretion in the roots of transgenic plants 35S:AtALMTI.
Four-day-old seedlings (in vitro culture) of 35S:4tALMTI were transferred to Al-containing
solutions (10 uM AICI3 at pH 5.0) in the presence or absence (as control = 100%) of 1 uM
inhibitors for 2 h. The means of relative malate secretion (%, inhibitor/no inhibitor) = SD values

of the three replicates are shown. Asterisks in each treatment represent significant differences

compared with control conditions (no inhibitor = 100%) (LSD test; *, P < 0.05).
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Figure 5. Al-inducible At4LMT]1 expression in the roots of wild-type. Roots of the 10-day-
old seedlings of wild-type were exposed to Al-containing solutions (10 uM AICI3 at pH 5.0) in
the presence or absence (as control = 100%) of 1 uM inhibitors. AtALMTI expression at 3 and
24 h were quantified by quantitative real-time reverse transcription-polymerase chain reaction
(RT-PCR) using UBQI as an internal control. The means of relative expression levels (%,
inhibitor/no inhibitor) £ SD values with three replicates are shown. Asterisks in each treatment
represent significant differences compared with control conditions (no inhibitor = 100%) (LSD

test; *, P <0.05).
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Figure 6. Effect of inhibitors (PIK-75, AZD7762 and WP1130) on the expression of
STOP1-regulated genes in the roots of wild-type. The roots of 10-day-old precultured
seedlings in the Al-free solution were exposed to Al (10 uM AIClI; at pH 5.0) in the presence or
absence of inhibitors (1 uM). Conditions of treatment were identical to those described in Fig.
5. Effects on the expression of STOPI1-regulated genes, seedlings were incubated in Al-
containing solutions for 3 h and 24 h, respectively. The means of relative Al-inducible
expression (%, inhibitor/no inhibitor) = SD values of the three replicates are shown. Asterisks
in each treatment represent significant differences from those under control conditions (no

inhibitor = 100%) (LSD test; *, P < 0.05).
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Expression level (AtSTOP1/UBQ1)

Figure 7. Effect of inhibitors on expression of AtSTOPI in wild-type. The roots of 10-day-
old precultured seedlings in the Al-free solutions were exposed to Al containing medium (10
uM AICI3 at pH 5.0) in the presence or absence of inhibitors for 3 h, using -Al as a control.
Expression level of AtSTOP1 was quantified by quantitative real-time RT-PCR using UBQ! as
an internal control. The means of expression level (4tSTOP1/UBQI) £ SD values with three

replicates are shown. Asterisks in each treatment represent significant differences compared

with Al treatment (LSD test; *, P < 0.05).
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Figure 8. Expression of Al-biomarker genes in the roots of wild-type and stopl mutant.

The roots of 10-day-old precultured seedlings in the Al-free solutions were exposed to Al

containing medium (10 uM AICl3 at pH 5.0) for 3 h. Al-inducible expression of Al-biomarker

genes were quantified by quantitative real-time RT-PCR using UBQ1 as an internal control. The

means of expression levels (genes/UBQI) = SD values with three replicates are shown.

Asterisks in each treatment represent significant differences compared with wild-type Col-0

(LSD test; *, P <0.05).
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Figure 9. Effect of inhibitors (PIK-75, AZD7762 and WP1130) on the expression of Al-
biomarker genes in the roots of wild-type. The roots of 10-day-old precultured seedlings in
the Al-free solution were exposed to Al (10 uM AICl; at pH 5.0) in the presence or absence of
inhibitors (1 uM). Conditions of treatment were identical to those described in Fig. 5. Effects
on the expression of Al-biomarker genes, seedlings were incubated in inhibitors-containing
solution for 3 h. The means of relative Al-inducible expression (%, inhibitor/no inhibitor) = SD
values of the three replicates are shown. Asterisks in each treatment represent significant

differences from those under control conditions (no inhibitor = 100%) (LSD test; *, P < 0.05).
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Figure 10. Effects of inhibitors PIK-75 and AZD7762 on expression of CAMTA2 and

WRKY46 in wild-type. Roots of the 10-day-old seedlings of wild-type Col-0 were exposed to
Al containing solutions (10 uM AICI3 at pH 5.0) in the presence or absence (as control = 1) of
1 uM inhibitor for 24 h. The effects of inhibitor on expression levels of CAMTA2 (AtALMTI
activator) (A) and WRKY46 (AtALMTI repressor) (B) in wild-type were quantified by
quantitative real-time RT-PCR using UBQ! as an internal control. The asterisks in each
treatment represent significant differences compared with no-inhibitor (as control = 1) (LSD

test; *, P <0.05). The mean = SD values of the three replicates are shown.
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Figure 11. Characterization of PIK-75 interacts with Arabidopsis PI3K and PI4Ks by in
silico docking assay. To obtain information of the structural basis of the observed activity of
PIK-75 against Arabidopsis proteins, we performed molecular docking using a validated
molecular dock program. Structural models of the individual PIKs were built with MODELLER
(Sali and Blundell, 1993) based on the sequence alignment between PIKs and the template
structure human PI4KIIIf PIK-93 complex (PDB code: 4DOL) (Burke ef al., 2014). PIK-75
was docked with the functional domain of each protein using each modeled structure and
AutoDock Vina 1.1.2 (Trott and Olson, 2010). (A) Top-scored binding modes of PIK-75 with
the functional domain of each protein. Docking scores of PIK-75 with each homologous protein

were shown in the brackets (kcal/mol). (B) Interactions of each homologous protein with PIK-
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75. The possible amino acids residues (e.g. ALA represents Alanine, ARG represents Arginine
and so on) that interact with PIK-75 are shown. PIK-75 is shown in ball-and-stick representation.
Green dotted lines represent putative hydrogen bonds. Other dotted lines represent putative
hydrophobic interactions, such as n-m, m-alkyl (magenta) and m-cation or anion interactions

(orange). The figures were generated using UCSF Chimera (Pettersen et al., 2004).
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Figure 12. Malate secretion in the roots of T-DNA insertion mutants of UBP and Al-
induced AtALMTI expression in the roots of T-DNA insertion mutants of C/PK under Al
exposure. (A) malate secretion in the roots of T-DNA insertion mutants of UBP. Four-day-old
seedlings (in vitro culture) of UBP mutants and wild-type Col-0 were transferred to Al-
containing solution (10 uM AICl; at pH 5.0) for 24 h. (B) AtALMT1 expression levels in the
roots of C/PK mutants and wild-type Col-0. Roots of the 10-day-old seedlings of C/PK mutants
were exposed to modified MGRL medium in the presence or absence (as control) of 10 uM
AICl3 at pH 5 for 24 h. AtALMTI expression levels were quantified by quantitative real-time
RT-PCR using UBQ! as an internal control. The means + SD values with three replicates are
shown. Asterisks in each treatment represent significant differences compared with wild-type

Col-0 (LSD test; *, P <0.05).
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Figure 13. Fluorescence in roots of transgenic Arabidopsis carrying S7TOPI
promoter:STOP1-GFP were observed by using LSM-710 leaser-scanning confocal
microscope (Carl Zeiss, Tokyo, Japan). Five days old seedlings were incubated in Al-
containing medium (10 uM AICl3, pHS5.5) in the presence or absence (+Al as control) of

inhibitor for 6 h [All treatments contain the same concentration of DMSO (0.1%)].
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11
Involvement of Lipid Signals in Early Al-inducible Malate Secretion in
Arabidopsis thaliana

ABSTRACT

Phosphatidylinositol metabolism is known to be involved in multiple biological processes,
such as lipid homeostasis, vesicular trafficking, and membrane-bound regulators of signaling
proteins. In this study, specific-inhibitory assays were performed to investigate whether lipid
signals participate in Al-responsive malate secretion or not. These specific inhibitors included
PI4K-specific/PI3K-specific/PLC-specific (PAO, LY294002, and U73122, respectively). Our
results revealed that the phosphatidylinositol metabolic pathways differently regulate
aluminum-induced malate secretion. Early aluminum-induced transcription of AtALMTI and
other aluminum-responsive genes was significantly suppressed by phosphatidylinositol 4-
kinase (PI4K) and phospholipase C (PLC) inhibitors, indicating that the PI4K-PLC metabolic
pathway activates early aluminum-signaling. Inhibitors of phosphatidylinositol 3-kinase (PI3K)
and PI4K reduced aluminum-activated malate transport by AtALMT]1, suggesting that both the
PI3K and PI4K metabolic pathways regulate this process. These results were validated using T-
DNA insertion mutants of PI4K and PI3K-RNAI lines. We also found a reduction of aluminum-
induced citrate secretion in tobacco by applying inhibitors of PI3K and PI4K. Taken all, our
results indicated that phosphatidylinositol metabolism regulates organic acid secretion in plants

under aluminum stress.
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1. INTRODUCTION

The hydrolysis of phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] into inositol 1,4,5-
trisphosphate (IP3) and sn-1,2-diacylglycerol (DAG) that catalyzed by phospholipase C (PLC)
i1s known to be final step of phosphatidylinositol (PtdIns) metabolism. These reactions have
been considered to be a lipid second messenger to distinct roles of signal transduction in plants.
Firstly, IP3 binds to a membrane receptor, a ligand-gated Ca** channel, releasing Ca®* into the
cytoplasm then to regulate cell proliferation and other cellular reactions that require free
calcium. Secondly, DAG activates protein kinase C to convert DAG to phosphatidic acid (PA)
(Berridge, 1993; Arisz et al., 2009). In Arabidopsis, two types of PLCs are identified as: non-
specific PLC (NPC) and phosphoinositide-specific PLC (PI-PLC). The former one
representatives the enzymes that hydrolyzes lots of phospholipids, while the PI-PLC is specific
to PI(4,5)P> and its related derivatives (Nakamura et al., 2005). Kanehara et al. (2015) found
that AtPLC2 is the primary phospholipase in PtdIns metabolism and both regulates the seedlings
growth and responses to endoplasmic reticulum (ER) stress in Arabidopsis thaliana.

PtdIns metabolism regulates multiple biological processes in plants. For instance, Kim et
al. (2001) suggested that PI4K involved in the PI3P-dependent trafficking from the trans-Golgi
network to the prevacuolar compartment. Furthermore, inhibitory assays indicated that PI4K
contributes to the internalization of CESA3 (cellulose synthase 3) from plasma membrane (PM)
at the early step of endocytosis, meanwhile PI3K involves in the intercellular transport of
CESA3 from Golgi apparatus to PM (Fujimoto et al., 2014). These discoveries strongly suggest
that PI4K and PI3K display important and distinct roles in intercellular signaling transduction,
including membrane trafficking. In yeast, animal and plant cells, the first step in the initiation
of endocytosis requires activation of PI3K (Kim et al., 2001). More recently, Takahashi et al.
(2017) found that treatment with PI4K inhibitor PAO specifically inhibited the stomatal
response to CO», while PI3K inhibitor LY294002 specifically inhibited the stomatal response
to darkness compared with that to CO; and abscisic acid (ABA), indicated that PI4K and PI3K
play a critical role in the CO> and darkness signal transduction pathway, respectively. PtdIns
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metabolism has been implicated in the response to other environment stimuli such as pathogen
(Van der Luit et al., 2000; Laxalt and Munnik, 2002), drought (Mane et al., 2007; Wang et al.,
2008; Liu et al., 2013), and ABA response (Sanchez and Chua, 2001; Hunt et al., 2003; Mills
et al., 2004). However, lipid signal interacts with Al-responsive signaling pathway is rarely
reported.

In general, lipid signal production is fast (minutes) and transient. Jones and Kochian (1995)
found that Al significantly reduced the levels of Ins(1,4,5)P3 in the wheat root apices which had
been pre-incubated with H>O> (10 mM) for stimulated IP3 when compared with non-Al
treatment, suggesting that Al may be interfering with the phosphoinositide signal transduction
pathway. Furthermore, the authors also confirmed that Al can caused a dramatic inhibitory
effect on PLC activity with increasing concentration of AICI3. Al may present as a low
molecular weight and stable complex Al-citrate in the cytoplasm (Ohman and Martin, 1994).
However, Ins(1,4,5)P3 hydrolysis was not affected by Al-citrate in either the microsomal
membrane or the soluble fraction (Jones and Kochian, 1995), suggesting that Al may
specifically target PLC, rather than dephosphorylated Ins(1,4,5)P3. In that study, authors also
proposed that Al not only inhibits PLC activity but also inhibits either the synthesis or the
availability of PLC substrate, PtdInsP», which should be further confirmed. In mammalian, it
has been reported that Al toxicity in the neuronal cells may be linked to aberrations in the
phosphoinositide-associated signal transduction pathway which resulted in either alterations in
Ca?" homeostasis or changes in cytoskeletal dynamics (Macdonald et al., 1987; Nixon et al.,
1990; Haug et al., 1994). These findings suggest that there may be a cross-talk between Al-
responsive signal and PtdIns metabolism in plants.

In this study, specific-inhibitory assays were performed to investigate whether lipid signals
participate in Al-responsive malate secretion or not. These specific inhibitors included PI4K-
specific/PI3K-specific/PLC-specific (PAO, LY294002, and U73122, respectively). Our results
suggested PtdIns metabolism plays critical roles in early Al-inducible expression and Al-

activated malate transport.
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2. MATERIAL AND METHODS

Arabidopsis accessions
The following T-DNA insertion mutants of PI4Kp2 (pi4kf2; SALK 098069), PI4Kf1

(pi4kp1; SALK 040479), PI4Kal (pidkal, SALK 011790), PI4Ka2 (Atlg51040) (pidka2;
SALK 046774C) were obtained from Nottingham Arabidopsis Stock Centre (NASC).
Homozygosity of these lines was confirmed by genomic PCR using primers recommended by
the SALK database (Table 1) and they were propagated by the single seed-decent method. We
could isolate homozygous lines of pi4kal and pi4kf2 as putative targets of PIK-75(Fig. 1). For
the preparation of RNAI lines, genomic DNA sequence specific to PI3K (region: 138—437 bp)
was cloned into the vector pGWBS80 of Gateway cloning kit (Invitrogen, Tokyo, Japan) and
transformed into Arabidopsis by the Agrobacterium-mediated method, as described previously
(Kobayashi et al., 2014). Homozygous T transgenic lines of PI3K-RNAi were isolated by

kanamycin and hygromycin selection (Fig. 1).

Chemical profiling of malate secretion and Al-inducible gene expression

LY294002 (PI3K inhibitor, 25 uM; Walker et al., 2000), phenylarsine oxide (hereafter
PAO, PI4K inhibitor, 1 pM; Vermeer et al., 2009), and U73122, U73343 (PLC inhibitor,
structural inactive analogue of U73122, 2 uM; Abd-El-Haliem et al., 2016) were used for

profiling Al-activated malate transport by AtALMT1 and gene expression.

Root growth assay

Wild-type Col-0 were precultured in a transparent plastic pot (150 mL modified MGRL
solution without Pi at pH 5.5) for 4 d as described in chapter 1. For assessing effect of inhibitors
on the root growth, 4-day-old seedlings were transferred the Al containing solutions (10 pM Al,

without P1 at pH 5.0) in the presence or absence (as control = 100%) of inhibitors (1 uM PAO,

25 uM LY294002, 2 uM U73122, and 2 uM U73343, respectively) for 3 h, then transferred to
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the 1/2 MS medium (with 1% sucrose and 1% agar at pH 5.5) for root growth. All experimental

operations are carried out in a clean bench. Root elongation was measured at day 3.

Quantification of malate contents of root cells

Malate contents of root cells were quantified with the cell extracts using the same
quantification method used for the malate secretion assay. The cell extracts were obtained by
grinding the roots (5 to 10 mg) using a disposable pestle in a micro tube containing 100 pl of
0.6 M HCIOs4, then removing cell debris by centrifugation (2,400 x g for 10 min). The
supernatant was used as cell extracts.

The other conditions are same with chapter 1.
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3. EXPERIMENTAL RESULTS

3.1 Effects of PI3K and PI4K inhibitors on Al-inducible malate secretion

Because only PIK-75 inhibited both early Al-inducible expression and Al-activated malate
transport by AtALMT 1, we analyzed the molecular mechanisms underlying Al signaling that is
inhibited by PIK-75 further. A homology search identified that both PI3K and PI4Ks of
Arabidopsis are highly homologous to human p110a (Table 4). Furthermore, in silico binding
assay indicated that the homologous PI3K and PI4Ks could bind to PIK-75 at the interacting
domain with similar docking score (Fig. 11 in chapter 1). These findings strongly suggest that
PIK-75 can inhibit both PI3K and PI4Ks in Arabidopsis; therefore, we used the
pharmacological approach to separate the effects of PI3K and PI4K on Al-inducible malate
secretion.

Further characterization of PI3K and PI4K inhibitors LY294002 and PAO, which were
previously used in plant research, identified that PI3K and PI4K inhibitors blocked Al-
responsive events controlled by AtALMT]1 differently. PAO significantly inhibited early Al-
inducible expression of AtALMTI (22%) and other STOP1-regulated genes (ALS3 and MATE
reduced to 61% and 67%, respectively), while LY294002 did not show any suppressing effect
on these Al-inducible expressions (3 h; Fig. 2). Additionally, PAO also suppressed the early Al-
inducible expression of Al-biomarker genes. In contrast, LY294002 did not inhibit Al-inducible
expression of these genes, except for one of the Al-biomarker genes At5g73320 (3 h; Fig. 3).
These results strongly suggest that metabolites derived from the PI4K pathway regulate early
Al-inducible expression of A#ALMT1 and several other genes.

We further analyzed the Al-activated malate secretion using the 35S:4tALMTI
(constitutively expresses AtALMTI) to evaluate the effect of these inhibitors on the process of
Al-activated malate transport. We found that PAO and LY294002 reduced malate secretion to
21% and 59%, respectively by the 35S:4tALMTI plants (2 h; Fig. 4). In contrast, we did not
find any reduction of malate content of the root cells by these inhibitors (Fig. 5). This suggested

that PI3K and PI4K inhibitors inhibit the process of Al-activated malate transport but not the
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synthesis of malate.

3.2 Effects of PLC inhibitor on Al-inducible malate secretion

PLC acts downstream of the PI4K-mediated pathway, but not downstream of PI3K (Delage
etal.,2012). We examined the effects of PLC inhibitor U73122 and its structural inactive analog
U73343 (as a negative control; Abd-El-Haliem et al., 2016) on early Al-inducible expression in
wild-type (e.g. 3 h) and malate transport in 35S:4tALMTI (e.g. 2 h). Al-inducible expression of
STOP1-regulated genes (AtALMTI, ALS3, and MATE decreased to 23%, 24%, and 54%,
respectively), as well as Al-biomarker genes, were significantly suppressed by U73122, but not
by U73343 (Fig. 6). It indicates that metabolites derived from the PLC pathway are critical for
early Al-inducible expression.

On the other hand, Al-activated malate transport in 35S:4tALMT1 was suppressed slightly
by U73122 (85% and 94% by U73122 and U73343, respectively; Fig. 7), which was less
effective than the PI4K inhibitor PAO (21%; Fig. 4). It suggests that PI4K-mediated pathway
is more essential for Al-activated malate transport than PLC-mediated pathway. Additionally,
the PI3K-mediated pathway also plays an important role in the Al-activated process because
malate transport in 35S:AtALMTI was suppressed significantly by LY294002 as showed in

figure 4.

3.3 Effect of PI3K and PI4K inhibitors on Al-inducible citrate secretion in tobacco
(Nicotiana tabacum)

As described, Al-inducible expression of STOPI1-regulated genes AtALMTI, ALS3, and
MATE in Arabidopsis is regulated by metabolites derived from the PI4K, but not the PI3K,
pathway (Fig. 2). To evaluate whether this is a ubiquitous regulatory mechanism that the
expression is regulated by STOP1-like proteins among higher plants, we tested the effect of
PI4K and PI3K inhibitors PAO and LY294002 on NtMATE expression in 30 pM Al-containing
medium for 6 h. Our previous study has indicated that Al-inducible expression of NtMATE is

controlled by NtSTOP1 (Ohyama et al., 2013). Assays assessing inhibition showed that PAO
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significantly inhibited the expression of NtMATE (32%), while LY294002 did not, compared
with that under Al conditions (100%; Fig. 8A). On the other hand, citrate secretion in tobacco
roots was significantly suppressed by both PI4K and PI3K inhibitors (38% and 76%,
respectively; Fig. 8B) compared with that under Al conditions (100%), suggesting the
involvement of the PI3K- and PI4K-mediated pathways in the Al-inducible citrate secretion in

tobacco.

3.4 Effects of PI3K, PI4K, and PLC inhibitors on transcription of CAMTA2 and WRKY46
As described, both PIK-75 and AZD7762 can inhibit the late-phase (e.g. 24 h) AtALMT1

expression (Fig. 5 in chapter 1); however, PIK-75 can also inhibit PI3K and PI4Ks in
Arabidopsis (Table 4 and Fig. 11 in chapter 1). We propose that either PI3K or PI4K involves
in Al-inducible AtALMT] expression in the late phase of treatment. Since transcription factors
CAMTA2 (activator of AtALMTI) and WRKY46 (repressor; Ding et al., 2013) regulate Al-
inducible AtALMT1 expression in the late phase of treatment (Tokizawa et al., 2015), we further
profiled effects of PI4K and PI3K inhibitors PAO and LY294002, as well as PLC inhibitor
U73122, on expression of CAMTA2 and WRKY46.

We found that both PAO and U73122, but not LY294002, significantly inhibited
expression of CAMTA2 (expression was reduced to 0.1 and 0.42 by PAO and U73122,
respectively), but upregulated WRKY46 (expression was upregulated to 2.51 and 8.02 by PAO
and U73122, respectively), compared with no-inhibitor condition (control = 1) after cotreatment
with Al for 24 h (Fig. 9). These results indicate that metabolites derived from PI4K- and PLC-
mediated pathways modulate CAMTA2 and WRKY46 to regulate the late phase of Al-inducible

AtALMTI expression.

3.5 Characterization of Al-inducible malate secretion in the roots of PI3K-RNAi and PI4K
T-DNA insertion mutants

To validate the role of PI3K and PI4K metabolic pathways in the regulation of Al-inducible
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malate secretion as suggested by our pharmacological assays, we analyzed AtALMTI
expression and malate release in the available T-DNA insertion mutants, pi4kal and pi4kf2,
and in the PI3K-RNA1 transgenic lines, prepared by us. Both the Al-inducible expression of
AtALMTI and malate secretion were suppressed in the roots of pi4kal and pi4kf32, compared
with wild-type (Fig. 10A, C). However, knockdown of PI3K by RNAi did not affect the
expression of AtALMTI but significantly suppressed malate secretion (Fig. 10B, D). The
suppression of Al-induced malate secretion was greater in pi4kf2 and PI3K-RNAI1 line #5 than
the other two mutants; meanwhile, the growth of primary roots of these two mutants (e.g. pi4kf32
and PI3K-RNAI line #5) was significantly inhibited by Al treatment, compared to that of the
wild-type (Fig. 11). This supported our hypothesis that both PI3K and PI4K metabolic pathways

contribute to Al tolerance by regulating malate secretion.

53



4. DISCUSSION

PIK-75 is known to specific-inhibit human p110a, isoform of PI3K (Zheng et al., 2011).
However, in silico binding assays showed that PIK-75 could bind to both PI4K and PI3K in
Arabidopsis thaliana. Based on the ‘UniProt’ database and ‘BLAST’ (Basic Local Alignment
Search Tool) analysis, five putative Arabidopsis proteins were identified that having high
homology to PI3K in Homo sapiens (Human), including At1g49340 (AtPI4Kal), At1g60490
(PI3K), At1g51040 (AtPI4Ka2), At5g09350 (AtPI4Kp2), and At5g64070 (AtPI4KB1) (Table 4
in chapter 1). These findings suggest that both PI4K and PI3K are responsible for malate
secretion in response to Al treatment. In fact, specific-inhibitory assays of PI4K and PI3K
inhibitors further supported our hypothesis.

There is a dearth of information about PtdIns-signals in plants under Al stress. Jones and
Kochian (1995; 1997) previously reported that PtdIns metabolism pathway may involve in early
Al signaling; however, its relationship to Al-inducible malate secretion has not been clarified.
In the current study, PI4K inhibitor PAO as well as T-DNA mutants of P/4K, but neither PI3K
inhibitor LY294002 nor PI3K-RNAI lines, suppressed Al-inducible expression of STOPI-
regulated genes and Al-biomarker genes (Fig. 2, 3 and 10), suggesting that signaling lipids
produced from PI4K-mediated pathway participate in early Al-inducible expression of multiple
genes, including Al-tolerant genes. Furthermore, our root growth assay of wild-type
Arabidopsis after 3 h cotreatment with Al and the inhibitors showed that PI4K inhibitor PAO
enhanced its Al sensitivity (Fig. 12). This could account for the suppressing eftect of PAO on
Al-inducible expression of multiple Al-tolerant genes (Fig. 2).

PLC, which acts downstream of the PI4K-mediated pathway (Delage et al., 2012) and
responses to early environmental stress (Ruelland et al., 2002), hydrolyzes phospholipids to
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) (Munnik ef al., 1996; Fig. 13). We
investigated whether metabolites derived from the PLC pathway are involved in early Al-
responsive signaling transduction or not further. We observed that U73122 (PLC inhibitor), but
not U73343 (an inactive analog of U73122), significantly inhibited Al-inducible expression of
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all tested genes (e.g. STOP1-regulated genes and Al-biomarker genes; Fig. 6). This strongly
suggests that metabolites derived from the PLC pathway are critical for early Al-responsive
signaling transduction (Fig. 14). This hypothesis is further supported by the results of the root
growth assay with PLC inhibitor U73122 which enhanced the Al sensitivity of root tips of wild-
type (Fig. 12). This is in accordance with the previous findings that IP3 transiently increases in
cultured coffee (Coffea arabica) cells under Al stress (Poot-Poot and Teresa Hernandez-
Sotomayor, 2011).

Al-activated malate secretion in 35S:4tALMT1 (2 h; Fig. 4), but not the malate content of
the root cells of Arabidopsis (Fig. 5) was significantly suppressed by PI3K and PI4K inhibitors
LY294002 and PAO, suggesting that PtdIns metabolism is responsible for the activation of
malate transport by AtALMT 1. The reduction of malate secretion, but not AtALMTI expression,
in the PI3K-RNAI lines also supports this hypothesis (Fig. 10B, D). Furthermore, the T-DNA
insertion mutants of PI4K showed about 50% reduction of malate secretion but only 20%
suppression of AtALMTI expression, suggesting a role of PI4K in the activation of the
AtALMT]1 protein (Fig. 10A, C). However, PLC inhibitor U73122 slightly reduced malate
secretion in 35S:4tALMTI (Fig. 7), suggesting that the PLC-mediated pathway is less
contributing to the activation of malate transport. There are several possible mechanisms of
regulation of Al-activated malate transport by the PI3K- and PI4K-mediated pathways.
Previous studies have identified the involvement of PI3K and PI4K in different steps of
intracellular trafficking (Li ez al., 1995; Kim et al., 2001). For example, PI3K was suggested to
play a direct role in vesicular transport from Golgi to the vacuole (Stack ef al., 1995), while
PtdIns4P is essential for transport from Golgi to the PM in yeast (Hama et al., 1999). In
Arabidopsis, internalization of CESA3 (cellulose synthase 3) from the PM is mediated by PI4K,
while PI3K is an essential element for CESA3 transport from the Golgi to the PM (Fujimoto ef
al.,2014). Hence, it is possible that regulation of AtALMT 1 protein transport to the PM can be
similarly controlled by PI3K and PI4K. Another possibility is that the different

phosphoinositide derivatives from the PI3K- and PI4K-metabolic pathways (e.g. PtdIns4P,
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PtdIns(4,5)P2, and PtdI5SP), localizing primarily at the PM (Vermeer et al., 2009), are essential
for activating the malate transporter (Fig. 14). The hypothesis of activation of OA-transporters
under Al stress by PI3K is further supported by our experiments in a different species of tobacco.
NtMATE expression was not inhibited but citrate release was reduced by the PI3K inhibitor
LY294002 (Fig. 8).

Furthermore, we also observed that both PI4K and PLC inhibitors PAO and U73122
suppressed CAMTA?2 expression, but significantly activated WRKY46 after long-term treatment
with Al (e.g. 24 h; Fig. 9). It indicates that PLC-mediated pathway (e.g. IP3, PA) regulates the
late phase of Al-inducible expression of AtALMT] through transcription factors CAMTA2 and
WRKY46. These signaling lipids might act upstream of CIPKs/CDPKs in Al-responsive
AtALMT expression as PA reportedly activates CDPKs in plants (Farmer and Choi, 1999) and
CAMTAs expression is regulated by downstream of PI4K pathway (Arabidopsis, Doherty et al.,
2009; barley, Gierczik et al., 2017). Taken all, our results indicate that not only PtdIns
metabolism but also calcium signaling play important roles in the transcriptional regulation of
AtALMTI (Fig. 14).

In conclusion, we uncover that PtdIns metabolism plays critical roles in early Al-inducible
expression and Al-activated malate transport (Fig. 14). We identified that PI3K- and PI4K-
mediated PtdIns metabolism interferes with the process of Al-activated malate transport.
However, the PLC-mediated pathway is critical for early Al-inducible expression of various Al-
tolerance genes (e.g. AtALMTI, ALS3, MATE) and Al-biomarker genes. These signaling lipids
may act upstream of CIPKs/CDPKs to regulate late-phase AtALMTI expression. Because
similar inhibitory effects were observed in tobacco (Fig. 8), we could infer that PtdIns
metabolism plays critical roles in Al-tolerance mechanisms in various plants. However, PtdIns
metabolism has been implicated in the response to other environment stimuli apart from Al,
such as pathogen (Van der Luit ef al., 2000; Laxalt and Munnik, 2002), drought (Mane et al.,
2007; Wang et al., 2008; Liu et al., 2013), and ABA response (Sanchez and Chua, 2001; Hunt

et al., 2003; Mills et al., 2004). This suggests that the central hub of signaling, PtdIns
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metabolism can interact with other signal transducers in response to different stresses (Ruelland
et al., 2015). This is further supported by a recent RNAseq study, which hypothesized the
involvement of G-proteins in activating Ptdlns metabolic pathway upstream to MATE in
Stylosanthes under Al stress (Jiang et al., 2018). Furthermore, we identified several receptor-
type tyrosine kinases that inhibited malate secretion, which can couple with G-proteins (Table
3 in chapter 1). Further characterization of these inhibitors would be useful for identifying

unknown receptor proteins that are involved in the Al-responsive signal transduction pathways.
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Figure 1. Reverse transcription-polymerase chain reaction (RT-PCR) analysis of gene
transcripts for PI4Kal (At1g49340), PI4Kp2 (At5g09350), and PI3K (At1g60490) in wild-
type and mutants. Roots of the 10-day-old seedlings of wild-type Col-0 and mutants (PI4K T-
DNA insertion mutants: pi4kol and pi4kf32; PI3K-RNAI transgenic lines: pi3k) were exposed

to the Al containing solutions (10 uM AICI3 at pH 5.0) for 6 h. UBQI (At3g52590) was used as

a positive control. Primers specific for UBQI (Forward:
TCGTAAGTACAATCAGGATAAGATG; Reverse:
CACTGAAACAAGAAAAACAAACCCT), Pl4Kol (Forward:

CCGAGGAAATGGAAATGAGA; Reverse: GCCACAGCAAGCAAATAGGT), PI4Kp2
(Forward: TTGAAATTGGTCTGGATTCG; Reverse: CAATGAAAGAAACTGTGCCATC),
and PI3K (Forward: GGGGATTGTGGCAGGAGAA; Reverse:

TGAACCCGCCATGAGATGAA) were used for RT-PCR analysis.
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Figure 2. Effects of inhibitors on the Al-inducible expression of STOP1-regulated genes.
Using the same experimental conditions as in figure 5 of chapter 1, the effects of PI4K (1 uM
PAO) and PI3K (25 uM LY294002) inhibitors on early (3 h) Al-inducible expression of STOP1-
regulated genes in wild-type were analyzed. The asterisks in each treatment represent
significant differences compared with no inhibitor control (100%) (LSD test; *, P < 0.05). The

mean £ SD values of the three replicates are shown.
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Figure 3. Effects of inhibitors on the Al-inducible expression of Al-biomarker genes. Using
the same experimental conditions as in figure 5 of chapter 1, the effects of PI4K (1 uM PAO)
and PI3K (25 uM LY?294002) inhibitors on early (3 h) Al-inducible expression of Al-biomarker
genes in wild-type were analyzed. The asterisks in each treatment represent significant
differences compared with no inhibitor control (100%) (LSD test; *, P <0.05). The mean = SD

values of the three replicates are shown.
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Figure 4. Effects of inhibitors on the Al-activated malate secretion. Using the same
experimental conditions as in figure 4 of chapter 1, the effects of PI4K (1 uM PAO) and PI3K
(25 uM LY294002) inhibitors on the early Al-activated malate secretion (2 h) in transgenic
plants 35S:4tALMTI were analyzed. The asterisks in each treatment represent significant
differences compared with no inhibitor control (100%) (LSD test; *, P < 0.05). The mean + SD

values of the three replicates are shown.
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Figure 5. Effect of PI4K (PAO) and PI3K (LY294002) inhibitors on the malate contents of
the roots of wild-type. Seedlings were precultured in a transparent plastic pot (150 mL
modified MGRL solution without Pi at pH 5.5) for 4 d as described in the materials and methods.
Four-day-old seedlings (in vitro culture) of wild-type Arabidopsis were transferred to solutions
(1% sucrose at pH 5.0) in the presence or absence (as control = 1) of inhibitors (1 uM PAO and
25 uM LY294002, respectively) for 6 h. The means of relative malate contents (inhibitor/no

inhibitor) £ SD values of the three replicates are shown. (LSD test; *, P <0.05).
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Figure 6. Effect of PLC inhibitor on the expression of STOP1-regulated genes and Al-

biomarker genes in the roots of wild-type. Using the same experimental conditions as in

figure 5 of chapter 1, the effects of PLC inhibitor U73122 (2 uM) and its structural inactive

analog U73343 on early (3 h) Al-inducible expression of STOP1-regulated genes (A) and Al-

biomarker genes (B) in wild-type were analyzed. The asterisks in each treatment represent

significant differences compared with the no inhibitor control (100%) (LSD test; *, P < 0.05).

The mean + SD values of the three replicates are shown.
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Figure 7. Effect of PLC inhibitor on the Al-activated malate transport in the roots of
transgenic plants 35S:4t4LMT]I. Using the same experimental conditions as in figure 4 of
chapter 1, the effects of PLC inhibitor U73122 (2 uM) and its structural inactive analog U73343
on early Al-activated malate secretion (2 h) in transgenic plants 35S:4t4ALMTI were analyzed.
The asterisks in each treatment represent significant differences compared with the no inhibitor

control (100%) (LSD test; *, P <0.05). The mean + SD values of the three replicates are shown.
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Figure 8. NtMATE expression and citrate secretion in the root apexes of tobacco under
cotreatment with Al and inhibitors. (A) The relative expression level of N(MATE in the roots
of tobacco. Ten-day-old seedlings were exposed to either 30 uM AICI3 (as a control = 100%)
or medium containing both Al and inhibitor for 6 h. N(MATE expression was quantified using
quantitative real-time RT-PCR with NtActin as an internal control (NtMATE/NtActin). (B)
Relative citrate secretion in the root apexes of tobacco. Five-day-old seedlings were exposed to
either 30 uM AICl;3 (as a control = 100%) or medium containing both Al and inhibitor for 24 h.
The final concentration of each inhibitor was 1 puM PAO (PI4K inhibitor) and 25 uM LY 294002
(PI3K inhibitor). The asterisks in each treatment represent significant differences compared
with no inhibitor control (100%) (LSD test; *, P < 0.05). The mean = SD values of the three

replicates are shown.
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Figure 9. Effects of inhibitors (PAO, LY294002, and U73122) on the expression levels of
CAMTA2 and WRKY46 in the roots of wild-type. Using the same experimental conditions as
in figure 5 in chapter 1, the effects of inhibitors PAO (1 uM, PI4K inhibitor), LY294002 (25
uM, PI3K inhibitor), and U73122 (2 uM, PLC inhibitor) on expression levels of CAMTA2
(activator of AtALMTI) (A) and WRKY46 (repressor of AtALMTI) (B) in wild-type were
analyzed. Expression levels of CAMTA2 and WRKY46 at 24 h were quantified by quantitative
real-time RT-PCR using UBQI as an internal control. The asterisks in each treatment represent
significant differences compared with no inhibitor (control = 1) (LSD test; *, P < 0.05). The

mean + SD values of the three replicates are shown.
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Figure 10. Al-responsive AtALMTI expression and malate secretion in PI4K T-DNA
insertion mutants (pi4kal and pi4kf2) and PI3K-RNAI transgenic lines. Roots of the 10-
day-old seedlings of PI4K mutants and P/3K-RNA1 lines were exposed to modified MGRL
medium in the presence or absence (as control) of 10 uM AICI3 at pH 5. AtALMTI expression
levels in the roots of PI4K knockout mutants (A) and PI3K-RNAI lines (B) after exposing to
either 0 uM Al or 10 uM Al-containing medium for 6 h. AtALMTI expression levels were
quantified by quantitative real-time RT-PCR using UBQI as an internal control. Malate
secretion from four-day-old seedlings (in vitro culture) of PI4K mutants (C) and PI3K-RNAi
lines (D) were analyzed after incubating in the Al-containing solutions (10 uM Al) for 6 h. The
means = SD values of the three replicates are shown. Asterisks in each treatment represent

significant differences compared with wild-type (LSD test; *, P < 0.05).
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Figure 11. Primary root growth of PI4K T-DNA insertion mutants (pi4kal and pi4kfi2)
and PI3K-RNAI transgenic lines. Seedlings of P/4K mutants and PI3K-RNAIi lines were
growth in modified MGRL medium in the presence or absence (as control) of 2 uM AICI3 at
pH 5. Relative root growth of PI/4K mutants and P/3K-RNAi lines was measured after
incubating in the solutions containing either 0 uM Al or 2 uM Al for 5 days. Five of the 10
seedlings with the longest roots are used to calculate the relative root elongation. Values are

means = SD (n=5). Asterisks in each treatment represent significant differences compared with

wild-type (LSD test; *, P <0.05).
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Figure 12. Effects of the inhibitors on the root growth of wild-type under cotreatment with
Al Seedlings were precultured in a transparent plastic pot (150 mL modified MGRL solution
without Pi at pH 5.5) for 4 d as described in the materials and methods. For assessing effect of
inhibitors on the root growth, 4-day-old seedlings were transferred the Al containing solutions
(10 uM Al, without Pi at pH 5.0) in the presence or absence (as control = 100%) of inhibitors
(1 uM PAO, 25 uM LY294002, 2 uM U73122, and 2 uM U73343, respectively) for 3 h, then
transferred to the 1/2 MS medium (with 1% sucrose and 1% agar at pH 5.5) for root growth.
All experimental operations are carried out in a clean bench. Root elongation was measured at
day 3. Five of the 10 seedlings with the longest roots are used to calculate the relative root

elongation. Values are means £ SD (n =5).
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Figure 13. Schematic representation of phosphoinositide metabolic pathways in
Arabidopsis. PtdIns, phosphatidylinositol; PI3K, PtdIns 3-kinase; PI4K, PtdIns 4-kinase; PI4P,
PtdIns 4-phosphate; P1(4,5)P>, PtdIns 4,5-bisphosphate; PI(3,5)P2, PtdIns 3,5-bisphosphate;
PtdI5SP, PtdIns 5-phosphate; Ptase, phosphoinositide phosphatase; PLC, phospholipase C; DAG,

sn-1,2-diacylglycerol; IP3, inositol 1,4,5-trisphosphate.
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Figure 14. Schematic representation of signal transduction pathways involves in Al-
inducible malate secretion in Arabidopsis thaliana. Metabolites derived from PLC-mediated
pathway regulate both early Al-inducible expression, such as STOP1-regulated genes (e.g.
AtALMTI, ALS3, and MATE) and Al-biomarker genes, and late phase of AtALMT1 expression.
Additionally, CIPKs/CDPKs, which may act downstream of PI4K and PLC pathways, regulate
the late phase of Al-responsive AtALMTI expression by inactivating WRKY46 and/or
activating CAMTA2. On the other hand, PI3K and PI4K could involve in the membrane
trafficking and localization of the ALMT]1 protein or the different phosphoinositide derivatives
from the PI3K and PI4K metabolic pathways are essential for activating the malate transporter
in the post-translational level. PI3K, PtdIns 3-kinase; PI4K, PtdIns 4-kinase; PLC,
phospholipase C; CIPKs, calcineurin B-like protein (CBL)-interacting protein kinases; CDPKs,
calcium-dependent protein kinases; Al-biomarker genes, At3g28510, At5205340, and
At5g13320; The black arrows represent Al-responsive signal transduction pathways, while the
dotted line represents the activation of malate transporter. The black short line represents

suppressing effect.
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