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Abstract

LY294002 is a synthetic quercetin-like compound which, unlike wortmannin, is an inhibitor of
phosphatidylinositol 3-kinase (P13K). It inhibits endocytosis and vacuolar transport. We report
here on the proteome-wide effects of LY294002 on Arabidopsis roots focusing on proteins
involved in vesicular trafficking and stress response. At the subcellular level, LY294002 caused
swelling and clustering of late endosomes leading to inhibition of vacuolar transport. At the
proteome level, this compound caused changes in abundances of proteins categorized to 10
functional classes. Among proteins involved in vesicular trafficking, a small GTPase ARFALf was
more abundant, indicating its possible contribution to the aggregation and fusion of late
endosomes triggered by LY294002. Our study provides new information on storage proteins and
vacuolar hydrolases in vegetative tissues treated by LY294002. Vacuolar hydrolases were
downregulated while storage proteins were more abundant, suggesting that storage proteins were
protected from degradation in swollen multivesicular bodies upon LY 294002 treatment.
Upregulation of 2S albumin was validated by immunoblotting and immunolabelling analyses. Our
study also pointed to the control of antioxidant enzyme machinery by PI3K because LY294002
downregulated two isozymes of superoxide dismutase. This most likely occurred via PI3K—
mediated downregulation of protein AtDJ1A. Finally, we discuss specificity differences of
LY294002 and wortmannin against PI3K which are reflected at the proteome level. Compared to
wortmannin, LY 294002 showed more narrow and perhaps also more specific effects on proteins
as suggested by gene ontology functional annotation.
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Introduction

Phosphatidylinositol (PI) signaling delivers multiple stress or developmental signals and
thus modulates subcellular and physiological processes, such as vesicular trafficking, stress
response and cell/organ development.!

Phosphatidylinositol 3 phosphate (PI3P) and phosphatidylinositol 4 phosphate (P14P) are
principal components of Pl signaling, which are produced by phosphatidylinositol 3-kinase
(PI3K) and P14 kinases (P14Ks). Products of these kinases recruit PI3P and P14P-binding
proteins to the membranes,2 and mediate membrane fusion and trafficking events in the cell.
Most frequently, two inhibitors of P13/4Ks are applied in studies investigating Pl signaling,
namely wortmannin and LY294002 (2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one).
While wortmannin inhibits PI3K and P14Ks in a concentration dependent manner,34
LY294002 is accepted as a more selective inhibitor of PI3K.>6 It was reported that
LY294002 inhibits also PI3K independent proteins such as mTOR and CK2.78 Targeted
proteomic screen for identification of new LY 294002 targets by using immobilized
LY294002 analogue on sepharose beads and subsequent identification of bound proteins
derived from mammalian cell lines revealed possible novel targets such as aldehyde
dehydrogenase 2, fructosamine 3-kinase, ketosamine 3-kinase, galactokinase,
phosphofructokinase and pyridoxal kinase.®

LY294002 is a synthetic compound based on quercetin. Currently, LY294002 represents a
valuable tool for studies of vacuolar trafficking and endocytosis in plants. Like wortmannin,
it competes for ATP binding site of PI3K0 and binds to Lys-833 residue. It inhibits PI3K
with an ICsq value (concentration required for 50% inhibition) of 0.43 pug/ml (1.40 pM)
irrespective of the phosphorylation state of the enzyme.>

At the subcellular level, LY294002 blocks endocytosis and vacuolar trafficking in similar
manner to wortmannin. LY294002 inhibits the internalization of sucrosel! in plant
heterotrophic cells. Vacuole-targeted sporamin-GFP fusion protein accumulates in the
cytosolic punctuate structures in the presence of both wortmannin and LY294002 in
Arabidopsis protoplasts.12 However, there are also some differences between the effects of
wortmannin and LY294002. Unlike wortmannin, LY294002 does not inhibit the early stages
of endocytosis (as measured by uptake of the styryl dye FM 1-43), while negatively
affecting the fusion of late endosomes with tonoplast in Arabidopsis root hairs.13 In another
study, wortmannin completely abolished staining and reduced the number of endosomes
visualized by FYVE-DsRed in transiently transformed detached leaves of Nicothiana
benthamiana, while in LY294002-treated leaves, these endosomes occasionally remained,
but their motility was reduced.1* It remains unknown, whether these differences could be
related to different specificities of wortmannin and LY29002 towards PI3K and P14K.

In physiological response, LY294002 (100uM) promotes stomatal opening, and inhibits
stomatal closing induced by abscisic acid.1> LY294002 inhibits polar tip-growth of root
hairs, probably by decreasing reactive-oxygen species (ROS) levels, but does not affect root
hair initiation.13 Pretreatment with LY294002 also blocked auxin-mediated ROS generation
and reduced the sensitivity of roots to gravistimulation.1® While the amount of PI3P
increased in response to auxin, this effect was abolished by pretreatment with LY294002.16

Recently, a combined proteomic and cell biological study provided an important survey on
the effects of wortmannin on Arabidopsis roots.# Cell biological approaches validated
proteomic data on RabAld, a small Rab GTPase localized to early endosomes, and
downregulated by fusion of early endosomes with late endosomes after wortmannin
treatment. These results demonstrated the feasibility of combined proteomic and cell
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biological methods to study physiological changes in Arabidopsis roots caused by
pharmacological perturbation of P13/4K signaling.

In this study, we performed a proteomic analysis of Arabidopsis roots using a more specific
inhibitor of PI3K, namely LY294002. We aimed to integrate proteomic data with the
subcellular effects (e.g. on endosomes and antioxidant activity) caused by this inhibitor in
root cells. Inhibitor effects at subcellular level were validated by live-cell imaging, and
proteomic data on upregulation of 2S albumin were validated by both immunoblots and
immunolabelling on intact roots. Most obvious similarities and differences between
previously reported wortmannin effects and LY 294002 are discussed.

Experimental procedures

Plant material and cultivation

Seeds of Arabidopsis thaliana (ecotype Col-0 and transgenic Col-0 lines with PI3P and
endosomal molecular markers) were surface sterilized and placed on half-strength MS
culture medium (pH 5.7) containing 1% (w/v) sucrose and 0.8% (w/v) phytagel. The plates
were stored at 4°C for 48 h to break dormancy, and then kept vertically under 16 h light/8 h
dark, 22°C conditions, for 10 days (proteomic analysis) or 6 days (microscopic analysis).

Seedlings were surface-treated with liquid %2 MS media containing 33 pM LY 294002
(Sigma) dissolved in dimethylsulfoxide (DMSO; final concentration 0.3% DMSO [v/v]) for
2 h, while preventing complete submergence of the roots in the liquid. Control plants were
treated with solution containing ¥2 MS medium supplemented with 0.3% DMSO. Roots
were quickly dissected and harvested for protein extraction.

The development of transgenic Arabidopsis lines used for microscopic analysis was
described previously.1” As in vivo PI3P marker, and late endosomes marker we have used
line stably expressing the GFP-tagged double FYVE construct, and line expressing YFP-
tagged RabF2a,1 respectively.

Proteomic analysis

Protein extraction for two-dimensional electrophoresis and 2-D LC-MS/MS—
Proteins were extracted according to the protocol of Taka¢ et al.18 Briefly, roots were frozen
in liquid nitrogen and homogenized to a fine powder using a mortar and pestle. Phenol was
used for total protein extraction according to a modified method of Hurkmann and Tanaka.1®
A detailed description of the protein extraction method is provided in the supplemental data.

Two-dimensional electrophoresis—The 2-DE was performed as published in our
previous study.18 Details are provided in supplemental data. Extracts from plant material
harvested from three independent biological experiments (3 biological replicates) were used
for analysis. The gels were stained by Bio-Safe Coomassie brilliant blue staining solution
(Bio-Rad) according to the manufacturer’s instructions. Gels were scanned using a
densitometer (GS-800, Bio-Rad) and analyzed using the program PD-Quest 8.0 (Bio-Rad).
The spot intensities were normalized according to total density in the gel images. After
automated spot detection and matching, manual editing was carried out to ensure correct
matches. One-way ANOVA statistical analysis was performed with a 95% significance level
to determine differentially abundant proteins (L'Y294002-treated vs. control samples). Spots
showing statistically significant (p < 0.05) abundance differences were selected and
manually picked for digestion and identification.
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Trypsin digestion and mass spectrometry—Trypsin digestion was performed as
described by Hajduch et al. 20 The peptide mix was extracted from gel plugs using 100 pL of
extraction solution (60% [v/v] acetonitrile, 1% [v/v] formic acid), and spotted onto an
anchor chip target (Bruker Daltonics) using the dried droplet method.2! We used a-
Cyano-4-hydroxycinnamic acid (2 mg/ml in 50% ACN and 0.2% TFA) as a matrix. Mass
spectrometry analysis was performed using a MALDI-TOF-TOF (Ultraflex I1, Bruker
Daltonics) according to Takag et al.18

MS-mode acquisition (1000-4000 Da) consisted of 150 laser shots averaged from 5 sample
positions. From each full scan, the top 10 peaks were used for subsequent MS/MS analysis.
Peptide fragmentation was performed using collision induced dissociation and 250 laser
shots from 5 sample positions were summed up for each parent ion. Data processing of raw
spectra was performed using Bruker software (Flex analysis 2.4 and BioTools 3.1).

Mascot search (Mascot Server 2.2.03,) was conducted using an MS tolerance of 50 ppm, and
an MS/MS tolerance of 800 mmu (milli mass units).

One miscleavage was allowed. Carbamidomethylation was chosen as fixed modification,
while oxidation (H, W, M) and phosphorylation (S, T, Y) were used as variable
modifications. The data were matched against the Arabidopsis genus taxonomy UniProt
database, which contained 31,856 entries as of 01/12/2011.

Standard scoring (MOWSE score = 60) and a significance threshold of p<0.05 for protein/
peptide identification were chosen for filtering Mascot results. These parameters and values
are applied according to well established consensus.

Preparation of protein samples for 2-D LC-MS/MS—The protocol used for in-
solution trypsin digestion of proteins was adapted from the method described by Donaldson
et al.22 Briefly, the protein precipitate was resuspended in 50pl of 6 M urea. Prior to
digestion, a total amount of 100 ug protein was subjected to reduction by addition of 10 ul of
50 mM DTT (incubated at 70°C for 30 minutes), followed by alkylation with 11ul of 100
mM iodoacetamide (incubated at room temperature for 1 h). Finally, an additional 10 pl of
50 mM DTT was added to the protein solution.

Urea concentration was lowered to 1 M by addition of Milli-Q water. Proteins were digested
with 20 pl of trypsin (0.1pg/ul) at 37°C overnight. The digestion was stopped by the addition
of 4 ul of 1% formic acid. Next, the peptides were desalted using SEP PAK light C18
columns (Waters) according to the manufacturer’s instructions. The eluted peptides were
vacuum-dried to produce a pellet, stored at —80°C, and re-dissolved in 20 pl of 0.1% formic
acid, 5% ACN just prior to the 2-D LC/MSMS analysis.

2-D LC-MS/MS analysis—The liquid chromatography - mass spectrometry analysis was
performed using the ProteomeX Workstation (Thermo). It consists of a Surveyor auto
sampler and a Surveyor HPLC unit coupled directly in line with a LCQ Deca XP Plus — ESI
ion trap mass spectrometer controlled by XCALIBUR 1.4 SR1 software (Thermo). The raw
data were collected as published previously.23 Detailed method parameters are provided in
the supplemental data.

The HPLC step consisted of a 2-D LC separation on a strong cation exchange (SCX) column
(SCX BioBasic 0.32 x 100 mm) followed by reverse phase column (BioBasic C18, 0.18 x
100 mm; Thermo Hypersil-Keystone). A flow rate of 3ul/min was used for both SCX and
reverse phase columns. For SCX, salt steps of 0, 10, 15, 25, 30, 35, 40, 45, 50, 57, 64, 90,
and 700 mM ammonium acetate in 5% v/v ACN and 0.1% v/v formic acid were applied.
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The reverse phase column was eluted by ACN gradient (in 0.1% v/v formic acid) as follows:
5%-30% for 30 min, 30%-65% for 9 min, 95% for 5 min, 5% for 15 min, for a total of 59
min elution and data collection for each of thirteen salt steps. The mass spectrometer was
programmed to operate in the data dependent mode with dynamic exclusion and four scan
events: one MS scan (m/z range: 300-1700) and three MSMS scans of the three most
intense ionized species detected in MS scan in real time.

Protein identification and label-free quantification—The triplicate raw files
containing the MS and MSMS data for each biological sample were searched using the
TurboSEQUEST algorithm of the Bioworks Browser 3.2 EF2 (Thermo) software as
described previously.18 Cysteine carbamidomethylation and methionine oxidation were
included in the search criteria. The data were matched against both target and decoy
databases. The NCBI (www.ncbi.nlm.nih.gov) Arabidopsis genus taxonomy referenced
protein database (31,856 entries as of December 2011) served as the target database, while
its reversed copy served as a decoy database. The unfiltered TurboSEQUEST result (.srf)
files were subjected to further validation, statistical and spectral counting based label-free
quantitative analysis utilizing the ProteolQ 2.3.02 (Bioinquire) software. The crucial
parameters were set as follows: minimum peptide length =5 amino acids (AAs), maximum
protein false discovery rate (FDR) = 5%, minimum protein group probability = 95%, (the
graphs justifying these parameter values as properly chosen and stringent for high
confidence protein identification can be found in the supplemental data, Figure S1). Only the
“Top” proteins (as defined by ProteolQ - within a protein group, each and every respective
peptide could be matched to the top protein) were further considered. Normalization was
based on total sampling (spectral count) in biological groups and replicates. A minimum of
five spectral counts per protein were required for quantitation. Spectral counts related to
both unmodified and modified peptides were considered. The MSMS method included
dynamic exclusion with repeat counts = 2, repeat duration = 0.5 minute and exclusion
duration = 2.0 minutes. One-way ANOVA statistical analysis was performed and only the
proteins with p < 0.05 were reported as differentially expressed. Identifications based on
single peptides were accepted only if supported by multiple spectral counts. Pertinent
peptide and protein identification details, including annotated spectral images are available
in supplemental data.

Live cell imaging

For microscopy, 5 day old plants were transferred to micro-chambers between microscopic
slides and cover slips with one Parafilm layer as a spacer. The chambers were filled with
liquid half-strength MS medium. In order to perform drug treatments, LY294002 at a final
concentration of 33uM in the culture medium was infiltrated into the chambers by perfusion
and plants were incubated for 2 h. As controls, plants were incubated with a control solution
containing %2 MS medium supplemented with 0.3% DMSO. Microscopic analysis was
performed using a Zeiss LSM 710 confocal laser scanning microscope (Carl Zeiss Jena,
Germany). All images were acquired using a 40x objective lens with numerical aperture
1.42. GFP was excited at 488nm and detected between 500-535 nm, YFP was excited at 514
nm and detected between 518-540 nm. Post-processing of images was done with the aid of
Zeiss ZEN software (Ver.2010b), Image J 1.38x, Photoshop 6.0/CS and Microsoft
PowerPoint applications.

Whole-mount immunofluorescence labeling

Six day old whole seedlings were labeled according to method of Sauer et al.2* with small
modification: prior to fixation, seedlings were treated either with 33uM LY 294002 or with
0,3% DMSO in % liquid MS medium for 2h; seedlings were fixed in 1.5%
paraformaldehyde and 0.5% glutaraldehyde in %> MTSB buffer (50mM K-PIPES, 5mM
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MgSO4x7H,0, 5mM EGTA) at pH 6.8; cell wall digestion enzyme mixture contained 1%
meicelase, 1% cellulase and 1% macerozyne in PBS; samples were incubated with rabbit
anti-Arabidopsis 2S albumin (At2S2) primary antibody diluted 1:200 in PBS supplemented
with 2% BSA at 4°C overnight and subsequently with secondary antibody Alexa-Fluor 488
goat anti-rabbit 1gG (H+L) (Invitrogen) diluted 1:500 in PBS containing 2% BSA) for 3h
(1.5 hat37°C and 1.5 h at room temperature). Microscopic analysis of immunolabeled
samples was performed using a Zeiss LSM710. Alexa488-conjugated antibody was excited
at 488 nm and fluorescence was detected between 500 and 535 nm. The post-processing of
images was done using ZEN 2010 software, Photoshop 6.0/CS and Microsoft PowerPoint.

Immunoblot analysis

For protein extraction, roots were homogenized in ice cold RIPA extraction buffer (50mM
Tris/HCI pH 8, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS)
supplemented with SDS sample buffer (in final concentration of 40% glycerol, 240 mM
Tris/HCI pH 6.8, 8% SDS, 0.04% bromophenol blue, 5% beta-mercaptoethanol), boiled and
subsequently centrifuged at 14000g at 4°C for 15 min.

Protein extracts were separated by SDS-PAGE (MINI-Protean Il cell system, Biorad).
Identical protein concentrations were loaded for each sample. Proteins were transferred to a
polyvinylidene difluoride (PVDF) membrane (GE Healthcare) in a wet tank unit (Bio-Rad)
at 100 V using the transfer buffer for 1.5 h.2> For immuno-detection of protein bands, the
membrane was blocked with 3% (w/v) bovine serum albumin (BSA) and 3% (w/v) non-fat
dry milk powder in Tris-buffer-saline (TBS, 100 mM Tris-HCI; 1.5 mM NaCl; pH 7.4) for 1
hour, and subsequently incubated with a primary antibody against Arabidopsis 2S albumin
(At2S222) diluted 1:2000 in TBS-T (TBS; 0.1% Tween 20) containing 1% [w/v] BSA at
room temperature for 1.5 h or at 4°C overnight. After washing in TBS-T, the membrane was
incubated at room temperature for 1.5 h with a horseradish peroxidase conjugated goat anti-
rabbit 1gG secondary antibody (Santa Cruz Biotechnology, sc-2004), diluted 1:5000 in TBS-
T containing 1% [w/v] BSA. Following at least six washing steps, proteins were detected by
incubating the membrane in freshly prepared enhanced chemiluminescence (ECL) reagent
for 2 min. ECL reagent was prepared using the following solutions: 1 ml of solution A (200
ml 0.1M Tris-HCI (pH 8.6); 50 mg Luminol (Sigma-Aldrich)), 100 pl of solution B (11 mg
para-Hydroxycoumarin acid (Sigma-Aldrich) in 10 ml DMSO and 0.3 pl Hy05 (37%).
Luminescence was detected using Chemidoc MP documentation system (Biorad).

Isozyme analysis

Samples were homogenized using liquid nitrogen in 1 mM EDTA containing 50 mM
sodium phosphate buffer (pH 7.8). Subsequently, the extract was centrifuged at 12,000 g and
the supernatant was desalted and concentrated on Amicon Ultra Ultracel-10 K membrane
(Millipore) centrifugation columns (14,000 g, 4 °C, 15 min). The isozymes were separated
on 10% native PAGE. In the case of SOD, samples were loaded on two separate gels. Prior
to SOD isozyme visualization, one of the gels was pre-incubated in 0.05% hydrogen
peroxide (in 50 mM Na phosphate buffer, pH 7.8) to inhibit Cu/Zn SOD. Afterward, the gels
were stained by dark two-step incubation in solution containing 0.6 mM NBT in 50 mM Na-
phosphate buffer (pH 7.8) followed by incubation in solution containing 0.06 mM
riboflavin, 5 mM EDTA and 0.25% TEMED. Finally, the gels were exposed to light until
the SOD activity appeared as negative bands. The isozymes of glutathione peroxidase were
visualized according to Lin et al.2” by pre-incubation in solution containing 50mM Tris-HCI
pH 8, 13mM GSH and 0.004% H,0, and subsequent signal development in solution of
50mM Tris-HCI pH 8, 1.2 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and 1.6 mM phenazine methosulfate. Peroxidase isozymes were stained by
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incubation in solution containing 50mM Na phosphate (pH7.0), 0.05% of 4-Cl-1-naftol and
20ul of 30% H,0,.

The effects of LY294002 at the subcellular level

Since LY294002 inhibits PI3K, an enzyme responsible for PI3P formation,® we have used
stably transformed Arabidopsis plants carrying 2xFYVE-GFP construct.1’ This is a
molecular marker visualizing specifically PI13P, which can be used to investigate effects of
LY294002 on the subcellular distribution of PI3P—positive endosomes (Figure 1A and B).
We have found swelling and clustering of endosomes visualized by 2xFYVE-GFP construct
(Figure 1C and D). Using YFP-RabF2a as a reliable marker for late endosomes?’ (Figure 1
E and F) a very similar swelling and clustering of endosomes caused by LY294002 was
observed (Figure 1G and H).

These results suggest obvious physiological effects of LY294002 on vesicular trafficking at
the subcellular level resulting in inhibition of vacuolar transport and aggregation of late
endosomes. Such affects are at least partially similar to those induced by wortmannin.*

Effects of LY294002 on Arabidopsis root proteome

Employing combined gel-based (Figure 2) and gel-free proteomic approaches we detected
73 (18 and 55, respectively) differentially abundant proteins after LY 294002 treatment of
Arabidopsisroots. All 73 proteins are listed in Table 1 and classified into 10 functional
categories in Figure 3. Out of them, metabolic proteins were most affected by LY 294002,
and they represented 36% of differentially abundant proteins. Malate dehydrogenase was the
most upregulated protein (9.3 fold) while AtArd2 (acireductone dioxygenase 1) was the
most downregulated one (0.26 fold) upon treatment with LY294002. Stress-related proteins
represented the second most affected functional class of proteins (18%). They were followed
by proteins associated with protein synthesis (17%). LY294002 also affected vesicular
trafficking proteins (7%), as well as proteins involved in proteolysis (6%), protein folding
(4%) and storage (4%), nucleic acid binding (3%) and in cell division (1%). Fourteen
proteins were identified as unique in LY294002-treated samples, while three proteins were
present only in controls. Due to the limitation in MS based quantitative methods, this should
not be viewed as absolute, but it offers a strong indication of protein abundance. More
detailed classification according to KEGG pathway database (http://www.genome.jp/kegg/
pathway.html; 28) is presented in Table S1. An overview of functional networks affected by
LY294002 in Arabidopsis roots is shown in Figure 4. This analysis showed that two clusters
of translation-related and metabolic proteins possessed multiple interacting protein nodes
which were affected by LY294002.

LY294002 targets vacuolar hydrolases, storage proteins and proteins localized to trans-
Golgi network

LY29402 affected several proteins involved in endomembrane trafficking. Among them, it
decreased the abundance of small GTPase RabAld, which is localized to trans-Golgi
network (TGN).2° Recently, RabA1d was reported to be downregulated by wortmannin due
to the fusion of TGN vesicles with late endosomes.# Next, an ADP-ribosylation factor A1F
(ARFALF) was affected by LY294002. ARFs are, similarly to RabAld, small GTPases
cycling between active (GTP-bound) and inactive (GDP-bound) state, and they recruit
cytosolic coat proteins to sites of vesicle budding and fusion.3? Upregulation of ARFALF in
response to LY294002 indicates its possible accumulation to ensure clustering and fusion of
late endosomes.
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We also detected a significant downregulation of vacuolar hydrolases such as aleurain-like
protease and cathepsin B-like cysteine protease. These proteins are known to be transported
to the vacuole via TGN vesicles and late endosomes/multivesicular bodies (MVBs).3!

Downregulation of vacuolar hydrolases by LY294002 (inhibiting vesicular transport to the
vacuole) suggests that turnover of these proteins is likely altered and shifted towards
preferential degradation. This might be a part of the feedback mechanism to LY294002-
inhibited vesicular transport of hydrolases to the vacuole. On the other hand, the storage
proteins cruciferin 3; cruciferin 2 and 2S albumin were detected by 2D LC MS/MS only in
LY294002 treated sample suggesting their intracellular accumulation under such conditions.
To validate this result by independent method, we performed immunoblot analysis using an
antibody against Arabidopsis 2S albuminZ® (Figure 5A). Immunoblot experiments revealed
that 2S albumin was significantly more abundant upon LY 294002 treatment as revealed also
by quantitation of band densities presented in Figure 5B. Further, we performed
immunolocalization experiments to study the effect of LY294002 on subcellular distribution
and relocation of 2S albumin. In control root cells, this protein was localized to distinct
punctate structures (Figure 5C, D) resembling late endosomes visualized by RabF2a
molecular marker. LY294002 caused swelling and clustering of these spot-like structures
(Figure 5E, F) accompanied by a general increase of the fluorescent signal. It was further
strengthened by quantification of the size of these punctate structures (Figure 5G). These
measurements documented that the diameter of vesicles containing 2S albumin was mostly
in the range of 0.2-0.6 um in control cells (roughly corresponding to the size of endosomes
in Arabidopsis) while it increased up to 2 pm in cells treated by LY294002. Thus, punctate
endosome-like structures labeled by antibody against 2S albumin showed similar subcellular
redistribution, including swelling and aggregation, as previously described for molecular
markers specific for PI3P and late endosomes (Figure 1).

LY294002 substantially modified stress response proteins and the antioxidant enzyme

machinery

LY294002 also affected the proteins involved in enzymatic antioxidant defense as revealed
by our proteomic screen. Two isozymes of superoxide dismutase, namely Cu/Zn SOD2
(CSD2) and Fe SOD1, were downregulated by LY294002. In order to strengthen these data
we performed functional isozyme spectra analysis using native PAGE followed by SOD
activity staining. In agreement with proteomic data, Cu/Zn SOD isozyme showed decreased
activity in response to LY294002 treatment (Figure 6A, Table 2). The identity of this
isozyme was proved on the basis of its sensitivity to H,O,. These results suggest decreased
capacity to remove superoxide anion after PI3K inhibition by LY294002 but also points to
decreased hydrogen peroxide formation via SOD activity. Despite limited hydrogen
peroxide production suggested by lower SOD activity, hydrogen peroxide decomposing
enzymes, such as catalase 2, secretory peroxidase 39 and glutathione peroxidase 6 were
upregulated by LY294002. Notably, the abundance of glutathione peroxidase 6, which uses
glutathione to remove hydrogen peroxide, was more than four-fold higher in LY 294002
treated Arabidopsis roots as compared to the control. Similar increase was also observed in
GPX activity as revealed by staining of native PAGE gels (Figure 6B, band with Rm 0.08,
Table 2). Furthermore, three isozymes of peroxidases stained on native PAGE gels showed
increased activity after LY294002 treatment in agreement with proteomic data (Figure 6C).
These results point to the PI3K—dependent control over antioxidant enzyme machinery in
Arabidopsis roots.

Additionally, LY294002 strongly suppressed the abundance of other stress-related proteins
such as C2H2-like zinc finger protein and low-molecular-weight cysteine-rich 68 protease
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inhibitor. Finally, the CSD1 interacting protein class | glutamine amidotransferase domain-
containing protein, also named DJ1A32 was also downregulated by LY294002.

Discussion

Together with genetic tools, pharmacological inhibitors such as brefeldin A and wortmannin
are widely used in cell biology and physiological studies. They are assumed to be specific
for certain subcellular events, depending on their molecular targets, such as ARF-GEF, PI3K
and PI4K, respectively. In general, inhibitors are considered to be more useful if their targets
are more specific, as is the case of LY294002 inhibiting PI3P but not PI4P. Most
importantly, pharmacological treatments combined with large scale proteomic analysis
represent a very valuable tool for screening new proteins essential for cell physiological
events, especially when proteomic data are validated by cell biological or biochemical
methods. In plants, this strategy led to the identification of new proteins regulating dynamics
of cytoskeleton, calcium signalling and vesicular trafficking.418:33.34 Moreover, combined
exploitation of proteomics and cell biology for elucidation of inhibitor effects revealed that
their applications have wider consequences mainly related to physiological changes (e.g. in
vesicular trafficking), or modification of biochemical mechanisms (e.g. anti-oxidative
system) in Arabidopsis roots.*18

In this study, we presented proteome changes in Arabidopsis roots affected by PI3K
inhibitor LY294002. Proteomic results for selected proteins such as 2S albumin and anti-
oxidative enzymes were validated by independent biochemical and cell biological methods.
Finally, similarities and differences between proteome-wide effects of wortmannin and
LY294002 are discussed.

LY294002 versus wortmannin: overall proteome changes

Sixteen proteins were differentially regulated by both wortmannin and LY294002, but only
seven of them were affected in the same manner, e.g. up- or down-regulated. These proteins
are listed in Table 3.

There were some differences between LY 294002 and wortmannin® in several functional
classes of differentially regulated proteins in Arabidopsis root proteome. These differences
could be accounted either to the narrower specificity of the LY294002 towards PI3K in
comparison to wortmannin or to possible differences in other P13/4K-independent targets of
these inhibitors.8:9 For example, wortmannin modified the abundance of proteins involved in
signalling (inositol 1,3,4-trisphosphate 5/6-kinase and phospholipase D alpha 1), lipid
metabolism (lipoamide dehydrogenase and dihydrolipoamide dehydrogenase 2) and DNA
repair (DNA-damage-repair/toleration 2 and histone H3;# but these functional classes were
not modified by LY294002. Four proteins involved in stress response (Fe superoxide
dismutase 1, peroxidase, putative rare cold inducible gene 3 and major latex protein-related)
and two enzymes involved in nitrogen metabolism (glutamate dehydrogenase 2 and
glutamine synthetase 2) were affected by L'Y294002 and wortmannin in an opposite manner
(Table 3). LY294002 and wortmannin also differently affected the protein folding as
suggested by different abundance of luminal binding protein (Table 3).

Further, we compared gene ontology functional annotations (annotations were assigned by
BLAST2Go bioinformatics tool3® using TAIR GO database) of differentially regulated
proteins after LY294002 and wortmannin treatments. Concerning biological processes,
LY294002 affected less functional groups compared to wortmannin (Figure 7A) which
might be related to partially different target specificities of both inhibitors. In terms of
molecular function we have found marked differences in protein abundances of individual
classes between LY294002 and wortmannin (Figure 7B). LY 294002 affected a higher
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number of proteins belonging to GO “protein binding” and “nucleotide binding” (proteins
interacting selectively and non-covalently with a nucleotide), and lower number of proteins
of GO transferase activity (proteins catalyzing transfer of a group, e.g. a methyl group,
glycosyl group, acyl group, phosphorus-containing), if compared to wortmannin. Tables
showing the GO terms and their protein abundances in both aspects of gene ontology
annotation (biological process and molecular function) are available in supplemental data.

The protein-protein interaction analysis suggested that LY294002 substantially affected
clusters of translational machinery and metabolic proteins in Arabidopsis roots. PI3K is
known to act upstream to TOR kinase which controls translation in animals and yeasts.3
This PI3K-mediated regulation of translation has not been described in plants so far. Our
results indicate that the translation machinery might function in a PI3K dependent manner,
as supported by this and previous study using wortmannin,* respectively.

LY294002 and wortmannin show similar subcellular effects on late endosomes in
Arabidopsis roots

At the subcellular level, we observed LY294002-induced swelling and clustering of late
endosomes labeled by 2xFYVE-GFP and YFP-RAbF2a, as it was found in wortmannin-
treated cells previously.* Some differences between the subcellular effects of these two
compounds on endosome clustering and swelling cannot be ruled out. Nevertheless, it was
reported previously that unlike wortmannin 37 | LY294002 did not inhibit early stages of
endocytosis (as measured by uptake of the styryl dye FM 1-43) in Arabidopsis root cells.13
Moreover, LY 294002 was less effective in disturbing FYVE-labeled endosomes in detached
transiently transformed leaves of Nicothiana benthamiana.14

Therefore, effects of both inhibitors leading to impaired endosomal trafficking and vacuolar
transport are most likely a consequence of PI3K rather than PI4K inhibition.
Simultaneously, the physiological changes were accompanied by the downregulation of
vacuolar proteases (aleurain-like protease and cathepsin B-like cysteine protease), most
probably due to their degradation and attenuated turnover, as a consequence of a treatment
by both inhibitors.

Proteomics and cell biology show accumulation of storage proteins in response to
blocked vacuolar trafficking by LY294002

Proteomic analysis identified three storage proteins being substantially more abundant upon
the treatment with LY294002. Consistently, the immunoblot and immunolabeling analyses
showed accumulation and relocation of 2S albumin to aggregated punctate structures
resembling late endosomes after LY294002 treatment. Similar effect was observed after
wortmannin treatment in Arabidopsis cell cultures since 2S albumin-GFP remained in the
lumen of enlarged PVCs as shown by CLSM.31 Notably, the vacuolar transport of storage
proteins in vegetative tissues is not well understood. Our results suggest that the degradation
of storage proteins is inhibited upon swelling of MVBs after LY294002 treatment, as
suggested also by the downregulation of vacuolar proteases such as aleurain-like protease as
well as cathepsin B-like cysteine protease. It is consistent with previous reports showing that
transport of lytic enzymes and storage proteins to the central vacuole is likely to be mediated
by the same VSR-positive PVC/MVB populations in BY-2 and Arabidopsis cultured cells,3!
as well as in Arabidopsis embryo cells.38

ARFA1f is likely involved in vesicular transport towards vacuole in Arabidopsis roots

LY294002 affected the abundances of two small GTPases, namely RabAld and ARFA1f.
ARFALf was upregulated after LY294002 treatment. In their GTP-bound active state, ARF
GTPases recruit coat proteins to patches of specific membranes in order to induce vesicle
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budding.3% ARFA1c, which is closely related to ARFA1f (differs only in one amino acid),
was reported to control vacuolar trafficking and also secretion of proteins carrying vacuolar
sorting signal (BP8O0 receptor ligands).3° This ARF GTPase colocalizes with ARA7, an
endosomal Rab GTPase.40:41

Our proteomic analysis suggests that ARFALf could also be involved in vacuolar trafficking
in Arabidopsisroots, and its upregulation might be related to swelling and aggregation of
late endosomes upon treatment with LY294002.

Differently to ARFALf, TGN-localized RabA1d?® was downregulated by LY294002.
Recently it was shown that RabAlb may be involved in the transport between TGN and
plasma membrane, which is likely also the case of closely related RabA1d.42 Wortmannin
decreased the dot-like cytoplasmic signal of RabA1lb and it accumulated close to the plasma
membrane.*2 Similar distortion of the dot like localization was observed in the case of
RabA1d after wortmannin.* The downregulation of RabA1ld after LY 294002 treatment
further supports interpretation about TGN depletion after PI3K/PI4K inhibition.443:44

PI3K possibly regulates the antioxidant enzymatic machinery

It is known that wortmannin and LY294002 suppress the intracellular levels of reactive
oxygen species in Arabidopsis.13:37 This occurs as a consequence of decreased activity and
expression of NADPH oxidase3”4° which is responsible for the generation of superoxide
radicals and can be reversed mainly by PI13P.37 Such decreased expression of NADPH
oxidase arises from inhibition of Rac-1 GTPase translocation from cytosol to plasma
membrane by wortmannin and LY294002.4> Thus, the production of ROS seems to depend
on PI3K. Treatment by LY294002 lowered abundance of two isozymes of SOD in
Arabidopsisroots in our proteomic screen. These enzymes are decomposing superoxide
anion by simultaneous production of hydrogen peroxide. We suggest that decrease in Cu/Zn
SOD abundance, as provided by specific activity staining on native PAGE gels, was
connected to reduced demand to decompose superoxide radicals which were produced at
lower level in the presence of LY294002.13 Furthermore, LY294002 negatively affected the
abundance of class I glutamine amidotransferase domain-containing protein, also named
AtDJ1A. This protein, localized to cytoplasm and nucleus, interacts with and activates Cu/
Zn SOD in Arabidopsis.32 Therefore, we may suggest that PI3K probably couples the
NADPH oxidase endocytosis with DJLA-mediated downregulation of Cu/ZnSOD.

In conclusion, pharmacological proteomic screen using PI3P inhibitor LY294002 provided
valuable information about storage protein processing during blocked vacuolar transport
conditions. The subcellular effects of LY294002 were accompanied by changes in
abundance of several important proteins related to vesicular trafficking, as summarized in
Figure 8. Since vacuolar hydrolases were downregulated while storage proteins were more
abundant, this suggested that storage proteins were protected from degradation in swollen
multivesicular bodies formed after LYY294002 treatment. LY294002 also caused attenuated
enzymatic defense against superoxide radicals that might be linked to decreased NADPH
oxidase activity. Thus, our study pointed to the new link between PI3K and antioxidant
enzyme machinery. Finally, marked differences between wortmannin and LY 294002 were
found on proteome level, in spite of similarities in subcellular changes of endosomes caused
by both inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Subcellular redistribution of late endosomes containing PI3P (as visualized by 2xFYVE-

GFP marker, A-D) and RabF2a-YFP molecular marker (E-H) in Arabidopsis root cells
treated with 33 UM LY294002 for 2 h. Microscopic visualization of PI3P and RabF2a in
individual late endosomes of control cells as indicated by arrows in A, B, E and F.
Treatment with LY 294002 caused swelling and association of late endosomes in treated
cells (indicated by arrowheads in C, D, G, H) as visualized by PI3P marker 2xFYVE-GFP
(A-D) and endosomal marker YFP-RabF2a (E-H). Bars represent 10 um for A, C, E, G, and
1umfor B, D, F, H.
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Figure 2.

Representative two dimensional gel of control (A) and LY294005 treated (B) Arabidopsis
root protein extracts and details on individual spots (C) prepared from protein extract of
LY294002 treated Arabidopsis roots. Proteins differentially abundant after LY 294002
treatment are indicated by arrows. The numbers refer to proteins in Table 1
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Classification of the differentially abundant proteins into functional categories. The pie chart
shows procentual distribution of proteins in diverse functional classes.
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Figure 4.

Prediction of functional networks affected by LY294002 in Arabidopsis roots using
STRING 9.0 applied on proteomic data. Different line colours represent the types of
evidence used in predicting the associations: gene fusion (red), neighbourhood (green), co-
occurrence across genomes (blue), co-expression (black), experimental (purple), association
in curated databases (light blue) or co-mentioned in PubMed abstracts (yellow). The change
in abundance (LY294002-treated vs control) of proteins is indicated in red. The single node
proteins (those which do not interact) are not included in the figure. Explanation of
abbreviations and accession numbers: TIM (triosephosphate isomerase); EDA9 (embryo sac
development arrest 9); IAR4 (oxidoreductase), GAMMA CA3 (gamma carbonic anhydrase
3); DET3 (proton-transporting ATPase), MPPBETA (mitochondrial processing peptidase
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beta subunit), AT3G52930 (fructose-bisphosphate aldolase, putative); I1L1 (isopropyl
malate isomerase large subunit 1); UGP (UDP-glucose pyrophosphorylase); AT1G12000
(pyrophosphate--fructose-6-phosphate 1-phosphotransferase beta subunit, putative);
AT1G53240 (malate dehydrogenase (NAD), mitochondrial); MDH (malate dehydrogenase);
GDH2 (glutamate dehydrogenase 2); GS2 (glutamine synthetase 2); ASP5 (aspartate
aminotransferase 5); At2g30970 (ASP1, aspartate aminotransferase 1); PER3 (RCI3, rare
cold inducible gene 3); PER39 (peroxidase, putative); UNE5 (unfertilized embryo sac 5,
protein disulfide isomerase); ATPDIL1-1 (PDI-like 1-1, protein disulfide isomerase);
AT3G57490 (40S ribosomal protein S2, RPS2D); NAP57 (Arabidopsis thaliana homologue
of NAP57, pseudouridine synthase); RPL7B (60S ribosomal protein L7, RPL7B); RPS25A
(40S ribosomal protein S25 (RPS25B); AT5G19510 (elongation factor 1B alpha-subunit 2,
eEF1Balpha2); SAC52 (suppressor of acaulis 52); AT3G12390 (nascent polypeptide
associated complex alpha chain protein, putative ); RPS24 (40S ribosomal protein S24,
RPS24A).
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Figure5.

Immunoblotting and immunolabeling analysis of 2S albumin in Arabidopsis roots after
LY294002 treatment. A, Immunoblot detection of 2S albumin in control (C) and LY294002-
treated (T) Arabidopsis roots. B, Quantification of optical density of bands corresponding to
2S albumin. Note that 2S albumin is more abundant after LY294002 treatment. C-F,
Immunolabeling of 2S albumin in control (C, arrows and D) and LY294002-treated (E,
arrowheads and F) Arabidopsis roots, G, Quantification of endosomal diameter in control
and LY294002-treated root cells. Scale bars are 10um for C, E, and 1 um for D, F.
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Figure6.

Changes in isozyme pattern of selected antioxidant enzymes after treatment with LY 294002
in native PAGE gels. A, Superoxide dismutase activity staining without H,O, (left panel)
and in the presence of H,0, to identify Cu/ZnSOD isozyme. B, Glutathione peroxidase
staining, C, Staining of peroxidases using 4-Cl-1-naftol as a substrate. Note decreased
activity of Cu/ZnSOD (A) and increased activity of glutathione peroxidases and peroxidases
after LY294002 treatment.
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LY294002 wortmannin

Figure7.
Classification of differentially regulated proteins in Arabidopsis roots treated by LY294002

and wortmannin according to gene ontology annotations (Blast2GO application) for (A)
biological process and (B) molecular function.
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Figure8.

Overview on proteins involved in vesicle-mediated vacuolar transport and endocytosis as
identified by the present proteomic analysis using LY294002. Upregulated proteins are

depicted in blue while downregulated ones are in red.
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List of proteins differentially affected by LY294002 and wortmannnin. Equally differentially regulated

Table 3

proteins are indicated by bold text.

Fold change
Functional class Sequence ID Sequence Name
LY294002 wortmannin
NP193615.1 Rab GTPase homolog Ald 0.70 0.59
Vesicular NP 563916.1 det3 0.72 0.86
trafficking NP563648.1  cathepsin B-like cysteine protease 055 027
NP 001032106.1  Arabidopsis aleurain-like protease 0.69 0.75
) NP181225.1 S-adenosylmethionine synthase 3 0.67 0.55
metabolism
NP 567405.1 3-isopropylmalate dehydratase 1.79 1.34
cell division NP 187595 cell division control protein 48-A 13 152
metabolism NP 186975.1 UDP-glucose pyrophosphorylase LYK 2.46
Unique
nitrogen NP 196361.1 glutamate dehydrogenase 2 1.30 0.65
metabolism NP 001031969.1  glutamine synthetase 2 0.46 3.27
protein transport .
(mitochondria) NP 186858.1 metalloendopeptidase 1.45 0.7
NP 001031710.1  fe superoxide dismutase 1 0.34 2.17
NP 192868.1 peroxidase, putative 1.36 0.33
stress response
NP 172018.1 rare cold inducible gene 3 1.15 0.44
NP 189276.1 major latex protein-related 1.97 0.37
protein folding NP 198206.1 luminal binding protein 1 1.59 0.47
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