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Supplementary Information Text 

Material and methods 

Expression and Purification of Recombinant Glutathione S-transferase (GST)-Tagged Protein 

The complete complementary DNA of AtATG18a (At3g62770) was cloned into the pDEST15 vector 
using Gateway Technology (Invitrogen) to express an N-terminal GST-tagged protein using the 
Escherichia coli expression system. Primers C103S (F/R) (Suppl. Table 1) were used to mutate 
the pDEST15-ATG18a construct to generate pDEST15-ATG18a_C103S. 

For protein expression, transformed E. coli BL21 (DE3) cell cultures at an optical density at 600 nm 
of 0.6 were treated with 0.5 mM isopropyl-β-D-thiogalactopyranoside and incubated for 4 h at 30°C. 
Purification was performed by GST resin binding under non-denaturing conditions using the GST-
Bind Kit (Novagen) according to the manufacturer’s recommendations. Recombinant protein 
production and purification was assessed by SDS-PAGE using 10% (w/v) polyacrylamide gels and 
Coomassie Brilliant Blue staining. 

Mass Spectrometry 

A total of 180 µg of purified recombinant GST-ATG18a was analysed by LC-MS/MS. The protein 
Cys residues were modified with iodoacetamide, without the reduction step, and trypsin-digested. 
Formic acid was added to stop digestion before drying down the samples in a SpeedVac. Samples 
were desalted using C18 MicroSpin Columns (Nest Group SEM SS18V) before drying again in a 
SpeedVac. The peptides were then separated by liquid chromatography in a Thermo Scientific 
EASY nLC-1200 coupled to a Thermo Scientific Nanospray FlexIon source, using a pulled glass 
emitter 75um X 20 cm (Agilent capillary). The tip is packed with C18 packing material (Agilent 
Zorbax Chromatography Packing, SB-C18, 5 micron) and the remainder of the column is packed 
with UChrom 3 micron material from nanoLCMS Solutions. Peptides were separated using a 120-
min gradient using buffer A:  0.1% formic acid/water and buffer B: 0.1% formic acid/acetonitrile. 
Data acquisition was performed with a Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap 
Mass Spectrometer with an HCD fragmentation cell. The resulting intact and fragmentation pattern 
is compared to a theoretical fragmentation pattern (from Sequest HT) to find peptides that can be 
used to identify the proteins. MS survey scans in the mass range of 350–5000 Da were performed. 

MS and MS/MS data obtained were processed using Thermo Scientific's Proteome Discoverer 
Software. Searches were done with an Arabidopsis thaliana protein database from UniProt. Search 
parameters were set as follows: Oxidation / +15.995 Da (M); Deamidated / +0.984 Da (N, Q); 
Carbamidomethyl / +57.021 Da (C); Sulfide / +31.972 Da (C) as dynamic modifications. The peptide 
mass tolerance was set to 10 ppm and 0.02 Da for fragment masses, and 2 missed cleavages were 
allowed. False discovery rates (FDR ≤ 1% at the PSM level) for peptide identification were manually 
calculated. 

Persulfide detection in cell lysates 

A total of 1 mg of purified recombinant GST-ATG18a in PBS supplemented with 1% protease 
inhibitor (cOmplete™, SigmaAldrich) was incubated with increasing NaHS and Na2S4 
concentrations from 100 nM to 200 µM, and 5mM TCEP or 25mM DTT as described in Figure 2. 
Then, samples were incubated with 5 mM 4-chloro-7-nitrobenzofurazan (Cl-NBF) at 37 ºC for 30 
min, protected from light. A methanol/chloroform precipitation was performed to eliminate excess 
Cl-NBF and protein pellets obtained were washed with cold methanol, dried and re-dissolved in 50 
mM PBS with 2% SDS. Proteins were then incubated with 25 µM DAz-2:Cy-5 pre-click mix at 37 
ºC for 30 min (1 mM DAz-2 (Cayman chemical), 1 mM Cyanine5 alkyne (lumiprobe), 2 mM 
copper(II)-TBTA complex (Lumiprobe), 4 mM ascorbic acid, 15 mM PBS and 30% acetonitrile, 
mixed overnight at RT and quenched with 20 mM EDTA). Following incubation, 
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methanol/chloroform precipitation was performed and pellets washed with methanol as described 
above. The protein labelling was analysed by SDS-PAGE. After SDS-PAGE, gels were fixed for 30 
min in 12.5% methanol and 4% acetic acid, protected from light. The gel was imaged at 640 nm for 
Cy5 signal and 488 nm for NBF-Cl signal on a Typhoon FLA 9500 (GE healthcare). 

Plant genotypes  

All lines used in this study were in the Columbia-0 (Col-0) background. 

Transgenic plants expressing green fluorescent protein (GFP)-ATG8e (1) and GFP-HDEL (His-
Asp-Glu-Leu peptide) (2) have been previously described. The complete complementary DNA of 
AtATG18a (At3g62770) was cloned into the binary plasmid pUBQ10:YFP-GW, obtained from the 
Arabidopsis Biological Resource Center (ABRC), to produce the construct pUBQ10:YFP-ATG18a. 
The plasmid pPZP211-35S:Cerulean-ATG8  previously described was used to transform 
Arabidopsis plants (3). Homozygous atg18a T-DNA insertion mutant (GABI_651D08) seeds were 
kindly provided by Dr. Sanchez-Coll (4). Primers C103S (F/R) (Suppl. Table 1) were used to mutate 
C103 of ATG18a into Serine in the plasmid pUBQ10:YFP-ATG18a to produce the construct 
pUBQ10:YFP-ATG18a_C103S. Primers used in this work are described in supplemental Table 1. 
The constructs described above were introduced into Agrobacterium tumefaciens strain GV3101 
by heat shock. Δatg18a T-DNA insertion mutant Arabidopsis plants were co-transformed by the 
floral dip method (5), using the pUBQ10:YFP-ATG18a or pUBQ10:YFP- ATG18a-C103S, and 
pPZP211-35S:Cerulean-ATG8. For cotransformation, Agrobacterium suspensions were mixed 
equally before dipping. Transformants were selected using the relevant antibiotic markers and 
confirmed by fluorescence microscopy.  

Seeds were sterilized in 33% (v:v) bleach with 0.1% (v:v) Triton X-100 (Fisher Scientific, BP151) 
for 20 min, followed by washing with sterile water at least 5 times. After being stratified in the dark 
at 4°C for at least 48 h, sterilized seeds were plated and germinated on ½ strength MS solid medium 
(Murashige & Skoog vitamin and salt mixture [Caisson Laboratories, MSP01], 0.5% [w:v] sucrose 
[SigmaAldrich, S0389], 2.4 mM MES [Sigma-Aldrich, M3671], pH 5.7, and 0.6% [w:v] phytoagar 
[Caisson Laboratories, PTP01]). Unless otherwise noted, plants were grown at 22°C in long day 
conditions (16 h light/8 h dark).  

Protein modelling 

3D homology modelling and structural alignment was driven with HHPred 
(https://toolkit.tuebingen.mpg.de/tools/hhpred) and Modeller (6) using the structure of the Homo 
sapiens WIPI3 - ATG2A:WIR-peptide complex (PDB ID: 6KLR; (7)) as template. 3D alignment of a 
structural model of Arabidopsis thaliana AtATG18a and molecular crystal X-ray structure was 
performed with PyMol 1.4.1 (Schrodinger LLC).  

Protein-lipid binding assay 

PIP (phosphatidylinositol) strips (Echelon Biosciences) were blocked with 1% fatty acid-free milk in 
TBS / 0.1% Tween20 for 1h at RT, and incubated for 1 more h with 0.5 µg of purified recombinant 
GST-ATG18a, GST-ATG18a_C103S, or free GST as control. Purified proteins were treated with 
increasing concentrations of Na2S4 (10-100 µM) or 1 mM TCEP prior to incubation with the PIP 
strips. The membranes were then washed four times in TBS buffer. After washing, membranes 
were incubated with polyclonal anti-GST (Novus Biologicals) at 1:10,000 dilution for 1 hr at 4 °C, 
followed by additional washing and incubation with goat anti-rabbit-IgG-horseradish peroxidase-
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conjugated antibody at 1:20,000. After final washing, membrane-bound GST-ATG18a was 
visualized by chemi-luminescence. 

Membrane fractionation 

For membrane fractionation, 1 week-old pUBQ10:YFP-ATG18a and pUBQ10:YFP- ATG18a-
C103S Arabidopsis seedlings on MS medium were placed in liquid MS medium supplemented with 
5µg/ml Tunicamycin (TM) for 6 hours and incubated or not for 1h with 200 µM NaHS. For total 
protein extraction, seedlings were ground in liquid nitrogen and homogenized in ice-cold protein 
extraction buffer (50 mM TRIS pH 7.5, 150mM NaCl) supplemented with protease inhibitor cocktail 
(cOmplete™, SigmaAldrich). The samples were then centrifuged at 4°C at 100,000g for 30 min. 
The supernatant was considered the soluble fraction and pellet was homogenized in 50 mM TRIS 
pH 7.5, 150mM NaCl and considered as the membrane bound fraction. Fractions were separated 
by SDS-PAGE, and transferred to a nitrocellulose membrane (GE Healthcare Amersham) to be 
analysed using anti-GFP (1:3000; Invitrogen).  

Autophagy detection 

For autophagy analysis, 1 week-old GFP-ATG8e Arabidopsis seedlings on MS medium were 
placed in liquid MS medium supplemented with 5µg/ml Tunicamycin (TM) for 6, 12 or 24 hours and 
incubated or not for 1h with 200 µM NaHS. Control treatment was performed with DMSO. For total 
protein extraction, seedlings were ground in liquid nitrogen and homogenized in ice-cold protein 
extraction buffer (50 mM TRIS at pH 7.5, 150mM NaCl) supplemented with protease inhibitor 
cocktail (Roche). The samples were then centrifuged at 4°C at 8,000g for 10 min and supernatant 
protein extract was separated by SDS-PAGE, and transferred to a nitrocellulose membrane (GE 
Healthcare Amersham). Anti-GFP (1:3000; Invitrogen), anti-Tub (Agrisera, 1:5000), and anti-ATG8 
(Agrisera, 1:5000) antibodies were used to probe the membrane. Quantification of the protein 
immunoblot signal was determined with the ImageJ software (8). 

Microscopy 

Confocal microscopy images of autophagosomes and ER structure were taken within the root 
elongation zone from GFP-ATG8e and GFP-HDEL seedlings, respectively. A Leica SP5 × MP 
confocal/multiphoton microscope system (Leica) was used with a 40x /1.4 oil immersion objective 
at the Iowa State University Roy J. Carver High Resolution Microscopy Facility (9). 7-day-old 
seedlings growing in MS were placed in liquid MS medium supplemented with 5µg/ml Tunicamycin 
(TM) for 6h and incubated or not for 1h with 200 µM NaHS, 200 µM ascorbic acid (ASC) or 
glutathione (GSH). Dimethyl sulfoxide (DMSO) was used as a solvent control for 6h and 1 µM 
concanamycin A for 6h where specified in figure 5. The number of autophagosomes in transgenic 
seedlings was counted and averaged from at least 15 images per sample.  

Colocalization of YFP-ATG18a or YFP-ATG18a_C103S with Cerulean-ATG8e was analysed using 
a Leica TCS SP confocal microscope with a HCX PL APO CS 40X/1.25 oil immersion objective at 
the Cabimer facility (Seville, Spain). A sequential laser scan with cerulean and YFP was performed. 
7-day-old seedlings growing in MS were placed in liquid MS medium supplemented with 5µg/ml 
Tunicamycin (TM) for 6h and incubated or not for 1h with 200 µM NaHS, using DMSO as solvent 
control. Six seconds interval time-lapse frames were photographed over 5 minutes, colocalization 
time and autophagosome size was analysed by ImageJ software (10) and the LOCI bio-formats 
ImageJ plugin. At least 150 autophagosomes were measured for each transgenic line, YFP-ATG18 
x Cer-ATG8e and YFP-ATG18_C103S x Cer-ATG8e, to determine the average autophagosome 
size, and at least 15 images for each line to determine the average number of autophagosomes. 

Excitation and emission wavelengths were 520 and 550 nm for YFP, 488 and 509 nm for GFP, and 
450 and 475 nm for Cerulean. 
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bZIP60 splicing assay. 

One-week-old seedlings growing in MS medium were transferred to liquid MS media and incubated 
with 5µg/ml Tunicamycin (TM) for 6, 12 and 24 hours and incubated or not for 1h with 200 µM 

NaHS. Total RNA was extracted using a plant RNeasy kit (Qiagen), and reverse‐transcribed using 
the SuperScript™ III Reverse Transcriptase kit (Invitrogen) according to the manufacturers’ 
instructions. RT-PCR was performed to detect bZIP60 mRNA splicing (11)  with specific primers 
that cross the exon-exon boundary in the spliced RNA (SPS assay) using bZIP60F4/b60SB primers 
pair (Suppl. Table 1). Actin primers were used as a control. 

Expression and Purification of Free Glutathione S-transferase (GST) Protein. 

The complete complementary DNA of gluthathione S-transferase (P08515) cloned into the pGEX-
5X-1 vector (GE Life Sciences) was used to express free GST protein in E.coli. Transformed E. coli 
BL21 (DE3) cell cultures at an optical density at 600 nm of 0.6 were treated with 0.5 mM isopropyl-
b-D-thiogalactopyranoside, and the cell cultures were incubated for 4 h at 30°C. Purification was 
performed by GST resin binding under non-denaturing conditions using the GST-Bind Kit 
(Novagen) according to the manufacturer’s recommendations. Recombinant protein production 
and purification was assessed by SDS-PAGE using 10% (w/v) polyacrylamide gels and Coomassie 
Brilliant Blue staining. Purified protein was used in the PIP strips assay as a negative control and 
treated with increasing concentrations of Na2S4 to test persulfidation levels of free GST. 

  



 

 

6 

 

 
 

Fig. S1. Persulfidation level of free GST protein (A) and GST-ATG18a_C103S (B) expressed and 
purified from E. coli. Ratio of Cy5/Cl-NBF signals is used for the quantification and normalized band 
intensity is represented. Arrow indicates protein ATG18a_C103S band.  
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Fig. S2. bZIP60 mRNA splicing by RT-PCR analysis using specific primers to assay for spliced 
mRNA (SPS). 
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Fig. S3. Free GST protein binding to PIP Strips 
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Fig. S4. Immunoblot analysis of ATG8 in YFP-ATG18a and YFP-ATG18a_C103S seedlings after 
treatment with TM and sulfide.  
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Fig. S5. Simulation of surface electrostatic potential distribution performed in (A) HsWIPI3 complex 
protein (PDB ID: 6KRL) and (B) AtATG18a 3D structural model. The structural elements of both 
proteins represented in cartoon form are superimposed with surface electrostatic potential. The 
cysteine 103 of AtATG18a is represented with spheres. The long flexible loop around the lipid 
binding site in AtATG18a is marked with an arrow. Positively and negatively charged regions are 
depicted in blue and red, respectively. 
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Table S1. The primers used in this paper. 

 

 

 
 
 
 
 
 

 
  

Gene name Primer name  Primer sequences (5’-3’) 

bZIP60 bZIP60F4 (F) GAAGGAGACGATGATGCTGTGG 

bZIP60 b60SB2 (R) AGCAGGGAACCCAACAGCAGACT 

Actin Actin (F) GTTGGGATGAACCAGAAGGA 

Actin Actin (R) GAACCACCGATCCAGACACT 

ATG18a C103S (F) TCCGATCCCTTTCGCGAGAT 

ATG18a C103S (R) GGAATTAAGGATCCGGAAGCCA 
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