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Phosphatidic acid suppresses autophagy through competitive inhibition by binding 
GAPC (glyceraldehyde-3-phosphate dehydrogenase) and PGK (phosphoglycerate 
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ABSTRACT
Macroautophagy/autophagy is a finely-regulated process in which cytoplasm encapsulated within 
transient organelles termed autophagosomes is delivered to lysosomes or vacuoles for degradation. 
Phospholipids, particularly phosphatidic acid (PA) that functions as a second messenger, play crucial 
and differential roles in autophagosome formation; however, the underlying mechanism remains 
largely unknown. Here we demonstrated that PA inhibits autophagy through competitive inhibition 
of the formation of ATG3 (autophagy-related)-ATG8e and ATG6-VPS34 (vacuolar protein sorting 34) 
complexes. PA bound to GAPC (glyceraldehyde-3-phosphate dehydrogenase) or PGK (phosphogly-
cerate kinase) and promoted their interaction with ATG3 or ATG6, which further attenuated the 
interactions of ATG3-ATG8e or ATG6-VPS34, respectively. Structural and mutational analyses revealed 
the mechanism of PA binding with GAPCs and PGK3, and that GAPCs or ATG8e competitively 
interacted with ATG3, and PGK3 or VPS34 competitively interacted with ATG6, at the same binding 
interface. These results elucidate the molecular mechanism of how PA inhibits autophagy through 
binding GAPC or PGK3 proteins and expand the understanding of the functional mode of PA, 
demonstrating the importance of phospholipids in plant autophagy and providing a new perspective 
for autophagy regulation by phospholipids.
Abbreviation: ATG: autophagy-related; BiFC: bimolecular fluorescence complementation; co-IP: 
co-immunoprecipitation; Con A: concanamycin A; ER: endoplasmic reticulum; EZ: elongation zone; 
FRET-FLIM: fluorescence resonance energy transfer with fluorescence lifetime imaging microscopy; 
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GST: glutathione S-transferase; MDC: mono-
dansylcadaverine; MZ: meristem zone; PA: phosphatidic acid; PAS: phagophore assembly site; PC: 
phosphatidylcholine; PE: phosphatidylethanolamine; PGK3: phosphoglycerate kinase; PtdIns3K: 
phosphatidylinositol 3-kinase; PLD: phospholipase D; TEM: transmission electron microscopy; TOR: 
target of rapamycin; VPS34: vacuolar protein sorting 34; WT: wild type; Y2H: yeast two-hybrid.

ARTICLE HISTORY
Received 22 July 2021 
Revised 12 February 2022 
Accepted 21 February 2022 

KEYWORDS
Autophagy; autophagy- 
related protein; competitive 
inhibition; glyceraldehyde- 
3-phosphate 
dehydrogenase; 
phosphatidic acid; 
phosphoglycerate kinase

Introduction

Eukaryotic cells maintain the internal homeostasis through 
engaging elaborate catabolic processes that recognize and 
recycle the superfluous or potentially dangerous cytosolic 
entities [1]. Macroautophagy/autophagy process encapsu-
lates and delivers intracellular components to lysosomes 
or vacuoles for degradation via double-membrane vesicles 
termed autophagosomes. In plant cells, three distinct types 
of autophagic pathways have been identified: microauto-
phagy, megaautophagy, and macroautophagy (henceforth, 
autophagy) [2]. Genetic screens using yeast cells identified 
~36 evolutionarily conserved ATG (autophagy related) 
genes, most of which are required for the core autophagic 
machinery that generates the autophagosome [3]. Studies 
have shown that autophagy is associated with diverse 

physiological processes including nutrient starvation, senes-
cence, hypoxia, responses to high salt, oxidative stress and 
drought [4–8]. Arabidopsis autophagy-defective (such as 
atg) mutants exhibit hypersensitivity to nutrient starvation, 
premature leaf senescence and shortened life span [6].

In eukaryotes, ATG proteins form four distinct functional 
complexes that independently or synergistically govern the 
autophagosome formation, including initiation, elongation, 
and closure [9]. During the initiation of autophagosome bio-
genesis, reduction of the TOR (target of rapamycin) kinase 
activity activates the Atg1-Atg13 protein complex, which 
recruits the Vps30/Atg6-phosphatidylinositol 3-kinase 
(PtdIns3K) complex to form the PtdIns3P-enriched phago-
phore assembly site (PAS) [10]. Two ubiquitin-like
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conjugation complexes, Atg12–Atg5-Atg16 and Atg8–phos-
phatidylethanolamine (PE), regulate phagophore expansion. 
Atg3 functions as an E2-like conjugating enzyme and the 
Atg12–Atg5 complex acts as an E3 ligase for conjugating 
Atg8 to PE [11–13]. The Atg9 complex consists of the trans-
membrane protein Atg9, PtdIns3P-binding protein Atg18 and 
Atg2, and helps the delivery of lipids to the expanding pha-
gophore [14]. Finally, the outer membrane of the autophago-
some fuses with the vacuole, which releases the inner vesicle 
(autophagic body) to resident hydrolases for degradation [2]. 
During the process, Atg8–PE is initially embedded in the 
inner and outer membranes of autophagosomes, and subse-
quently delivered to the vacuole together as part of the auto-
phagosomes, and thus is regarded as a common marker for 
phagophores and mature autophagosomes [13].

PLD (phospholipase D) is a widely distributed phos-
pholipase in prokaryotes and eukaryotes that catalyze the 
hydrolysis of structural phospholipids phosphatidylcholine 
(PC) and PE to produce phosphatidic acid (PA). There are 
12 PLD genes in the Arabidopsis genome, which can be 
divided into 6 subtypes, α (3 members), β (2), γ (3), δ, ε 
(1) and ζ (2) based on sequence homology and biochem-
ical properties [15]. As an important signaling molecule, 
production of PA is induced by developmental and envir-
onmental cues, and PA participates and plays vital role in 
various signaling pathways through binding with and 
affecting the activity, subcellular localization, protein 
interaction or complex assembly of target proteins [16– 

18]. Considering that PA is responsible for MTOR activa-
tion, PA has been considered as a negative regulator of 
autophagy in animals [19,20]. Although studies showed 
that PA might function in several stages of autophagy in 

mammalian cells, whether PA affects autophagy in plant 
cells and how PA exactly functions remains unclear.

Glycolysis is a metabolic pathway that provides energy in 
the form of ATP and reducing power, pyruvate molecules to 
fuel the mitochondrial tricarboxylic acid cycle, and precursors 
for secondary metabolism [21]. Because GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) and PGK (phosphoglyce-
rate kinase) are involved in both photosynthetic and glycolytic 
reactions in the same compartment, the functional character-
istics of them are crucial [22]. There are eight GAPDHs 
(chloroplastic photosynthetic GAPA1, GAPA-2, and GAPB, 
plastidic glycolytic GAPCp1 and GAPCp2, cytosolic glycolytic 
GAPC1 and GAPC2, and the NADP-dependent non- 
phosphorylating cytosolic ALDH11A3) [23] and three PGKs 
(plastidial PGK1, PGK2 and cytosolic PGK3) [24] in 
Arabidopsis.

Here we showed that PA suppresses the formation of 
autophagosomes through interacting with cytosolic glycolytic 
GAPDHs (GAPC1 and GAPC2) and PGK3, the key members 
of glycolysis that localizes at the endoplasmic reticulum. PA 
promoted the interactions of GAPCs-ATG3 and PGK3-ATG6 
proteins which further inhibited the function of ATG8e or 
VPS34 by competitive interactions.

Results

PA suppresses autophagy in Arabidopsis

To examine the role and functional mechanism of PA in 
autophagosome formation, Arabidopsis seedlings expressing 
GFP-ATG8e fusion protein, which has been widely used as 
a marker of autophagic structures [25], were treated with PA 
(10 μM), 1-butanol (inhibitor of phospholipase D, 0.4%) or
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Figure 1. Phosphatidic acid (PA) suppresses autophagosome formation in Arabidopsis roots. (A) GFP-ATG8e–labeled dots and ring-like structures in elongation zone 
(EZ) of Arabidopsis roots after 1-butanol treatment. Arabidopsis seedlings expressing GFP-ATG8e fusion protein were grown on 1/2 MS medium for 5 days, then 
transferred to 1/2 MS medium containing 1-butanol (0.4%) for 12 h in the presence of concanamycin A (Con A, 0.5 μM) and visualized by confocal microscopy. 
Representative images were shown (upper, bar: 50 μm). The GFP-ATG8e dots or ring-like structures are indicated by arrows and enlarged (bottom, bar: 5 μm). (B) 
Observation (left, bars = 50 μm) and measurement (right) of puncta per root section of GFP-ATG8e–labeled dots and ring-like structures in the meristem zone (MZ) 
and EZ of Arabidopsis roots under treatment with phosphatidic acid (PA), 1-butanol or PLDζ inhibitor. Arabidopsis seedlings expressing GFP-ATG8e fusion protein 
were grown on 1/2 MS medium for 5 days, then transferred to 1/2 MS medium containing PA (10 μM), 1-butanol (0.4%) or PLDζ inhibitor (200 nM) for 12 h in the 
presence of Con A (0.5 μM) and visualized by confocal microscopy. Representative images were shown. Experiments were biologically repeated for three times and 
data were shown as mean ± SD (n = 15). Statistical significance was determined by Student's t-test (*, P < 0.05; **, P < 0.01; ***, P < 0.001, compared with control). 
(C) Immunodetection of free GFP release during autophagy-mediated vacuolar degradation of GFP-ATG8e under PA, 1-butanol or PLDζ inhibitor treatment. 
Arabidopsis seedlings expressing GFP-ATG8e fusion protein were grown on 1/2 MS medium for 7 days, then transferred to 1/2 MS medium containing PA 
(10 μM), 1-butanol (0.4%) or PLDζ inhibitor (200 nM) for 12 h in the presence of Con A (0.5 μM), followed by protein extraction and immunoblotting analyses. The 
experiments were biologically repeated for three times and ACTIN was used as a protein loading control.
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PLDζ inhibitor (200 nM) for 12 h in the absence or presence 
of concanamycin A (Con A, a V-ATPase inhibitor). 
Observation of GFP fluorescence in root meristem zone 
(MZ) and elongation zone (EZ) showed that in contrast to 
control, GFP-ATG8e–labeled puncta and ring-like structures 
(Figure 1A) were significantly increased under 1-butanol or 
PLDζ inhibitor treatment (Figures 1B, S1A), while decreased 
upon PA treatment (Figure 1B).

Upon induction of autophagy, GFP-ATG8e recruits other 
autophagy-associated proteins to form autophagosomes, 
which subsequently fuse with the tonoplast to deliver the 
contents of autophagic bodies into vacuole. Within the 
vacuole lumen, GFP-ATG8e is sheared into ATG8e fragments 
and free GFP by acid hydrolase [26], and detection of free 
GFP is widely used to monitor the extent of autophagy. 
Consistent with the confocal observations, the ratio of free 
GFP to GFP-ATG8e was substantially decreased after PA 
treatment, whereas largely increased under 1-butanol or 
PLDζ inhibitor treatment (Figure 1C). To further confirm 
this, Arabidopsis seedlings expressing GFP-ATG8e were 
exposed to 1-butanol (0.4%) or PLDζ inhibitor (200 nM) in 
the absence or presence of PA (10 μM). Observations revealed 
that after 1-butanol or PLDζ inhibitor treatment, formation of 
GFP–labeled puncta and ring-like structures was obviously 

increased in root cells, however, such accumulation was mod-
erately attenuated in the presence of PA (Figure S1B). These 
results indicated that PA negatively regulates autophagy in 
Arabidopsis.

PLD deficiency resulted in the accumulation of 
autophagic structures

PA is mainly produced by PLD that hydrolyzes the structural 
phospholipids. To investigate the role of PA in autophagy, we 
treated 5-day-old wild type (WT), pldα1, pldζ1, pldβ1, pldδ 
(knock-out T-DNA insertion mutants of 4 representative PLD 
genes) and PLDδ-OE seedlings with Con A, and then mono-
dansylcadaverine (MDC) staining was performed to observe 
the autophagosomes. Confocal observations indicated that the 
MDC-stained vesicles were significantly accumulated in 
pldα1, pldζ1, pldβ1, and pldδ root cells (Figure 2A), whereas 
those were reduced in PLDδ-OE root cells (Figure 2B), com-
pared with those of WT. To confirm the altered accumulation 
of MDC-labeled vesicles that representing the changed auto-
phagosomes, we used transmission electron microscopy 
(TEM) to monitor the autophagic activity. Analyses of the 
ultrastructure of Arabidopsis leaves revealed that in compared 
to WT, autophagy-related structures were increased in pldα1,
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Figure 2. Deficiencies of PLDs result in promoted autophagy. (A and B) MDC staining (left) and quantification of puncta per root section (right) of WT, pldα1, pldζ1, 
pldβ1, pldδ (A) and PLDδ-OE (B). Five-day-old seedlings were treated with Con A (0.5 μM), followed by staining with MDC. The labeled autophagosomes of root cells 
were visualized by fluorescence confocal microscopy using a DAPI-specific filter and representative images were shown (bars: 50 μm). Numbers of puncta per root 
section were measured and data were shown as mean ± SD (n = 20). Statistical significance was determined by Student's t-test (***, P < 0.001, compared to WT). (C 
and D) TEM analyses (left, bars = 50 μm) and quantification of autophagic structures (right) in WT and pldα1, pldζ1, pldβ1, pldδ seedlings (C), and seedlings 
overexpressing PLDδ (D). Three-week-old seedlings were treated with Con A (0.5 μM) and mesophyll cells were observed. “A” indicates the autophagic structures. 
CW, cell wall; C, chloroplast; M, mitochondrion; V, vacuole. Experiments were biologically repeated for three times and data were shown as mean ± SD (n = 10). 
Statistical significance was determined by Student's t-test (***, P < 0.001, compared to WT).
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pldζ1, pldβ1, and pldδ leaves (Figure 2C), while decreased in 
PLDδ-OE plants (Figure 2D), confirming that PLD deficiency 
causes the accumulated autophagic structures.

Deficiencies of ATG genes lead to premature leaf senes-
cence and hypersensitivity to nutrient deprivation [27–29]. 
Studies showed that suppression of PLDα1 and PLDδ 
attenuates abscisic acid-promoted leaf senescence [30] and 
overexpressing acyl-CoA binding proteins 3 (ACBP3-OE) 
leads to PA accumulation and promoted leaf senescence 
[31] in Arabidopsis. Indeed, analyses of seedling growth 
showed that when grown under nutrient-rich conditions, 
pld mutants and PLDδ-OE plants did not display obvious 
growth differences compared to WT, while upon the carbon 
or nitrogen starvation, pld mutants displayed more toler-
ance, as reflected by the delayed yellowing of seedlings and 
increased chlorophyll contents (Figure S1C). By contrast, 
the PLDδ-OE lines were more sensitive to carbon and 

nitrogen starvation than WT (Figure S1D), confirming 
that PLD negatively regulates the autophagy-associated 
response to nutrient starvation in Arabidopsis.

PA binds to GAPCs or PGK3

To explore the mechanism of autophagy inhibition by PA, 
candidate PA-binding proteins were searched and analyzed, 
including glycerol-3-phosphate dehydrogenase (GAPDH) and 
phosphoglycerate kinase (PGK) [32] that involve in the gly-
colysis pathway. Since PA and autophagosome are mainly 
localized in the cytosol, we focused on cytosolic glycolytic 
GAPCs (GAPC1 and GAPC2) and cytosolic PGK3. 
Consistent with previous study showing that PA binds to 
GAPC [32], lipid-protein blot overlay assays showed that 
purified Arabidopsis GAPCs and PGK3 (recombinant 
expressed in Escherichia coli) bound to PA, as well as various
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Figure 3. GAPCs interacted with ATG3, and PGK3 interacted with ATG6, at endoplasmic reticulum (ER). (A) Liposome binding assay showed the correlation between 
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and 10× refer to the concentration gradient of PC or PA/PC liposomes used. Bound (pellet with liposomes, P) GAPCs or PGK3 and non-binding protein (supernatant 
with liposomes, S) were detected by immunoblotting. (B) GST pull-down assays revealed that GAPC1-His and GAPC2-His directly interact with GST-ATG3. 
Recombinantly expressed (from E. coli) GST or GST-ATG3 proteins were incubated with GAPC1-His or GAPC2-His and analyzed by immunoblot assays using an anti- 
His antibody (upper panel). Input of His-tagged proteins (middle panel) and equal aliquots of glutathione beads loaded with GST-ATG3 or GST (separated by SDS- 
PAGE and stained with Coomassie blue, bottom panel) were shown. (C) Co-IP assay demonstrated the interaction between ATG3-mCherry and GAPC1-GFP or GAPC2- 
GFP in vivo. GFP-tagged GAPCs was transiently co-expressed with mCherry-tagged ATG3 in N. benthamiana leaves and immunoprecipitated by GFP affinity magnetic 
beads. Resultant immunoprecipitation (IP) and cell lysate were analyzed by immunoblotting using anti-GFP or anti-mCherry antibodies. (D) Fluorescence observation 
of N. benthamiana leaf epidermal cells co-expressing GAPC1-cYFP/GAPC2-cYFP and nYFP-ATG3 with ER marker HDEL-mCherry. Representative images were shown 
(bar = 50 μm). (E) GST pull-down assays revealed that PGK3-His directly interacts with GST-ATG6. Recombinantly expressed (from E. coli) GST or GST-ATG6 proteins 
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demonstrated the interaction between ATG6-mCherry and PGK3-GFP in vivo. GFP-tagged PGK3 was transiently co-expressed with mCherry-tagged ATG6 in 
N. benthamiana leaves and immunoprecipitated by GFP affinity magnetic beads. Resultant immunoprecipitation (IP) and cell lysate were analyzed by immunoblotting 
using anti-GFP or anti-mCherry antibodies. (G) Fluorescence observation of N. benthamiana leaf epidermal cells co-expressing PGK3-cYFP and nYFP-ATG6 with ER 
marker HDEL-mCherry. Representative images were shown (bar = 50 μm).
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PtdIns monophosphates and PtdIns bisphosphates (Figure 
S2A). Liposomal binding assay was further performed (lipo-
somes were produced with a mixture of dioleoyl PC and 
dioleoyl PA) and western blotting using anti-His antibodies 
showed that bound GAPCs or PGK3 (pellet with liposomes) 
increased and non-binding protein (supernatant with lipo-
somes) decreased with increasing PA concentration, while 
no significant change in pellet and supernatant with increas-
ing PC (Figure 3A). These results confirmed the specific 
binding of PA to GAPCs and PGK3.

Interaction of GAPCs-ATG3 or PGK3-ATG6 at the ER

PA participates in various signaling pathways through bind-
ing with and affecting the activity, subcellular localization, 
protein interaction or complex assembly of target proteins 
[33]. Considering that PA-GAPCs interaction did not affect 
the activity and subcellular localization of GAPCs in 
Arabidopsis [32] and GAPCs interact with ATG3 to sup-
press autophagy in Nicotiana benthamiana [34], it is specu-
lated that PA may affect the interaction of GAPCs with 
interacting proteins by binding. Confocal observations 
revealed that GAPC1-GFP and GAPC2-GFP colocalized 
with ATG3-mCherry in tobacco leaves (Figure S3A), and 
an in vitro GST (glutathione S-transferase) affinity-isolation 
assay showed that GAPC1-His or GAPC2-His was only 
detected upon incubation with GST-ATG3 (Figure 3B), 
indicating that Arabidopsis GAPCs directly interact with 
ATG3 in vitro. A co-immunoprecipitation (co-IP) analyses 
demonstrated the interaction of GAPCs-GFP with ATG3- 
mCherry in vivo (Figure 3C), which is further confirmed by 
bimolecular fluorescence complementation (BiFC) studies 
showing the detectable YFP fluorescence under co- 
expressed nYFP-ATG3 and GAPCs-cYFP in 
N. benthamiana leaves (nYFP-OsHAL3 and OsHAL3-cYFP 
served as a positive control [35], Figure S3B). Previous 
analyses showed that GAPCs and PGK3 locate at endoplas-
mic reticulum (ER), the major source of autophagosomal 
membranes [36], and consistently, observation of 
N. benthamiana co-expressing nYFP-ATG3/GAPCs-cYFP 
with ER marker HDEL-mCherry revealed that GAPCs 
interact with ATG3 at ER (Figure 3D).

To search for the PGK3-associated autophagy compo-
nents, we used yeast two-hybrid (Y2H) analyses to examine 
the possible interactions of PGK3 with known ATG pro-
teins. Results showed that PGK3 specifically interacted with 
ATG6 (Figure S3C). GST pull-down assay (Figure 3E) and 
co-immunoprecipitation (co-IP) analyses (Figure 3F) 
demonstrated the interaction of PGK3 with ATG6 in vitro 
and in vivo, which is further confirmed by BiFC studies 
using N. benthamiana leaves (Figure S3D). Similar as 
GAPCs-ATG3, observation of the co-expressed nYFP- 
ATG6/PGK3-cYFP with HDEL-mCherry showed that 
PGK3-ATG6 complex also localizes at ER (Figure 3G). 
These results indicate that GAPCs-ATG3 or PGK3-ATG6 

complex may participate in the early regulation of autopha-
gy at the ER.

PA promotes the GAPCs-ATG3 or PGK3-ATG6 interaction 
through direct binding

Based on the binding of GAPCs or PGK3 with PA, whether 
PA specifically affects the interaction of GAPCs-ATG3 or 
PGK3-ATG6 to participate in autophagy regulation through 
direct binding is examined. GST pull-down assay were per-
formed and results showed the interaction of GAPCs-ATG3 
or PGK3-ATG6 was significantly enhanced in the presence of 
PA (Figure 4A,B), whereas there was no significant difference 
in the presence of PC (Figure S2B, C). A co- 
immunoprecipitation (co-IP) analyses further revealed that 
the interaction of GAPCs-ATG3 or PGK3-ATG6 was signifi-
cantly enhanced in the presence of PA in vivo, but not PC 
(Figure 4C,D). These suggested that PA specifically promotes 
the GAPCs-ATG3 or PGK3-ATG6 interaction in vitro and 
in vivo.

Fluorescence resonance energy transfer with fluorescence 
lifetime imaging microscopy (FRET-FLIM), a technique 
determining resonance energy transfer by fluorescence life-
time imaging, has the advantage of less interference factors 
and becomes a common technique for studying the confor-
mational changes of biomolecules and dynamic interactions 
between molecules in living cells [37]. Analyses by FRET- 
FLIM assay revealed a reduced fluorescence lifetime of 
GAPCs-GFP or PGK3-GFP when co-expressing ATG3- 
mCherry or ATG6-mCherry, which is much decreased 
under PA treatment (Figure S4A, B), indicating that PA 
enhances the interactions of ATG3-GAPCs and PGK3- 
ATG6, which was further confirmed by BiFC assay using 
N. benthamiana leaves expressing nYFP-ATG3 or nYFP- 
ATG6 with GAPCs-cYFP or PGK3-cYFP in the presence of 
PA (Figure S4C, with similar protein levels, Figure S4D, E).

Templated-based modeling approach together with pro-
tein-small molecule and protein-protein docking were used 
to analyze the overall structure of PA-GAPCs-ATG3 or PA- 
PGK3-ATG6 and amino acids of GAPCs or PGK3 protein 
that could establish hydrogen bonds with PA. Structural mod-
els of 18:1 PA, GAPC1 (PDB code 6QUQ) and ATG3 (PDB 
code 3VX8) were obtained from ChemSpider or Protein Data 
Bank (PDB). Using homologous modeling of Swiss-Model 
approach, we obtained a highly confident structural model 
for the studied proteins (Figure S5). The binding interfaces of 
the trimolecular complex composed of PA-GAPCs-ATG3 or 
PA-PGK3-ATG6 were predicted by semi flexible docking 
using Autodock Vina [38] and a hybrid docking method 
using the HDOCK algorithm [39]. A cavity inside the 
GAPCs or PGK3 protein for binding PA molecules is adjacent 
to the binding interfaces of the GAPCs-ATG3 or PGK3-ATG6 
complex (Figure 4E–G). Detailed analyses showed that the 
amino acids in GAPCs or PGK3 proteins can establish
hydrogen bonds with PA (bottom panel, Figure 4E–G).
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Further, the predicted interaction sites of GAPCs 
(Threonine, T, position 215) and PGK3 (Arginine, R, position 
41) were mutated to A (Alanine, A, due to its neutral nature, 
short side chain and no charge, which is used to study the 
effect of mutated amino acid), and used to examine the effects 
of these residues on PA binding capacity. Analyses by using 
lipid-protein blot overlay assays showed that binding of PA 

with the mutated form of GAPC (GAPCsT215A) or PGK3 
(PGK3R41A) was substantially decreased (Figure 4H) com-
pared with normal GAPC or PGK3, demonstrating the crucial 
role of T215 of GAPCs and R41 of PGK3 in PA binding and 
indicating that GAPCs and PGK3 proteins bound to PA to 
facilitate the formation of GAPCs-ATG3 or PGK3-ATG6
complexes.
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Figure 4. PA binds to GAPCs or PGK3 and promotes the interaction of GAPCs-ATG3 or PGK3-ATG6 in vivo and in vitro. (A and B) GAPCs-His (A) or PGK3-His (B) was 
precipitated by GST-ATG3 (A, GST-ATG6 was used as negative control) or GST-ATG6 (B, GST-ATG13a was used as negative control) using agarose beads in the absence 
or presence of PA (10 μM). The pellet fraction was eluted and analyzed by immunoblotting using anti-His antibodies (upper panel). Input of His-tagged proteins 
(middle panel) and equal aliquots of glutathione beads loaded with GST-ATG3 or GST-ATG6 or GST (separated by SDS-PAGE and stained with Coomassie blue, bottom 
panel) were shown. (C and D) PA promotes the formation of GAPCs-ATG3 (C) or PGK3-ATG6 (D) complexes in vivo. Cell lysate from Arabidopsis seedlings expressing 
GAPCs-GFP and ATG3-mCherry or PGK3-GFP and ATG6-mCherry was subjected to a GFP trap assay. Resultant immunoprecipitation (IP) and cell lysate were analyzed 
by immunoblotting using anti-GFP or anti-mCherry antibodies. (E-G) Structural diagram of the PA-GAPCs-ATG3 (E, F) or PA-PGK3-ATG6 (G) complex based on the 
flexible docking model. Proteins are shown in the cartoon and surface model, with GAPCs or PGK3 colored in cyan, ATG3 or ATG6 colored in pink and 18:1 PA colored 
in yellow. In the zoom graph, the amino acids of GAPCs or PGK3 protein that could establish hydrogen bonds with PA are predicted based on the docking model. 
Green font and lines indicate the hydrogen bonds and distances. (H) Lipid-protein blot overlay assays of the PA binding capacity of GAPCs and PGK3 (WT and variants 
containing various amino acid mutation). Recombinant expressed GAPCs, PGK3, and variants (fused with His-tag) were incubated with PIP strips and detected using 
anti-His antibodies. LPA, lysophosphatidic acid; LPC, lysophosphocholine; PtdIns, phosphatidylinositol; PtdIns3P, PtdIns-3-phosphate; PtdIns4P, PtdIns-4-phosphate; 
PtdIns5P, PtdIns-5-phosphate; PE, phosphatidylethanolamine; PC, phosphatidylcholine; S1P, sphingosine-1-phosphate; PtdIns(3,4)P2, PtdIns-3,4-bisphosphate; 
PtdIns(3,5)P2, PtdIns-3,5-bisphosphate; PtdIns(4,5)P2, PtdIns-4,5-bisphosphate; PtdIns(3,4,5)P3, PtdIns-3,4,5-trisphosphate; PA, phosphatidic acid; PS, 
phosphatidylserine.
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PA attenuates ATG3-ATG8e and ATG6-VPS34 interactions 
through binding to GAPCs or PGK3

The mechanism of how enhanced GAPC-ATG3 or PGK3- 
ATG6 interactions regulate autophagy was further investi-
gated. ATG3 is an E2-like conjugating enzyme that catalyzes 
the formation of ATG8-PE conjugate [26], and ATG6 acti-
vates PtdIns3K/VPS34 activity to induce PtdIns3P production 
and recruits other autophagy-related proteins [10], during the 
autophagy process. Interactions of ATG3-ATG8e and ATG6- 
VPS34 are required for autophagosome formation. We there-
fore examined whether the enhanced GAPCs-ATG3 or 
PGK3-ATG6 interactions interrupt the ATG3-ATG8e or 
ATG6-VPS34 interactions to inhibit autophagy.

Consistent with previous studies [1,40], an affinity- 
isolation assay showed that His-ATG8e is pulled down by 
GST-ATG3 (Figure 5A) and VPS34-His is pulled down by 
GST-ATG6 (Figure 5B). Interestingly, the interaction of 
ATG3-ATG8e or ATG6-VPS34 was reduced under added 
GAPCs-His or PGK3-His (Figure 5A,B), indicating that 
GAPCs or PGK3 represses the ATG3-ATG8e or ATG6- 
VPS34 interaction in vitro. Furthermore, by transiently co- 
expressing GFP-ATG8e, ATG3-mCherry, and GAPCs-Flag, or 
ATG6-GFP, VPS34-mCherry, and PGK3-Flag, in 
N. benthamiana leaves, analyses showed that ATG3- 
mCherry or VPS34-mCherry co-immunoprecipitated with 
GFP-ATG8e or ATG6-GFP; however, as expected, the inter-
actions were reduced upon co-expression of GAPCs-Flag 
(Figure 5C) or PGK3-Flag (Figure 5D), and the ATG8e- 
ATG3 or ATG6-VPS34 interaction was further suppressed 
under exogenous PA (Figure 5C,D). These results indicated 
that GAPCs or PGK3 interfered with the ATG8e-ATG3 or 
ATG6-VPS34 interactions to inhibit autophagy, and PA 
enhances the inhibitory effects of GAPCs or PGK3.

FRET-FLIM assays were further performed to investigate 
the PA effect on ATG3-ATG8e and ATG6-VPS34 interac-
tions. By using GFP-ATG8e/ATG3-mCherry, ATG6-GFP 
/VPS34-mChery, GFP-ATG8e and ATG6-GFP, observations 
showed that the fluorescence lifetime of GFP-ATG8e or 
ATG6-GFP was reduced when co-expressing with ATG3- 
mCherry or VPS34-mCherry, whereas such reduction was 
strongly inhibited under PA treatment (Figure S6A, B), 
indicating the interactions of ATG3-ATG8e and ATG6- 
VPS34 is attenuated by PA. Being consistent, overexpres-
sion of ATG3 or VPS34 obviously induce the autophagic 
body accumulation in vacuole, whereas such accumulation 
was strongly reduced under PA treatment (Figure S6C, D).

Templated-based modeling approach together with pro-
tein-protein docking were used to analyze the conservation 
of the overall structure of individual subunits and their 
respective binding interface. The binding interfaces of the 
heterodimer composed of GAPCs-ATG3, ATG3-ATG8e, 
PGK3-ATG6 and ATG6-VPS34 were predicted by 
a hybrid docking method using the HDOCK algorithm 
[39]. Results showed that GAPC1, GAPC2 or ATG8e inter-
act with ATG3 at the same binding interface, i.e. via 6, 8 
and 4 hydrogen bonds respectively (Figure 6A–C). Analyses 
of the amino acids involved in the formation of hydrogen 
bonds revealed that either GAPCs or ATG8e are linked to 
ATG3 via Tyrosine (Y) at position 205 (Figure 6A–C), 
suggesting that GAPCs or ATG8e may competitively bind 
ATG3 at this site or binding interface. Further, Y205 site 
was mutated, and analyses of the GAPCs-ATG3 or ATG3- 
ATG8e interaction by using GST pull-down assay showed 
the substantially decreased interaction with GAPCs 
(Figure 6D) or ATG8e (Figure 6E) of the mutated form 
of ATG3 (ATG3Y205A) compared with normal ATG3,
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Figure 5. PA attenuates the interaction of ATG3-ATG8e or ATG6-VPS34 by binding to GAPCs or PGK3. (A and B) GST affinity-isolation assay showed the suppressed 
ATG3-ATG8e association by GAPCs (A, PGK3-His was used as a negative control) or ATG6-VPS34 association by PGK3 (B, GAPC1-His was used as a negative control). 
The pellet fraction was eluted and analyzed by immunoblotting using anti-His antibodies (upper panel). Input of GAPCs-His or PGK3-His (middle panel) and equal 
aliquots of glutathione beads loaded with GST-ATG3 or GST-ATG6 or GST (separated by SDS-PAGE and stained with Coomassie Brilliant Blue, bottom panel) were 
shown. The experiments were biologically repeated for three times and representative images were shown. (C) GAPCs-Flag and PA inhibit the interaction of ATG3- 
mCherry and GFP-ATG8e in vivo. GAPCs-Flag or GFP were transiently co-expressed in N. benthamiana leaves with ATG3-mCherry and GFP-ATG8e. After 
immunoprecipitated by GFP affinity magnetic beads, ATG3-mCherry, GFP-ATG8e, and GAPCs-Flag were detected by immunoblot analyses with anti-mCherry, anti- 
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expressed in N. benthamiana leaves with VPS34-mCherry and ATG6-GFP. After immunoprecipitated by GFP affinity magnetic beads, VPS34-mCherry, ATG6-GFP, and 
PGK3-Flag were detected by immunoblot analyses with anti-mCherry, anti-GFP, and anti-Flag antibody, respectively.
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demonstrating the crucial role of Y205 of ATG3 in GAPCs- 
ATG3 or ATG3-ATG8e interactions.

In addition, structural analyses showed that PGK3 or 
VPS34 interact with ATG6 at the same binding interface, i.e. 
via 3 and 2 hydrogen bonds respectively (Figure 6F,G), and 
PGK3 or VPS34 are linked to ATG6 via Aspartic acid (D) at 
position 285 or Isoleucine (I) at position 287, which are in 

close proximity to each other, suggesting that PGK3 or VPS34 
may competitively bind ATG6 at these sites or binding inter-
faces. Similarly, D285 and I287 sites were mutated, and ana-
lyses of the PGK3-ATG6 or ATG6-VPS34 interaction by 
using GST affinity-isolation assay showed the substantially 
decreased interaction with PGK3 (Figure 6H) or VPS34 
(Figure 6I) of the mutated form of ATG6 (ATG6D285AI287A)
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Heterodimer formed by GAPCs (A, B) or ATG8e (C) with ATG3 was calculated by a hybrid docking approach using the HDOCK algorithm. Analyses of conserved amino 
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Coomassie blue, bottom panel) were shown. (F and G) Heterodimer formed by PGK3 (F) or VPS34 (G) with ATG6 was calculated by a hybrid docking approach using 
the HDOCK algorithm. Analyses of conserved amino acid residues was performed by the Consurf server and mapped on the solvent-excluded surface of each protein. 
In the zoom graph, the amino acids in PGK3 or VPS34 protein that could establish hydrogen bonds with ATG6 are predicted based on the docking model. Green font 
and lines indicate the hydrogen bonds and distances. Amino acids followed by P, V, and 6 indicate PGK3, VPS34, and ATG6. PGK3 or VPS34 are coupled to ATG6 via 
D285 or I287 (highlighted by red box), respectively, which are located in close proximity to each other. (H and I) GST pull-down assays revealed that residues D285 
and I287 in ATG6 is important for binding with PGK3 (H) or VPS34 (I). Fusion proteins PGK3-His or VPS34-His were incubated with glutathione agarose-bound GST- 
ATG6 or GST-ATG6D285AI287A and analyzed by immunoblot assays using an anti-His antibody (upper panel). Input of His-tagged proteins (middle panel) and equal 
aliquots of glutathione beads loaded with GST-ATG6 or GST- GST-ATG6D285AI287A (separated by SDS-PAGE and stained with Coomassie blue, bottom panel) were 
shown.
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compared with normal ATG6, demonstrating the crucial role 
of D285 and I287 of ATG6 in PGK3-ATG6 or ATG6-VPS34 
interactions. Interestingly, these sites or binding interfaces are 
formed by highly conserved amino acids (Figure 6), suggest-
ing that they are structurally important and supporting their 
key roles in the formation of heterodimers.

GAPCs and PGK3 are required for the PA-suppressed 
autophagy

Previous studies showed that the numbers of autophagic 
puncta in gapc1 leaves were increased compared with WT 
seedlings [41]. To assess the role of GAPCs and PGK3 in 
autophagy, we treated 5-day-old WT, gapc1, gapc2, gapc1 
gapc2 and pgk3 seedlings with Con A, and then MDC staining 
was performed to observe the autophagosomes. Analyses indi-
cated that the MDC-stained vesicles were significantly accu-
mulated in gapc1, gapc2, gapc1 gapc2 and pgk3 root cells 
(Figure S7A, B). By crossing gapc1, gapc2, gapc1 gapc2 and 
pgk3 mutants with seedlings expressing GFP-ATG8e, observa-
tion further showed that in contrast to the root cells of WT, 
there were more GFP-ATG8e–labeled dots and ring-like 
structures in various mutants (Figure 7A,B). Being consistent, 
accumulation of free GFP was obviously increased in gapc1, 
gapc2, gapc1 gapc2 and pgk3 mutants (Figure 7C,D). Seedling 
overexpressing GAPCs or PGK3 were further generated and 
observation of the 5-day-old WT, GAPC1-OE, GAPC2-OE, 
and PGK3-OE seedlings, which were treated with Con A and 
then stained with MDC, showed that the MDC-stained vesi-
cles were reduced in GAPC1-OE, GAPC2-OE, and PGK3-OE 
root cells (Figure S7C, D). In addition, by crossing GAPC1- 
OE, GAPC2-OE, and PGK3-OE with seedlings expressing 
GFP-ATG8e, observations showed that in contrast to those 
of WT, there were less GFP-ATG8e–labeled dots and ring-like 
structures in GAPC1-OE, GAPC2-OE, and PGK3-OE root cells 
(Figure 7E,F), confirming the inhibitory effects of GAPCs and 
PGK3 on autophagy.

We further phenotypically analyzed the mutants (gapc1, 
gapc2, gapc1 gapc2, pgk3-1, and pgk3-2) and overexpression 
lines (GAPC1-OE, GAPC2-OE, PGK3-OE#1, and PGK3-OE#2) 
under nutrient starvation conditions. When grown under 
normal conditions, mutants and overexpression lines are 
similar to WT; while upon nitrogen or carbon starvation, 
the mutants are more tolerant than WT, as reflected by the 
delayed yellowing of seedlings and increased chlorophyll con-
tents (Figure S7E), whereas the overexpression lines were 
more sensitive to carbon and nitrogen starvation (Figure 
S7F). These results indicated that GAPCs and PGK3 nega-
tively regulate the autophagy-associated response to nutrient 
starvation in Arabidopsis.

To demonstrate that GAPCs and PGK3 are required for 
the inhibited autophagy by PA, GFP-ATG8e, gapc1 gapc2 
GFP-ATG8e, pgk3 GFP-ATG8e, and gapc1 gapc2 pgk3 GFP- 
ATG8e seedlings were treated with Con A in the absence or 
presence of PA. Analyses indicted that after PA treatment, the 
formation of GFP–labeled puncta and ring-like structures 
were decreased in WT, gapc1 gapc2, and pgk3 root cells, 
however, such decrease was not evident in the gapc1 gapc2 
pgk3 background (Figure 7G). Further, Arabidopsis seedlings 

expressing GFP-ATG8e fusion protein in WT, GAPC1-OE, 
GAPC2-OE, PGK3-OE background were treated with Con 
A in the absence or presence of 1-butanol and analyses 
revealed that after 1-butanol treatment, the formation of 
GFP–labeled puncta and ring-like structures were obviously 
increased in WT root cells, while such increase was not 
observed in GAPC1-OE, GAPC2-OE, PGK3-OE background 
(Figure 7H). Taken together, these results indicated that 
GAPCs and PGK3 are involved in and necessary for the PA- 
mediated inhibition of autophagy.

Discussion

Eukaryotes have evolved a variety of sophisticated pathways to 
recycle the intracellular components [42,43]. In addition to 
the ubiquitin-26S proteasome system, which degrades the 
ubiquitinated proteins, mainly the short-lived proteins, 
another more vital pathway is the autophagy, which involves 
double-membrane vesicles engulfing and delivering protein 
aggregates, lipid bodies, long-lived proteins and damaged 
organelles to the vacuole for breakdown [44,45]. Previous 
study has illuminated how cells spatially tune synthesis and 
flux of phospholipids for autophagosome biogenesis during 
autophagy [46]. Here, we demonstrated that PA inhibits auto-
phagy through binding glycolytic proteins GAPCs and PGK3 
to promote their interactions with ATG3 and ATG6, which 
attenuates the interactions of ATG3-ATG8e or ATG6-VPS34 
(Figure 7I). Our studies greatly expand the understanding of 
regulation of autophagy and provide evidence on the crucial 
roles of PA through binding to distinct target protein.

TRAF1a and TRAF1b regulate autophagy dynamics by 
modulating the ubiquitination and stability of ATG6 [47]. 
We demonstrated that PGK3 interacts with ATG6 to disrupt 
the ATG6-VPS34 interaction (Figure 5B), hence negatively 
regulates autophagy in Arabidopsis, providing new insights 
into the regulatory mechanisms of ATG6. NbGAPCs- 
NbATG3 interaction negatively regulates autophagy in 
N. benthamiana [34] and Cotton curlyleaf mudan virus βC1 
protein induces autophagy by disrupting the NbGAPCs- 
NbATG3 interaction [48], our studies showed that GAPCs 
negatively regulate autophagy by interacting with ATG3 
hence to disrupt the ATG3-ATG8e interaction in 
Arabidopsis (Figure 5A), revealing the molecular mechanism 
of how GAPCs-ATG3 interaction inhibits autophagy. 
Consistent with previous studies [1,49], structural analyses 
revealed that ATG3 binding to ATG8 was expected to be 
independent of both the LIR/AIM docking site (LDS) and 
ubiquitin-interacting motif (UDS), and binding of VPS34 to 
a ATG6 region encompassing the CC2 domain. In addition, 
GAPCs or ATG8e are linked to ATG3 via Y205, and PGK3 or 
VPS34 are linked to ATG6 via D285 and I287 (Figure 6),
providing a structural basis for the mechanism of competitive 
inhibition.

As a cone-shaped lipid with a small and highly charged 
head-group, PA is not only the main precursor for phos-
pholipids synthesis, but also an important second messen-
ger molecule involving in a variety of signal transduction 
pathways through binding distinct target proteins [50,51]. 
In Arabidopsis, PA binds to PP2AA1 to promote its plasma
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Figure 7. GAPCs and PGK3 inhibit autophagy in Arabidopsis. (A and B) Fluorescence observation (upper, bars: 50 μm) and quantification of puncta per root section 
(bottom) of WT, gapc (A) and pgk3 seedlings (B) expressing GFP-ATG8e. Five-day-old seedlings were treated with Con A (0.5 mM, 2 h) and visualized by confocal 
microscopy. Numbers of puncta per root section were measured and data were shown as mean ± SD (n = 20). Experiments were biologically repeated for three 
times. Statistical significance was determined by Student's t-test (***, P < 0.001, compared to WT). (C and D) Immunodetection of the free GFP release during 
autophagy-mediated vacuolar degradation of GFP-ATG8e in WT, gapc (C) or pgk3 (D) expressing GFP-ATG8e. One-week-old seedlings grown on 1/2 MS medium were 
transferred to 1/2 MS medium containing Con A (0.5 μM), followed by protein extraction and immunoblotting analyses. The experiments were biologically repeated 
for three times and ACTIN was used as a protein loading control. (E and F) Fluorescence observation (upper, bars = 50 μm) and quantification of puncta per root 
section (bottom) of WT, GAPCs-OE (E) and PGK3-OE (F) lines expressing GFP-ATG8e. Five-day-old seedlings were treated with Con A (0.5 mM, 4 h) and visualized by
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membrane localization [52], interacts with WER to regulate 
its localization and function [53], binds to the core clock 
regulators LHY and CCA1 to modulate their functions [51], 
binds to PINOID to enhance its phosphorylation activity 
[54], and interacts with the ABI1-PP2C complex or the Gα 
subunit of heterotrimeric G protein to involve in the ABA- 
promoted stomatal closure [55]. We demonstrated that PA 
binds glycolytic proteins GAPCs and PGK3 (Figure 3A) to 
promote their interactions with ATG proteins. Structural 
analyses revealed that PA binds to a cavity inside the 
GAPCs or PGK3 protein. The amino acids in GAPCs or 
PGK3 proteins that can establish hydrogen bonds with PA 
are different from those in ATG3 or ATG6, which implies 
that GAPCs and PGK3 proteins bound to PA are more 
tightly structured, facilitating the formation of GAPCs- 
ATG3 or PGK3-ATG6 complexes and hence suppressing 
the ATG3-ATG8e or ATG6-VPS34 interactions. These pro-
vide clues of phospholipid molecules on autophagy and 
expand the mechanism of how PA regulates target proteins.

In animals, PLD1 produces distinct specie of PA that 
competitively binds to the FRB domain of MTOR, thus 
activating the MTOR kinase by displacing DEPTOR, an 
endogenous inhibitor of MTOR, leading to the inhibition 
of autophagy [20], which is consistent with that treatment 
with inhibitors and knockdown of PLD1 resulted in the 
accumulation of autophagic structures [56]. Our studies 
confirmed that autophagy of plant cells was significantly 
induced under 1-butanol or PLDζ inhibitor treatment, 
while suppressed upon PA treatment (Figures 1B, S1A). 
However, the effect of PLD inhibitors is moderately coun-
teracted by the addition of PA (Figure S1B), suggesting that 
in addition to PA production, PLD inhibitors may affect 
autophagy through other pathways.

Consistent with previous study showing that PA inhibits 
autophagy by reducing the affinity of ATG6 towards the 
VPS34 complex [57], our studies demonstrated that PA 
binds PGK3 to promote its interactions with ATG6, which 
attenuates the interactions of ATG6-VPS34. Considering 
the conservation of PA production and autophagosome 
formation, these results provide informative clues for how 
PA reduces the affinity of ATG6 and VPS34 complexes in 
animals. In addition, regarding to the relatively conserved 
functions and regulatory mechanism of phospholipids in 
mammal and plant cells, PA inhibition of autophagy by 
binding glycolytic proteins further help to elucidate the 

underlying mechanism of how phospholipids regulate 
autophagy.

Under various conditions, particularly environmental 
stimuli and nutritional deficiency, PA level increases 
through hydrolyzing structural phospholipids by PLD. 
Considering the induced autophagy under stress conditions 
and nutritional deficiency, suppression of autophagy by PA 
through binding to GAPCs and PGK3 proteins forms 
a regulatory feedback loop that reduces the promoted auto-
phagic activity, thus serving as a protective mechanism to 
maintain the autophagy at proper levels.

Materials and methods

Plant materials, growth condition and treatments

Arabidopsis thaliana lines used in this study were all with 
Colombia-0 (Col-0) background. The pldα1 and 
pldζ1 mutants, plants expressing 35S:GFP-ATG8e and PLDδ- 
overexpression lines were previously described [5,53,54,58]. 
Mutants pldβ1, pldδ, gapc1, gapc2, gapc1 gapc2, gapc3-1 and 
pgk3-2 were obtained from the Arabidopsis Information 
Resources Centre (ABRC) and verified by PCR. The gapc1 
gapc2 and pgk3 mutants were crossed to generate the gapc1 
gapc2 pgk3 triple mutants.

Seeds were surface sterilized, vernalized at 4°C for 
3 days, and sown on half-strength Murashige and Skoog 
(MS) (PhytoTechnology Laboratories, M519) medium plate 
and vertically grown at 22°C under 16-h light/8-h dark 
photoperiod. For nitrogen starvation, 1-week-old seedlings 
were transferred to MS or nitrogen-deficient MS medium 
(PhytoTechnology Laboratories, M531) and grown under 
normal conditions for 5 days. For carbon starvation, 
1-week-old seedlings were transferred to MS or sucrose- 
deficient MS medium and grown under continuous dark-
ness for 7 days.

Constructs and recombinant protein expression

Most constructs used in this study were generated using Hieff 
Clone Plus One Step Cloning Kit (Yeasen Biotechnology, 
10911ES20) according to the manufacturer<apos;>s instruc-
tions. Gene-specific primers with 15-bp extensions homolo-
gous to the corresponding vectors were listed in supplemental 
table 1. For transformation, full-length cDNAs of GAPC1,

confocal microscopy. Numbers of puncta per root section were measured and data were shown as mean ± SD (n = 20). Experiments were biologically repeated for 
three times. Statistical significance was determined by Student's t-test (***, P < 0.001, compared to WT). (G) Observation (left) and quantitation (right) of GFP- 
ATG8e–labeled dots and ring-like structures in WT, gapc1 gapc2, pgk3, and gapc1 gapc2 pgk3 roots in the absence or presence of PA. Arabidopsis seedlings 
expressing GFP-ATG8e fusion protein were grown on 1/2 MS medium for 5 days, then transferred to 1/2 MS medium containing Con A (0.5 μM) for 8 h in the 
absence or presence of PA (10 μM) and visualized by confocal microscopy. Representative images were shown (bars = 50 μm) and numbers of puncta per root 
section were measured. Experiments were biologically repeated for three times and data were shown as mean ± SD (n = 20). Statistical significance was determined 
by Student's t-test (***, P < 0.001). (H) Observation (left) and quantitation (right) of GFP-ATG8e–labeled dots and ring-like structures in WT, GAPCs-OE, and PGK3-OE 
roots in the absence or presence of PLD inhibitor 1-butanol. Arabidopsis seedlings expressing GFP-ATG8e fusion protein were grown on 1/2 MS medium for 5 days, 
then transferred to 1/2 MS medium containing Con A (0.5 μM) for 8 h in the absence or presence of 1-butanol (0.4%) and visualized by confocal microscopy. 
Representative images were shown (bars = 50 μm) and numbers of puncta per root section were measured. Experiments were biologically repeated for three times 
and data were shown as mean ± SD (n = 20). Statistical significance was determined by Student's t-test (***, P < 0.001). (I) A hypothetical model illustrating how PA 
regulates autophagy in Arabidopsis. Under normal conditions, ATG6 activates VPS34 activity to form the PtdIns3P-enriched pre-autophagosomal structures (PAS), 
which organizes the site of autophagosome formation, and ATG3 catalyzes the formation of ATG8-PE conjugate to regulate the phagophore elongation. Under 
nitrogen or carbon starvation or other environmental stimuli, biosynthesis of phospholipids were rapidly promoted and increased phosphatidic acid (PA) enhances 
the interaction of glycolytic proteins GAPCs with ATG3 or PGK3 with ATG6 through direct binding GAPCs and PGK3, leading to the attenuated interactions of ATG3- 
ATG8e or ATG6-VPS34 thus suppressed autophagy.
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GAPC2, and PGK3 were amplified and subcloned into BglII/ 
SpeI-digested pCambia1302 (Abcam, ab275760) to generate 
35S:GAPC1-GFP, 35S:GAPC2-GFP and 35S:PGK3-GFP; full- 
length cDNAs of ATG3 and ATG6 were amplified and sub-
cloned into BamHI/EcoRI-digested pCambia1306 to generate 
35S:ATG3-mCherry and 35S:ATG6-mCherry. For yeast two- 
hybrid (Y2H) assay, full-length cDNAs of PGK3, ATG1a, 
ATG3, ATG5, ATG6, ATG7, ATG8e, ATG13a, ATG18a, and 
VPS34 were amplified and subcloned into EcoRI/BamHI- 
digested pGADT7 and pGBKT7. For the BiFC study, cDNAs 
of ATG3 and ATG6 were amplified and subcloned into SmaI/ 
SalI-digested pCambia1300S-YN to generate the YN-protein 
fusion construct. cDNAs of GAPC1, GAPC2, and PGK3 were 
amplified and subcloned into SmaI/SpeI-digested 
pCambia2300S-YC to generate the protein-YC fusion 
constructs.

For protein expression, full-length cDNAs of ATG3 and 
ATG6 were amplified and subcloned into BamHI/EcoRI- 
digested pGEX-4 T-1 vector for expression of GST-tagged 
fusion proteins in Escherichia coli. Full-length cDNAs of 
GAPC1, GAPC2 and PGK3 were amplified and subcloned 
into BamHI/EcoRI-digested pET-28a for expression of the 
His-tagged fusion proteins in E. coli.

Measurement of chlorophyll contents

Chlorophyll contents were measured according to Xiao et al. 
[31]. Arabidopsis leaves were extracted by immersion in 1 mL 
of N,N-dimethylformamide (Sigma, 33120) for 48 h in dark at 
4°C. Absorbance was determined at 664 and 647 nm, and total 
chlorophyll content was measured and normalized to gram 
fresh weight per sample.

Detection of autophagy

To determine the effect of PA on autophagosome forma-
tion, 5-day-old seedlings expressing eGFP-ATG8e grown 
on 1/2 MS medium (PhytoTechnology Laboratories, 
M519) were transferred to 1/2 MS medium containing 
PA (10 μM; Avanti Polar Lipids, 840875), 1-butanol 
(0.4%; Sigma, 281549), or PLDζ inhibitor (200 nM; 
Avanti Polar Lipids, VU0285655-1), in the absence or 
presence of concanamycin A (Con A, 0.5 μM; Sangon 
Biotech, A601179) and grown under normal conditions. 
Primary root cells were observed using a Leica SP8 laser 
scanning confocal microscope (Leica, Germany), and the 
excitation and emission wavelengths were 488 and 
507 nm, respectively.

For monodansylcadaverine (MDC) staining, seedlings were 
treated for the indicated times and subsequently incubated in 
0.05 mM MDC (Sigma, D4008) in phosphate-buffered saline 
(PBS; Ambion, AM9625) for 10 min, followed by three times 
washes with PBS at room temperature. Primary root cells 
were observed using a Leica SP8 laser scanning confocal 
microscope with a DAPI-specific filter. The excitation and 
emission wavelengths for MDC were 345 and 455 nm, 
respectively.

Transmission electron microscopy (TEM) analyses

Leaf sections (1 mm2) cut from 3-week-old Arabidopsis 
seedlings were vacuum-infiltrated and fixed immediately 
with 2.5% glutaraldehyde (Sigma, G5882) in 0.1 M PBS 
overnight at 4°C. Samples were washed three times with 
PBS, post-fixed with 1% OsO4 (Sigma, O5500) rinsed three 
times with PBS again, dehydrated in a graded ethanol series, 
replaced ethanol with acetone, and embedded in SPI-PON 
812 resin (SPI Science, 90529–77-4). The ultrathin sections 
stained with 2% (w/v) uranyl acetate (Polysciences, 21447– 
25) and 2.6% (w:v) lead citrate (Sigma, 15326). Observation 
and capturing of images were performed by using 
a transmission electron microscope (TEM, Hitachi H-7650, 
Japan) at 80 kV.

Protein extraction and western blot analyses

Total proteins were extracted from N. benthamiana leaves 
using an ice-cold RIPA lysis buffer (50 mM Tris, pH 7.4, 
150 mM NaCl, 1% Triton X-100 [Sigma, X100], 1% sodium 
deoxycholate [Sigma, D6750], 0.1% SDS) supplemented with 
1 mM phenylmethanesulfonyl fluoride (PMSF; Roche, 
10837091001). The homogenates were placed on ice for 
30 min, then centrifuged (12,000 g) at 4°C for 15 min. The 
supernatant was transferred to a new microfuge tube before 
electrophoresis. For immunoblot analyses, total proteins were 
separated by 12% SDS–PAGE, electroblotted to 
a nitrocellulose membrane (Biosharp, 68100230) and analyzed 
using anti-GFP (Abcam, ab290) antibodies.

Yeast two-hybrid (Y2H), bimolecular fluorescence 
complimentation (BiFC) and subcellular localization 
analyses

Gal4-based yeast two-hybrid assays were performed according 
to the manufacturer<apos;>s instructions (Clontech, PT4084-1). 
Vectors pGADT7 and pGBKT7 were used to generate the prey 
and bait constructs, respectively. Yeast strain AH109 containing 
different pairs of constructs were grown on synthetic dropout 
(SD) medium absence of tryptophan, leucine, and histidine.

For BiFC assay, cDNAs of ATG3 and ATG6 or GAPC1, 
GAPC2 and PGK3 were fused to the N terminus of YFP or 
C terminus of YFP, transformed to A. tumefaciens strain 
GV3101 and infiltrated the leaves of 5-week-old 
N. benthamiana plants. Infiltrated plants were grown in dark 
for 48 h, and fluorescence signals were observed using Leica 
SP8 laser scanning confocal microscope (Leica, Germany). For 
PA treatment, the leaves were infiltrated with PA (10 mM) for 
8 h before observations.

For subcellular localization analyses, cDNAs of ATG3 or 
ATG6 was fused to mCherry, cDNAs of GAPC1, GAPC2 or 
PGK3 was fused to GFP, transformed to A. tumefaciens strain 
GV3101 and infiltrated the leaves of 5-week-old
N. benthamiana plants. For concanamycin A (Con A) treat-
ment, the samples were additionally infiltrated with Con 
A (0.5 μM) for 8 h before observation. ER marker HDEL- 
mCherry was transformed to investigate whether the proteins
interact with each other at ER.
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Protein expression, purification, GST affinity isolation 
and Co-IP assays

GST, GST-ATG3, GST-ATG6, GAPC1-His, GAPC2-His, 
PGK3-His, His-ATG3-mCherry, His-ATG6-mCherry, and 
SNAP-His-ATG8e were recombinant expressed using E. coli 
strain BL21 (DE3). Expression of protein was induced by 
supplementing isopropyl β-d-1-thiogalactopyranoside (IPTG, 
0.5 mM; Sangon Biotech, A600168) at 28°C for 4 h. Cell 
lysates were used for affinity purification using Ni-NTA His- 
binding resin according to the manufacturer<apos;>s instruc-
tions (Yeasen, 20502ES60). Eluted proteins were further pur-
ified using a HiLoad 26/60 Superdex 200 PG column (GE 
Healthcare, 17–1071-01). Resultant proteins were flash-frozen 
and stored at −80°C.

GST-binding resin (100 μl; Yeasen, 20508ES10) were 
used to pull down protein complexes in binding buffer 
(20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 
0.2% Triton X-100, 1× protease cocktail inhibitors). After 
binding at 4°C for 3 h, beads were washed five times with 
washing buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 
0.1% Triton X-100, 1 mM EDTA), boiled in 2× SDS sample 
buffer, and analyzed by immunoblot using anti-His or anti- 
GST antibody.

For protein extraction and immunoprecipitation, total cell 
lysates were prepared in lysis buffer (50 mM Tris-HCl, pH 7.4, 
100 mM NaCl, 5 mM EDTA, 0.5% Triton X-100) containing 
a protease inhibitor cocktail (Sigma, P8340), then incubated 
with anti-GFP magnetic microbeads overnight at 4°C. 
Samples were washed three times in wash buffer (50 mM Tris- 
HCl, pH 7.4, 100 mM NaCl, 5 mM EDTA with 1× Complete 
Protease Inhibitor Cocktail) and then eluted by boiling in 
2× SDS sample buffer. Samples were separated by SDS- 
PAGE and analyzed by immunoblot using appropriate 
antibodies.

Lipid–protein binding and liposomal binding

Lipid–protein blot overlay assays were performed using PIP 
strips or PIP arrays. Proteins were recombinant expressed 
in E. coli and purified. Nitrocellulose membranes contain-
ing immobilized lipids (PIP strips or PIP arrays; Thermo 
Fisher Scientific, P23751) were incubated in blocking solu-
tion (1× TBST [50 mM Tris-HCl, 150 mM NaCl, 0.1% [v:v] 
Tween-20 [Sigma, P9416], pH 7.6, 3% [w:v] BSA [Sangon 
Biotech, A602448) for 1 h. Membranes were incubated 
overnight in 10 ml of 1× TBST containing 60 μg of recom-
binant proteins. After washing (3× for 10 min) using 
1× TBST, the membranes were incubated at room tempera-
ture with 1:3000 anti-His antibodies (Abmart, M30111) for 
2 h and rinsed three times with 10 ml 1× TBST. The signals 
were detected following the ECL Plus immunoblot method.

Liposomal binding was performed according to previously 
described [53] with slight modifications. Briefly, dioleoyl PC and 
dioleoyl PA were mixed in the molar ratio of 3:1 and then dried 
with nitrogen gas. Lipids were rehydrated for 1 h in extrusion 
buffer (250 mM raffinose [Sigma, R0250], 25 mM Tris-HCl, pH 
7.5, 1 mM DTT). The extrusion buffer was extruded by the 

liposome extruder through the polycarbonate membrane 
(0.2 μm pore size) to produce an optically clear suspension of 
small unilamellar liposomes. The small unilamellar liposomes 
was resuspended in binding buffer (25 mM Tris-HCl, pH 7.5, 
1.25 mM potassium chloride, 0.5 mM EDTA, 1 mM DTT). 
Different concentrations of liposomes were incubated with the 
purified proteins for 1 h and the liposomes containing proteins 
were centrifuged (14,000 g) for 30 min. The pellets were washed 
twice with binding buffer and the supernatant transferred to 
a new tube. The pellets and supernatant resuspended in SDS- 
PAGE sample buffer for immunoblotting.

Fluorescence resonance energy transfer with fluorescence 
lifetime imaging microscopy (FRET-FLIM) assays

FRET-FLIM experiments were carried out by using a Leica 
STELLARIS laser scanning confocal microscope (Leica, 
Germany) assembly of white laser and the fluorescence life-
time system. The GAPC1-GFP, GAPC2-GFP, PGK3-GFP, 
GFP-ATG8e, and ATG6-GFP alone were used as a donor 
and whose fluorescence lifetime were measured as the nega-
tive control. The excitation and emission wavelengths were 
488 and 507 nm, respectively. Detailed experimental principle 
and conditions of FRET-FLIM are previously described [59]. 
All measurements were taken from whole field images expres-
sing fluorescent protein at similar levels.

Structure modeling

To model a structure of individual complex subunits in this 
study, we used threading algorithms, namely Swiss-Model 
[60]. For subsequent protein-small molecule or protein- 
protein docking and analyzes, we used the models calculated 
using the Swiss-model program as the obtained models had 
the best ProSA score [61]. The binding interfaces of the 
complex in this study were predicted by semi flexible docking 
using Autodock Vina [38] or a hybrid docking method using 
the HDOCK algorithm [39]. To analyze amino acid conserva-
tion, we employed the Consurf server with the default para-
meters [62]. The structures were visualized in the ChimeraX 
or PyMOL program.

Statistical analyses

The significance of difference between two groups was deter-
mined by using a Student's t-test. The level of statistical 
significance is indicated by asterisks (*, P < 0.05; **, 
P < 0.01; ***, P < 0.001).
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