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HOOKLESS1 acetylates AUTOPHAGY-RELATED
PROTEIN18a to promote autophagy during nutrient
starvation in Arabidopsis
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Abstract

Acetylation is an important posttranslational modification (PTM) that regulates almost all core processes of autophagy in yeast
and mammals. However, the role of protein acetylation in plant autophagy and the underlying regulatory mechanisms remain
unclear. Here, we show the essential role of the putative acetyltransferase HOOKLESS1 (HLS1) in acetylation of the autophagy-
related protein ATG18a, a key autophagy component that regulates autophagosome formation in Arabidopsis (Arabidopsis
thaliana). Loss of HLST function suppressed starvation-induced autophagy and increased plant susceptibility to nutrient de-
privation. We discovered that HLS1 physically interacts with and directly acetylates ATG18a both in vitro and in vivo. In con-
trast, mutating putative active sites in HLS1 inhibited ATG18a acetylation and suppressed autophagy upon nutrient
deprivation. Accordingly, overexpression of ATG18a mutant variants with lower acetylation levels inhibited the binding activity
of ATG18a to PtdIns(3)P and autophagosome formation under starvation conditions. Moreover, HLS1-modulated autophagy
was uncoupled from its function in hook development. Taken together, these findings shed light on a key regulator of autop-
hagy and further elucidate the importance of PTMs in modulating autophagy in plants.

(Doelling et al. 2002; Xiong et al. 2005; Bassham et al. 2006;
Xiong et al. 2007; Liu et al. 2009; Lai et al. 2017; Liu et al. 2012;
Zhou et al. 2014; Chen et al. 2015; Luo et al. 2017; Islam et al.
2019; Bao et al. 2020; Chi et al. 2020; Zhang et al. 2021; Tang
and Bassham 2022). As an important protein degradation path-
way in plants, autophagy is necessary for seedling establishment,

Introduction

Macroautophagy (hereafter referred to as autophagy) is an
evolutionarily conserved degradative mechanism in eukaryotic
cells that employs double-membrane vesicles called autophago-
somes to encapsulate and deliver unnecessary or dysfunctional

cytoplasmic components to vacuoles (in yeasts and plants) or
lysosomes (in animals) for breakdown and recycling (Han et
al. 2011; Li and Vierstra 2012; Liu and Bassham 2012; Michaeli
et al. 2016, Marshall and Vierstra 2018; Qi et al. 2021).
Autophagy occurs constitutively at a basal level for
maintenance of cellular homeostasis and is induced by various
stresses, including nutrient starvation, oxidative stress, heat,
cold, drought, high salt, hypoxia, endoplasmic reticulum (ER)
stress, and pathogen infections, leading to the degradation of
intracellular materials into metabolites to support cell survival

root meristem maintenance, senescence, response to stresses,
metabolism, and reproduction (Michaeli et al. 2016; Marshall
and Vierstra 2018; Signorelli et al. 2019; Huang et al. 2019a).
The occurrence of autophagy requires the coordination of
multiple autophagy-related (ATG) proteins that function at
different stages. To date, over 40 ATG proteins have been dis-
covered in yeast (Saccharomyces cerevisiae), and their ortho-
logs have subsequently been identified in animals and plants
(Feng et al. 2014; Wen and Klionsky 2016; Marshall and
Vierstra 2018; Qi et al. 2021). These proteins assemble into
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IN A NUTSHELL

Background: Autophagy is a highly conserved process that delivers cytoplasmic components to the vacuole or lyso-
some for breakdown and recycling during stresses such as nutrient starvation. Almost every pivotal process of autop-
hagy in yeast and mammals is regulated by an important posttranslational modification (PTM) called protein
acetylation. Nevertheless, whether and how core autophagy proteins in plants are regulated by acetylation remains
elusive. HOOKLESS1 (HLS1) is a putative N-acetyltransferase, but its biochemical function has remained largely un-
clear. The loss-of-function mutant hls1-1 displays similar phenotypes to autophagy-defective (atg) mutants in senes-
cence and immune responses, suggesting that there may be a relationship between HLS1 and plant autophagy.

Question: Is HLS1 involved in plant autophagy? Does HLS1 regulate autophagy? How does HLS1 function in
autophagy?

Findings: We mainly uncovered the following 4 findings: (i) HLS1 is crucial for triggering autophagy during nutrient
starvation in Arabidopsis (Arabidopsis thaliana); (ii) HLS1 is a bona fide lysine acetyltransferase that can directly phys-
ically interact with and acetylate a key autophagy-related protein (ATG18a) in response to nutrient starvation; (iii)
HLS1-mediated ATG18a acetylation affects the ATG2—-ATG18a interaction and the binding of ATG18a to phospha-
tidylinositol 3-phosphate to promote autophagy activation and plant responses to nutrient deprivation; and (iv) the
normal enzymatic activity of HLS1 is also important for apical hook development of etiolated seedlings, but
HLS1-regulated autophagy by acetylating ATG18a is uncoupled from HLS1-mediated hook formation.

Next steps: We aim to explore how nutrient starvation modulates HLS1-mediated autophagy via ATG18a acetylation.
Moreover, additional HLS1 substrates in multiple biological processes such as hook development are worthy of further

investigation.

4 complexes: (i) the ATG1-ATG13 protein kinase complex in-
itiates autophagy (Suttangkakul et al. 20171; Li et al. 2014); (ii)
the ATG9-ATG2-ATG18 complex mediates membrane en-
largement and promotes phagophore nucleation and expan-
sion (Xiong et al. 2005; Zhuang et al. 2017; Kang et al. 2018);
(iii) the class lll phosphatidylinositol 3-kinase (PI3K) complex
mediates vesicle nucleation (Welters et al. 1994; Fujiki et al.
2007; Wang et al. 2012; Qi et al. 2017); and (iv) 2 ubiquitin-like
conjugation complexes, ATG12-ATG5 (Doelling et al. 2002;
Thompson et al. 2005; Phillips et al. 2008) and ATG8-
phosphatidylethanolamine (PE) (Yoshimoto et al. 2004;
Chung et al. 2010; Zhuang et al. 2013), regulate autophago-
some formation. Ultimately, lipidated ATG8 located in the
outer membrane of autophagosomes is released for recycling
and to complete the formation of the autophagosome via de-
lipidation by ATG4, whereas ATG8—PE embedded in the inner
membrane is degraded in the vacuole (Woo et al. 2014).

In yeast, Atg18 is essential for autophagy as a component
of the core autophagic machinery and functions as an effect-
or of phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P,)
and phosphatidylinositol 3-phosphate (Ptdins(3)P) (Dove
et al. 2004; Obara et al. 2008). In Arabidopsis (Arabidopsis
thaliana), 8 proteins share sequence similarity with yeast
Atg18, namely, ATG18a to ATG18h, although only ATG18a
has been chosen for study because ATG18a is a unique
gene whose expression can be induced by nutrition starva-
tion and senescence (Xiong et al. 2005). Knockdown mutants
of ATG18a are unable to accumulate autophagosomes and
exhibit increased susceptibility to nutrient starvation,
oxidative stress, and infection by necrotrophic pathogens
(Xiong et al. 2005, 2007; Lai et al. 2011; Zhang et al. 2021).

However, the underlying mechanisms by which ATG18a
functions in nutrient starvation remain unclear.

Over the past decades, multiple posttranslational modifica-
tions (PTMs) have been shown to regulate autophagy
(Flllgrabe et al. 2013; Wani et al. 2015; Qi et al. 2021). In yeast
and mammals, autophagy is mainly regulated by 3 classes of
PTMs, namely, phosphorylation, ubiquitination, and acetylation
(McEwan and Dikic 2011; Banréti et al. 2013). Among these
PTMs, acetylation is an important and highly conserved modi-
fication that transfers the acetyl group of acetyl-CoA to the
N-terminus or lysine residues in target proteins (Choudhary et
al. 2009, 2014; A et al. 2020). Reversible lysine acetylation can
take place on both histones and nonhistones and is tightly con-
trolled by lysine acetyltransferases (KATs) and deacetylases
(KDAGs) within cells (Choudhary et al. 2009, 2014; A et al.
2020). Thus far, KAT families have been mainly divided into 3
classes: the GNAT (Gen5-related N-acetyltransferase) family,
the p300/CBP (CREB-binding protein) family, and the MYST
(MOZ, Ybf2/Sas3, Sas2, and TIP60) family (Sterner and Berger
2000; Banréti et al. 2013; Choudhary et al. 2014).

Increasing evidence has revealed that acetylation is involved in
the regulation of autophagy, including its initiation, elongation,
and fusion steps. In human cells, the acetyltransferase p300
interacts with ATG7 and inhibits autophagy by acetylating the
key autophagy proteins ATG5, ATG7, ATG8, and ATG12 under
nutrient-rich conditions (Lee and Finkel 2009). In contrast, dea-
cetylation of ATG5, ATG7, and ATG8 by the NAD-dependent
deacetylase Sirtuin 1 (Sirt1) stimulates autophagosome forma-
tion in mammals during starvation (Lee et al. 2008). Moreover,
deacetylation of the microtubule-associated protein 1 light
chain 3 (LC3), a mammalian homolog of yeast and plant
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ATGS, at lysine 49 (K49) and K51 by Sirt1 is required for LC3—
ATG7 interaction, which then drives autophagy initiation
upon starvation (Huang et al. 2015). Upon deprivation of growth
factors, the autophagy initiation kinase ULK1 (unc-51-like ki-
nase1),amammalian homolog of yeast and plant ATG1, is acety-
lated by acetyltransferase TIP60 (HIV-1 Tat-interactive protein,
60 kD, from the MYST family) and induces autophagy (Lin et
al. 2012). In yeast, the acetyltransferase Esal (essential
SAS2-related acetyltransferase 1), which also belongs to the
MYST family, acetylates Atg3 at K19 and K48, and higher
K19-K48 acetylation levels enhance autophagy (Yi et al. 2012).

Arabidopsis HOOKLESS1 (HLS1) contains putative acetyl-
transferase domains conserved among members of the
GNAT superfamily (Lehman et al. 1996; Neuwald and
Landsman 1997), but its putative biochemical function has
not been well characterized. Generally, HLS1 is a key regulator
of apical hook formation in etiolated seedlings (Guzman and
Ecker 1990; Lehman et al. 1996). Loss-of-function hls1 mutants
exhibit a typical hookless phenotype and are insensitive to ex-
ogenous application of ethylene for hook formation (Guzman
and Ecker 1990). HLS1 was also recently shown to play an im-
portantrole in plant development and immunity. Indeed, hls1
mutants display early senescence and hypersensitivity to in-
fection by the fungus Botrytis cinerea, and they are insensitive
to thermomorphogenesis (Liao et al. 2016; Jin and Zhu 2019).
Moreover, HLS1T modulates the expression of WRKY33 and
ABA-INSENSITIVES (ABI5) by regulating histone H3 acetyl-
ation on the chromatin, but HLS1 did not directly acetylate
histones in vitro (Liao et al. 2016). In another study, the tran-
scription factor WRKY33 appeared to directly interact with
ATG18a, the key protein of the autophagy pathway, to coor-
dinately regulate plant resistance to necrotrophic fungal
pathogens (Lai etal.2011). Overall, the senescence and patho-
gen resistance phenotypes of hls1 mutants are very similar to
those caused by autophagy deficiency, providing a hint that
HLS1 may be involved in plant autophagy.

In this study, we show that HLS1 modulates autophagy via
acetylation of ATG18a under nutrient starvation conditions.
Our results uncover how HLS1 directly interacts with and
acetylates ATG18a in vitro and in vivo. HLS1 genetic inactiva-
tion or mutations of the potential acetylation sites in
ATG18a reduced ATG18a acetylation levels and increased
plant susceptibility to carbon and nitrogen starvation.
These data reveal the acetyltransferase activity of HLS1 and
unravel an additional regulatory mechanism for autophagy
in Arabidopsis. Moreover, we reveal that HLS1-regulated au-
tophagy is uncoupled from its crucial function in hook
formation.

Results

Loss of HLS1 function results in hypersensitivity

to nutrient starvation

Recent studies have revealed that HLS1 participates in plant
development and immune responses besides its importance
in regulating hook formation (Liao et al. 2016; Jin and Zhu

Huang et al.

2019). Indeed, loss-of-function hls7 mutants exhibit early sen-
escence and increased susceptibility to B. cinerea, which is
reminiscent of Arabidopsis autophagy-defective (atg) mu-
tants (Hanaoka et al. 2002; Lai et al. 2011). Thus, we specu-
lated that HLS1 may be involved in autophagy. Considering
that the atg mutants commonly exhibit hypersensitivity to
nutrient starvation (Doelling et al. 2002; Thompson et al.
2005; Phillips et al. 2008), we tested the sensitivity of the
hls1-1 mutant to nutrient deprivation.

When grown under nutrient-rich conditions (MS growth
medium supplemented with 1% [w/v] sucrose), the growth
of the his1-1 mutant appeared similar to that of the wild
type (Col-0) (Fig. 1, A and B). In contrast, like the strong au-
tophagy mutant atg5-1 (Thompson et al. 2005; Phillips et al.
2008), the hls1-1 mutant showed a hypersensitive phenotype
to fixed-carbon starvation (growth on MS medium without
sucrose and in the dark), with significantly lower relative
chlorophyll contents, compared to Col-0 (Fig. 1, A, B, and
D). Moreover, following nitrogen starvation for 6 d, the
his1 mutant exhibited increased yellowing of cotyledons
and lower chlorophyll contents relative to Col-0 seedlings
(Fig. 1, C and E). Together, the sensitivity of the hls7 mutant
to the nutrient starvation conditions examined in this study
was comparable to that of the well-characterized atg5-1, sug-
gesting that HLS1 is crucial in regulating plant responses to
nutrient starvation.

To verify that the hypersensitivity of the hls1-1 mutant to
nutrient limitation was due to the dysfunction of HLS1 pro-
tein, we introduced the cauliflower mosaic virus (CaMV) 35S
promoter—derived MYC-tagged HLS1 into the hls1-1 mutant
to obtain Pro35S:MYC-HLS1/hls1-1 (MYC-HLS1/hls1-1) trans-
genic plants and then examined the tolerance of MYC-HLS1/
his1-1 seedlings to nutrient deprivation. Overexpression of
HLS1 restored the hypersensitive phenotype of the hls1-1 mu-
tant under carbon or nitrogen starvation conditions to that
seen for wild-type seedlings, as supported by the higher rela-
tive chlorophyll contents of these transgenic seedlings com-
pared to hls1-1 (Fig. 1). Collectively, these findings indicate
that HLS1 is required for plant response to nutrient limitation.

HLS1 is crucial for nutrient starvation-induced
autophagic flux

To investigate the potential role of HLS1 in autophagy, we
crossed the GFP-ATG8e transgenic line, a well-characterized
autophagosome marker line (Contento et al. 2005; Xiao et al.
2010), to the hls1-1 mutant and transgenic MYC-HLS1/hls1-1
to generate GFP-ATG8e/hls1-1 and GFP-ATG8e/MYC-HLS1/
hls1-1 plants, respectively. Nutrient starvation induces the ac-
cumulation of many GFP-ATG8e-labeled punctate struc-
tures (autophagosomes or their intermediates) upon
autophagy activation (Qi et al. 2017; Huang et al. 2019b).
Accordingly, the Col-0, hls1-1, and MYC-HLS1/hls1-1 seed-
lings expressing GFP-ATG8e were grown on MS medium
with sucrose for 5 d, after which we transferred the seedlings
to carbon-limited (—C) or nitrogen-limited (—N) MS
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Figure 1. Mutation of HLST confers hypersensitivity to nutrient starvation. A, B) Phenotypes of wild type (Col-0), his1-1, MYC-HLS1/hls1-1, and
atg5-1 mutants in response to carbon starvation. One-week-old seedlings were transferred to MS agar with sucrose (+C) or MS agar plates without
sucrose under constant dark treatment (—C) for 9 d. The photographs were taken after a 9-d recovery. Bars = 1 cm. C) Phenotypes of Col-0, his1-1,
MYC-HLS1/hls1-1, and atg5-1 mutants in response to nitrogen starvation. One-week-old seedlings were transferred to N-rich (+N) or N-deficient
(=N) liquid medium and photographed at 6 d after treatment. Bars = 1 cm. D, E) Relative chlorophyll content in A) and C), respectively. The relative
chlorophyll contents are expressed relative to those of the genotypes on +C A) or +N C) medium. Three independent experiments were performed
with similar results. Values are means =+ sp (n = 4 replicates) from one experiment. For each experiment, leaves from 8 seedlings were used per one
replicate. Asterisks indicate significant differences from the Col-0 (**P < 0.01, Student’s t test).

medium containing the autophagy inhibitor concanamycin
A (ConA; Svenning et al. 2011) for 6 h. We then examined
seedlings by confocal laser scanning microscopy to observe
autophagosomes. After carbon or nitrogen starvation for
the indicated times, we determined that the accumulation
of GFP—ATG8e-labeled punctate autophagosomes markedly
increases (~300% after both carbon and nitrogen starvation)
in Col-0 root cells, whereas this accumulation was more
moderate in the hls1-1 background under either starvation
condition tested. Consistent with the phenotypic analysis,
overexpression of HLST restored the autophagosome accu-
mulation in the root cells of hls1-1 mutant (Fig. 2, A and B).

We also evaluated autophagic flux by the examination of
the release of free GFP from the GFP-ATG8e fusion protein.
Upon induction of autophagy, GFP-ATG8e is rapidly di-
gested to release free and relatively stable GFP once inside va-
cuoles; thus, the ratio between free GFP and GFP-ATG8e can
reflect the rate of autophagy (Contento et al. 2005; Chung et
al. 2010; Huang et al. 2019a). In agreement with the micros-
copy results, we detected substantial free GFP derived from
GFP-ATGS8e in the Col-0 background under nitrogen starva-
tion conditions but obtained a lower GFP/GFP-ATG8e ratio
in the hls1-1 mutant background under the same conditions

(Fig. 2C). These findings suggest that HLS1 is crucial for au-
tophagic flux.

Since conjugation of ATG8-PE occurs during autophagy
activation and the ATG8-PE level has been widely regarded
as another reliable indicator to assess the strength of autop-
hagic activity in yeast and animals (Rubinsztein et al. 2009;
Chung et al. 2010), we examined ATG8 and ATG8-PE abun-
dance in wild-type and hls1-1 mutant transgenic lines carry-
ing the MYC-HLS1 transgene using anti-ATG8a antibody.
Interestingly, the ratio of ATG8—-PE to ATG8 in his1-1 mutant
was higher than that in wild type upon carbon or nitrogen
starvation for 48 and 72 h (Fig. 2, D and E), which is reminis-
cent of the hyperaccumulation of ATG8-PE in autophagy-
defective mutant previously described (Zhuang et al. 2017;
Kang et al. 2018). Consistent with the observed phenotypic
rescue by the MYC-HLS1 transgene, ATG8-PE abundance
was not evidently different between the MYC-HLS1/hls1-1
line and Col-0 (Fig. 2, D and E).

We next tested the expression of several ATG genes in Col-0
and the hls1-1 mutant when seedlings suffered from carbon
starvation. Reverse transcription quantitative PCR (RT-qPCR)
analysis revealed that relative ATG transcript levels induced
by carbon starvation are comparable in the hls1-1 mutant
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Figure 2. HLS1 is crucial for autophagic flux during nutrient starvation. A) Confocal analysis of GFP-ATG8e/Col-0, GFP-ATG8e/hls1-1, and GFP-
ATG8e/MYC-HLS1/hls1-1 lines. Five-day-old seedlings were exposed to carbon (C)- and nitrogen (N)-sufficient (MS) or C- and N-deficient (—C
and —N) liquid medium with the addition of 0.5 um ConA for 6 h and then visualized by confocal laser scanning microscopy. The arrows indicate
autophagic bodies. ConA, concanamycin A. Bars = 20 um. B) Numbers of puncta per section in the root cells of the GFP-ATG8e/Col-0, GFP-ATGS8e/
hls1-1, and GFP-ATG8e/MYC-HLS1/hls1-1 in A). Three independent experiments were done with similar results. Values are means + sp (n = 15 sec-
tions) from one representative experiment. Asterisks with “a” indicate significant differences when compared to that of MS + ConA,; asterisks with
“b” indicates significant differences from that of the GFP-ATG8e/Col-0, respectively. Asterisks indicate significant differences (**P < 0.01, Student’s t
test). C) Immunoblotting showing the free GFP released during the cleavage of GFP-ATG8e reporter in response to nitrogen starvation (—N).
One-week-old seedlings expressing GFP-ATG8e were exposed to —N liquid medium for the indicated times. Anti-GFP antibody was to examine
the GFP-ATG8e fusion and free GFP levels. The Actin protein bands are shown below as the loading control. The ratio of free GFP to GFP-
ATG8e is shown below. hpt, hours posttreatment. The experiment was repeated 3 times with similar results. D, E) ATGS8 lipidation level in the
Col-0, hls1-1, and MYC-HLS1/hls1-1 lines after carbon starvation (—C, D) or nitrogen starvation (—N, E) treatment for the indicated times.
Anti-ATG8a antibody was used to detect the ATG8 and ATG8-PE protein levels. Relative intensity of ATG8-PE band normalized to the ATG8
is shown below. The relative intensities of each band on immunoblots were quantified using Image). PE, phosphatidylethanolamine; hpt, hours post-
treatment. The experiment was repeated 3 times with similar results.

and Col-0 (Supplemental Fig. S1A), suggesting that HLS1 is not
involved in the transcriptional regulation of ATG genes. Taken
together, these results suggest that HLS1 is crucial for nutrient
starvation—induced autophagy in Arabidopsis.

HLS1 physically interacts with ATG18a

As HLS1 appeared to play an important role in autophagy, we
hypothesized that HLS1 might associate or even directly inter-
act with autophagy components. To test this possibility, we
conducted split-luciferase (LUC) complementation assays to
test the potential for interaction between known ATG proteins
and HLS1. For this purpose, we generated constructs encoding

full-length HLS1, ATG1a, ATG1b, ATG1c, ATG3, ATG5, ATG6,
ATG7, ATG12, ATG18a, and ATG18b individually fused to the
N-terminus of LUC (HLS1-nLUC and ATGs-nLUC), together
with constructs encoding the LUC C-terminus fused to HLS1
(cLUC-HLST1) or ATGS8e (cLUC-ATGS8e). We then coinfiltrated
appropriate nLUC and cLUC pairs into Nicotiana benthamiana
leaves via Agrobacterium (Agrobacterium tumefaciens)-
mediated infiltration and looked for reconstitution of LUC,
as evidenced by luminescence.

Compared to the negative controls nLUC + cLUC and nLUC
+ cLUC-HLS1, we only detected luminescence when cLUC-
HLS1 was coexpressed with ATG3-nLUC and observed strong
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Figure 3. HLS1 interacts with ATG18a in vitro and in vivo. A) Split-LUC complementation imaging assay to analyze the potential interaction be-
tween HLS1 and ATG proteins (ATG3 and ATG18a) in N. benthamiana leaves. Full-length ATG3 or ATG18a was fused with the LUC N-terminus
(nLUC), and full-length HLS1 was fused with the LUC C-terminus (cLUC). Agrobacterium strain GV3101 harboring different construct combinations
was injected into different N. benthamiana leaf regions. After 2 d of injection, LUC activities were examined in these regions, as indicated by the
color-coded bar next to the images. Three biological replicates were done with similar results. Bars = 1 cm. B) Pull-down assay showing the in vitro
interaction between HLS1 and ATG proteins. GST-tagged ATG3 (GST-ATG3), GS-ATG18a, and GST-GFP (negative control) were expressed in E.
coli BL21 (DE3) cells and immobilized with GST beads then combined with MBP-HLS1-HA protein. Anti-HA antibody was used for protein detec-
tion. Ponceau staining indicates the loading of GST-tagged proteins. C) In vivo Co-IP analysis of the interaction between ATG proteins (ATG8e and
ATG18a) and HLS1. MYC-tagged HLS1 (MYC—-HLS1) was coexpressed in transgenic plants expressing GFP—~ATG8e or ATG18a—GFP and immuno-
precipitated by MYC nanobody coated agarose beads. GFP-ATG8e as the negative control. Anti-GFP and anti-MYC antibodies were used for protein
detection. Asterisk indicates nonspecific bands. D) HLS1 interacts with ATG18a in the nucleus. cYFP—HLS1 or cYFP-SDIR1 was coexpressed with
ATG18a-nYFP in Col-0 protoplasts and colocalized with the nuclear localization marker SV40T—mCherry. The fluorescence was observed after cul-
turing under low light for 16 h. The vector pairs cYFP-SDIR1 + ATG18a—nYFP + SV40T-mCherry were cotransfected as negative control. BF, bright
field. Bars =20 um.

luminescence for the ATG18a-nLUC + cLUC-HLS1 pair  between HLS1 and ATG3 or ATG18a, we performed an in vitro

(Fig. 3A; Supplemental Fig. S2A). ATG18a belongs to an 8-pro-
tein family in Arabidopsis, prompting us to also examine the
potential interaction between HLS1 and the other ATG18
members. Importantly, HLS1 specifically interacted only with
ATG18a but not with the other ATG18 members
(Supplemental Fig. S2B). To verify the physical interaction

pull-down assay. We produced and purified recombinant
glutathione S-transferase (GST)-tagged GFP (GST-GFP),
GST-ATG3, GST-ATG18a, and maltose-binding protein
(MBP)- tagged HLS1 (MBP-HLS1) proteins in Escherichia
coli. We found that GST-ATG18a, but neither GST-ATG3
nor GST-GFP, was able to pull down recombinant
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MBP-HLS1 (Fig. 3B), suggesting that HLS1 directly interacts
with ATG18a in vitro. We further confirmed the interaction be-
tween HLS1 and ATG18a by coimmunoprecipitation (Co-IP)
assay in transgenic Arabidopsis lines stably coexpressing
MYC-HLS1 and ATG18a-GFP (Fig. 3C).

Besides, we performed bimolecular fluorescence comple-
mentation (BiFC) assay in Col-0 protoplasts to determine
the subcellular localization of the interaction between
HLST and ATG18a. As shown in Fig. 3D, coexpressing
CcYFP-HLS1 and ATG18a-nYFP, but not cYFP-SDIR1 and
nYFP-ATG18a, reconstituted YFP signals that colocalizing
with the nuclear marker SV40T-mCherry (Jin et al. 2016).
Together, these findings demonstrate that HLS1 physically
interacts with ATG18a in planta and in vitro, raising the pos-
sibility that ATG18a function might be directly modulated by
HLS1 during autophagy.

HLS1 acetylates ATG18a in vitro and in vivo

To unravel the regulatory relationship between HLS1 and
ATG18a, we investigated the effect of HLS1 on ATG18a pro-
tein abundance. To this end, we introduced a Pro35S:
ATG18a-GFP transgene into the wild type to obtain 35Spro:
ATG18a-GFP/Col-0 (ATG18a-GFP/Col-0) line and generated
the ATG18a—-GFP/hls1-1 line by crossing the hls1-1 mutant
to the ATG18a-GFP transgenic line. In line with the relative
ATG18a transcript levels in Col-0 and the hls1-1 mutant, the
accumulation of ATG18a-GFP induced by carbon starvation
was not affected by the loss of HLS1 function (Supplemental
Fig. S1B). This result suggests that HLS1 likely affects
ATG18a activity through PTMs, rather than from simple tran-
scriptional or translational regulation.

HLS1 has previously been proposed to be a putative
N-acetyltransferase because of the high similarity displayed
by its N-terminal 158 amino acids to N-acetyltransferases
from yeast, bacteria, and mammals (Guzman and Ecker
1990; Lehman et al. 1996). However, the acetyltransferase ac-
tivity of HLS1 is not well characterized. We therefore specu-
lated that HLS1 might transfer acetyl groups to lysine
residues of ATG18a. To test this idea, we performed an in vi-
tro acetylation assay with recombinant proteins incubated in
the presence of the acetyl donor acetyl-CoA. Indeed, we de-
tected the acetylation of recombinant GST-ATG18a by
MBP-HLS1, but not by MBP alone, in the presence of
acetyl-CoA (Fig. 4A), indicating that HLS1 functions as a
bona fide protein KAT, with ATG18a being one of its
substrates.

To determine whether ATG18a protein was acetylated by
HLS1 in planta, we grew stable transgenic seedlings expres-
sing ATG18a-GFP in the Col-0 and his1-1 backgrounds and
subjected them to nutrient starvation for up to 24 h. At
each of the indicated time points, we immunoprecipitated
ATG18a-GFP with anti-GFP nanobody agarose beads and
determined its acetylation level with a specific anti-acetyl-K
antibody. Compared with no substantial changes in acetyl-
ation of GFP (Supplemental Fig. S3), we observed an increase
in acetylation levels of ATG18a—GFP in Col-0 seedlings over
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time following carbon starvation (Fig. 4, B and D) and nitro-
gen starvation (Fig. 4, C and D). In contrast, the acetylation
level of ATG18a—GFP remained relatively constant in the
hls1-1 mutant background under both carbon and nitrogen
starvation conditions (Fig. 4, E and F). Collectively, these re-
sults confirm that ATG18a is acetylated by HLS1, and this
acetylation is promoted when seedlings are subjected to nu-
tritional starvation.

ATG18a acetylation enhances ATG2-ATG18a
interaction and the binding affinity of ATG18 with
PtdIns(3)P

To explore the mechanism by which HLS1 acetylates ATG18a
in more detail, we wanted to identify the acetylation sites in
ATG18a. To this end, we immunoprecipitated ATG18a—GFP
from ATG18a-GFP transgenic seedlings in the Col-0 back-
ground exposed to nutrient starvation for MS analysis.
However, this initial approach failed, possibly due to tech-
nical limitations associated with the identification of acetyl-
ation sites in plants (Xia et al. 2022).

Next, we used the acetylation site prediction software
GPS-PAIL to predict potential lysine acetylation sites in
ATG18a (Deng et al. 2016). This analysis highlighted lysine
323 (K323), K331, and K420 from ATG18a as candidate acety-
lated residues (Supplemental Fig. S4). As K-to-arginine (R)
substitutions are reported to prevent acetylation without af-
fecting side chain charges of the residues (Barlev et al. 2001),
we mutated 3 K residues (K323, K331, and K420) to R, re-
spectively, and generated 3 recombinant ATG18a variant
proteins GST-ATG18a"**", GST-ATG18a"**'% and GST-
ATG18a"“*®  Subsequently, in vitro acetylation assay
showed that each K-to-R mutation substantially reduced
the acetylation level of ATG18a (Fig. 5A), suggesting that
K323, K331, and K420 are all the acetylation sites in ATG18a.

We then mutated all 3 K residues to R simultaneously
and  purified recombinant = GST-ATG18a, GST-
ATG182/323R-33IR-KLR (a1 ATG18a"*R), and MBP-HLS1
from E. coli. As expected, the acetylation levels of ATG18a
were markedly lower ~0.4 when K323, K331, and K420 were
mutated to R simultaneously (Fig. 5B), and this was not due
to the disruption of the interaction between HLS1 and
ATG18a (Supplemental Fig. SSA). Consistent with this result,
in vivo acetylation assay by transient expression also showed
that the acetylation in ATG18a""*~GFP samples was much
weaker than that of samples expressing intact ATG18a—GFP
(Fig. 5C), indicating the importance of the K323, K331, and
K420 sites for acetylation of ATG18a protein.

We then ordered an atgi8a T-DNA insertion mutant
(GK-651D08) from the ABRC and did not detect ATG18a
transcript in the atgl8a mutant, as determined by
RT-qPCR (Supplemental Fig. S6, A to D). Then, we tested
the sensitivity of the atg18a mutant to nitrogen and carbon
starvation. Consistent with the ATG18a—RNAi lines (Xiong
et al. 2005), the atg18a mutant was more susceptible to nu-
trient starvation with lower chlorophyll contents compared
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Figure 4. HLS1 acetylates ATG18a in vitro and in vivo. A) HLS1 can acetylate ATG18a in vitro. The recombinant proteins GST-ATG18a and MBP-
HLS1 were immunoprecipitated by GST and MBP beads, respectively. Anti-acetyl-lysine (a-Ac-K) and anti-GFP (a-GFP) antibodies were used to
detect the acetylation level and the loading of ATG18a, respectively. Anti-MBP antibody was used to detect the loading of MBP and MBP-HLS1
proteins. IP, immunoprecipitation. B, C) Acetylation of ATG18a—GFP in ATG18a-GFP/Col-0 transgenic seedlings after fixed-C starvation (—C, B)
or nitrogen starvation (—N, C) treatment for the indicated times. hpt, hours posttreatment. D) Quantification of the relative intensity of acetylated
ATG18a—GFP during carbon starvation (—C, left) in B) or nitrogen starvation (—N, right) in C). Data are means + so calculated from 3 independent
experiments. Asterisks indicate significant differences from the 0 h (*P < 0.05; **P < 0.01, Student’s t test). E) Acetylation of ATG18a-GFP in
ATG18a-GFP/Col-0 and ATG18a-GFP/hls1-1 transgenic seedlings after —C or —N treatment for 24 h. ATG18a—-GFP was immunoprecipitated by
GFP beads. a-Ac-K and a-GFP antibodies were used to detect the acetylation level and the loading of ATG18a-GFP, respectively. F) Relative intensity
of acetylated ATG18a—GFP in E). Data are means =+ sb calculated from 3 independent experiments. Asterisks indicate significant differences from
ATG18a-GFP/Col-0 (*P < 0.05; **P < 0.01, Student’s t test).

to Col-0 (Supplemental Fig. S6, E to G). To further confirm ATG18a in nucleus. Confocal microscopy analyses showed
the role of the K323, K331, and K420 sites in ATG18a acetyl-  that ATG18a—GFP in all the ATG18a-GFP/Col-0, ATG18a-
ation, we generated stable transgenic lines expressing  GFP/hls1-1, ATG18a-GFP/atg18a, and ATG18a"*"-GFP/
ATG18a-GFP or ATG18a"*"~GFP in the atg18a mutant back-  atg18a transgenic seedlings localized to the nucleus and
ground. Immunoblotting assays revealed that the acetylation the cytoplasm in both leaf epidermal cells and root cells un-
level of ATG18a""® was reduced under both normal and car-  der either normal or carbon starvation conditions
bon starvation conditions relative to intact ATG18a (Fig. 5D), (Supplemental Fig. S7), suggesting that acetylation modifica-
suggesting that K323, K331, and K420 are the regulatory  tion is unlikely to change subcellular localization of ATG18a.

acetylation sites of ATG18a. Given that Atg2-Atg18 interaction plays a vital role in au-
To understand how HLS1-mediated acetylation of ATG18a  tophagosome formation during autophagy in yeast (Obara
regulates its function, we first tested whether acetylation af- et al. 2008; Kotani et al. 2018), we investigated the effect of

fects the subcellular localization of ATG18a upon nutrient  the mutation of HLST on ATG2-ATG18a interaction. To
starvation due to the finding that HLS1 interacts with this end, we purified recombinant Flag-ATG2 protein and
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Figure 5. HLS1-mediated ATG18a acetylation enhances ATG2-ATG18a interaction and the binding of ATG18a to PtdIns(3)P. A) Amino acid sub-
stitutions (K323R, K331R, and K420R) reduce ATG18a acetylation in vitro. GST-tagged and MBP-tagged target proteins were enriched by GST and
MBP beads, respectively, and then coincubation for acetylation analysis. Relative intensity of acetylated GST-ATG18a band normalized to the load-
ing control GST-ATG18a is shown below. K, lysine; R, arginine; IP,immunoprecipitation. The experiment was repeated 3 times with similar results. B)
In vitro acetylation analysis of GST-ATG18a and GST-ATG18a 323k K331R-K20R (GeT_ATG18a"*®) in the presence of MBP-HLS1. GST-tagged and
MBP-tagged target proteins were enriched by GST and MBP beads, respectively, and then coincubation for acetylation analysis. Relative intensity of
acetylated GST-ATG18a band normalized to the loading control GST-ATG18a is shown below. The experiment was repeated 3 times with similar
results. C) Acetylation analysis of ATG18a—GFP and ATG18a"""~GFP after transient expressions in N. benthamiana. GFP fusion proteins were im-
munoprecipitated by GFP beads. a-Ac-K and a-GFP antibodies were used to detect the acetylation level and the loading of corresponding proteins,
respectively. The numbers below the lanes represent the ratio of acetylated ATG18a—GFP relative to the loading control ATG18a—GFP. The experi-
ment was repeated 3 times with similar results. D) Acetylation analysis of ATG18a—GFP in the ATG18a-GFP/atg18a and ATG18a"**-GFP/atg18a
transgenic seedlings upon carbon starvation for 24 h. The acetylated and loading ATG18a-GFP proteins were detected using specific antibodies
as indicated. Relative intensity of acetylated ATG18a—GFP or ATG18a"**-GFP band normalized to the loading control ATG18a-GFP or
ATG18a"*F_GFP is shown below. The experiment was repeated 3 times with similar results. E) Mutation of HLST weakens ATG2-ATG18a inter-
action. One-week-old ATG18a—GFP/Col-0 (18a-G/Col-0) and ATG18a—GFP/hls1-1 (18a-G/hls1-1) were exposed to carbon-deficient liquid medium
for 24 h. The total proteins were extracted from whole seedlings and incubated with Flag beads that had not (control) or had been prebound to the
Flag-tagged ATG2 (Flag-ATG2) protein. Anti-GFP and anti-Flag antibodies were used to detect the proteins. The numbers below the lanes represent
the ratio of immunoprecipitated ATG18a~GFP relative to Flag—-ATG2. F) Lipid binding of recombinant GST-ATG18a and GST-ATG18a"*® proteins
on membranes. Purified GST-ATG18a or GST-ATG18a"%® proteins were incubated with a membrane containing serial diluted amount of Ptdins(3)
P. PtdIns(3)P, phosphatidylinositol 3-phosphate. Anti-GST antibody was used to detect the bound protein. The experiment was repeated twice with
similar results.
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GST-ATG18a proteins and found that GST-ATG18a, not
GST-GFP, interacted Flag-ATG2 in vitro (Supplemental
Fig. S5B). We then examined the ATG2-ATG18a interaction
in the ATG18a-GFP/Col-0 and ATG18a—-GFP/hls1-1 plants
under carbon starvation, due to the finding that ATG18a
acetylation is significantly reduced in the hls1-1 background
(Fig. 4, E and F). As shown in Fig. 5E, the ability of recombinant
Flag-ATG2 to pull down ATG18a-GFP in plant was reduced
in his1-1 background, suggesting that HLS1-mediated
ATG18a acetylation enhances ATG2-ATG18a interaction.

Given that Atg2-Atg18 interaction facilitates the binding
of Atg18 to PtdIns(3)P, which is required for Atg2-Atg18
to localize at the preautophagosomal structure (PAS) in
yeast (Watanabe et al. 2012; Kotani et al. 2018), we specu-
lated that ATG18a acetylation may affect its binding to
PtdIns(3)P. To test this, we examined the binding ability of
GST-ATG18a and GST-ATG18a"*® to PtdIns(3)P in vitro.
As expected, the protein—lipid binding assay showed that
the binding of ATG18a"*® to PtdIns(3)P was markedly inhib-
ited compared to ATG18a (Fig. 5F; Supplemental Fig. S8).
Taken together, these finding suggest that ATG18a acetyl-
ation modulated by HLS1 enhances ATG2-ATG18a inter-
action and the binding affinity of ATG18a with PtdIns(3)P
in Arabidopsis.

Reduced ATG18a acetylation impairs autophagy

To elucidate whether preventing ATG18a acetylation might
impair autophagy, we examined ATGS8 lipidation in the Col-0,
atg18a, ATG18a-GFP/atg18a, and ATGTSaRRR—GFP/atg18a
seedlings using an anti-ATG8a antibody to immunoprecipi-
tate the protein. As reported for atg18a mutant (Kang et
al. 2018), ATG8-PE was more abundant in the atg18a mutant
compared with Col-0 (Fig. 6, A and B). Overexpression of
ATG18a—-GFP restored the higher ratio of ATG8-PE to
ATGS in atg18a mutant under either nutrient-rich or starva-
tion conditions to that of Col-0. In contrast, the ratio of
ATG8-PE to ATG8 in ATG180RRR—GFP/atg18(J line was com-
parable to that of atg18a mutant (Fig. 6, A and B). These re-
sults suggest that reduced acetylation of ATG18a at the 3 K
sites blocks the turnover of ATG8 protein.

To further assess the effect of ATG18a acetylation on au-
tophagosome formation, we crossed the autophagosome
marker line mCherry-ATG8e (Zhuang et al. 2017) to trans-
genic ATG18a-GFP/atg18a and ATG18a"*"~GFP/atg18a lines
to generate mCherry—ATG8e/ATG18a—GFP/atg18a and
mCherry—-ATG8e/ATG18a"**~GFP/atg18a plants, respective-
ly. After carbon starvation for 6 h, the accumulation pattern
of ATG18a-GFP and ATG18a"""-GFP was essentially the
same (Supplemental Fig. S9), but fewer GFP-ATG8e-labeled
punctate autophagosomes accumulated in root cells of
ATG18a"**-GFP/atg18a than that in ATG18a-GFP/atg18a
plants (Fig. 6, C and E).

Furthermore, we tested the responses of Col-0, atg18a,
ATG18a-GFP/atg18a, and ATG18a"""-GFP/atg18a seedlings
to nitrogen deficiency. After a 6-d treatment, the hypersen-
sitive phenotype of the atg18a mutant to nitrogen starvation
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was fully rescued by overexpression of intact ATG18a (Fig. 6,
D and F). However, atg18a seedlings expressing ATG18a"""
still exhibited increased susceptibility to starvation condi-
tions compared to Col-0 (Fig. 6, D and F), indicating that
ATG18a acetylation at K323-K331-K420 is crucial for autop-
hagy in Arabidopsis.

Mutations of V108 and L151 residues in HLS1 severely
impair its activity

Given the finding that HLS1 acetylates ATG18a in planta, we
then aimed to identify the domain or residues required for
HLS1 activity. To this end, we performed a sequence align-
ment between HLS1 and several acetyltransferases from
Arabidopsis (Supplemental Fig. S10) and mutated the 2
most conserved amino acids (V108 and L151) of HLS1
(Supplemental Fig. S10), located in the active center regions
of previously characterized N-acetyltransferases (Tercero et
al. 1992; Coon et al. 1995), to alanine (A). We then con-
structed vectors for protein purification of recombinant
MBP—HLS1V'®AL1S1A (MBP-HLS1-LV, harboring the
V108A and L151A mutations). To assess the effect of the
V108-L151 mutations on HLS1 enzymatic activity, we per-
formed an in vitro acetylation assay using recombinant
GST-ATG18a and MBP-HLS1 or MBP—HLS1-LV in the pres-
ence of acetyl-CoA. We again detected the acetylation of
ATG18a by HLS1, but HLS1 acetylation was largely abolished
in the presence of HLS1-LV (Fig. 7A), indicating that mutat-
ing the 2 conserved sites leads to lower HLS1 enzymatic
activity.

To rule out the possibility that HLS1-LV no longer acety-
lates ATG18a due to a loss of interaction, we conducted an in
vitro pull-down assay. As shown in Supplemental Fig. ST1A,
both MBP-HLS1 and MBP-HLS1-LV were pulled down by
GST-ATG18a. In addition, we performed a split-LUC com-
plementation assay to verify the interaction between each
protein pair. We consistently observed an interaction be-
tween HLS1-LV and ATG18a in N. benthamiana leaves,
based on luminescence (Supplemental Fig. S11B). We further
confirmed the interaction between HLS1-LV and ATG18a by
Co-IP analysis (Supplemental Fig. S11C). Collectively, these
results suggest that mutations in the conserved sites (V108
and L151) of the putative acetyltransferase domain of HLS1
do not affect its interaction with ATG18a. Together, these re-
sults indicate that V108 and L151 are required for HLS1 en-
zymatic activity.

The enzymatic activity of HLS1 is necessary for
regulation of autophagy under nutrient starvation
To determine whether the enzymatic activity of HLS1 is re-
quired for the induction of autophagy under starvation con-
ditions, we introduced a MYC-HLS1Y"%®A"5"A transgene
into the hls1-1 mutant to generate transgenic lines MYC-
HLSTV1%847L151A 511 (MYC-HLS1-LV/hls1-1) for ATG8 lipida-
tion analysis. Compared with MYC-HLS1/hls1-1 plants, the ratio
of ATG8-PE to ATG8 was higher in MYC-HLS1-LV/hls1-1
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Figure 6. ATG18a acetylation positively regulates autophagy. A, B) ATG8 lipidation level in the Col-0, atg18a, and transgenic lines after carbon
starvation (—C, A) or nitrogen starvation (—N, B) treatment for the indicated times. Anti-ATG8a antibody was used to detect the ATG8 and
ATG8-PE protein levels. Relative intensity of ATG8-PE band normalized to the ATGS is shown below. The relative intensities of each band on im-
munoblots were quantified using Image). PE, phosphatidylethanolamine; hpt, hours posttreatment. The experiment was repeated 3 times with simi-
lar results. C) Confocal analysis of mCherry-ATG8e/ATG18a-GFP/atg18a and mCherry-ATG8e/ATG18a 323k~ 1331R-K420R_Crp1ata18a (mCherry—
ATG8e/ATG18a"**-GFP/atg18a) transgenic plants. Five-day-old seedlings were exposed to carbon (C)-sufficient (MS) or C-deficient (—C) liquid me-
dium with the addition of 1 um ConA for 6 h and then visualized by confocal laser scanning microscopy. K, lysine; R, arginine; ConA, concanamycin
A. Bars =20 um. D) Phenotypes of Col-0, atg18a, and transgenic seedlings in response to nitrogen starvation. Seven-day-old seedlings were trans-
ferred to N-rich (+N) or N-deficient (—N) liquid medium and photographed at 6 d after treatment. Bars = 1 cm. E) Numbers of puncta per section in
the root cells of the transgenic plants in C). Three independent experiments were done with similar results. Values are means =+ so (n = 15) from one
representative experiment. Asterisks indicate significant differences from that of the mCherry-ATG8e/ATG18a—GFP/atg18a (**P < 0.01, Student’s t
test). F) Relative chlorophyll content in D). The relative chlorophyll contents are expressed relative to those of the genotypes on +N medium. Three
independent experiments were performed with similar results. Values are means + sp (n = 4 replicates) from one experiment. For each experiment,
leaves from eight seedlings were used per one replicate. Asterisks indicate significant differences from the wild type (**P < 0.01, Student’s t test).

plants after nutrient starvations (Fig. 7, B and C), which is com-  significantly reduced in MYC-HLS1-LV/his1-1 roots than

parable to the pattern between hls1-1 and Col-0. that in MYC-HLS1/hls1-1 roots (Fig. 7, D and E). Together,
To further evaluate the role of HLS1-LV in autophagy, we  these results indicate that impaired enzymatic activity of

crossed the autophagosome marker line GFP-ATG8e to HLS1 via V108-L151 mutations suppresses the autophagy ac-

MYC-HLS1-LV/hls1-1 to generate GFP-ATG8e/MYC-HLS1- tivity under nutrient starvation.

LV/his1-1 line. Confocal microscopy analysis showed that car- We next tested the response of MYC-HLS1-LV/hls1-1 to

bon starvation-induced autophagosome accumulation was nutrient starvation for comparative phenotypic analyses
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Figure 7. The V108 and L151 sites in HLS1 are required for its enzymatic activity and induction of autophagy. A) In vitro acetylation analysis showing muta-
tions of V108 and L151 residues in HLS1 inhibited the acetylation of GST-ATG18a. GST-tagged and MBP-tagged target proteins were enriched by GST and
MBP beads, respectively, and then coincubation for acetylation analysis. IP, immunoprecipitation; L, leucine; V, valine; A, alanine; MBP-HLS1-LV, MBP-
HLSTV19®AL11A AcK, GST, and MBP antibodies were used for immunoblotting. Relative intensity of acetylated GST-ATG18a band normalized to the load-
ing control GST-—~ATG18a is shown below. The experiment was repeated 3 times with similar results. B, C) ATG8 lipidation level in the MYC-HLS1/hls1-1
(MYC=HLST) and MYC-HLS1V%®A71 51 1his1-1 (MYC-HLST-LV) lines after carbon starvation (—C, B) or nitrogen starvation (—N, C) treatment for the in-
dicated times. Anti-ATG8a antibody was used to detect the ATG8 and ATG8-PE protein levels. Relative intensity of ATG8-PE band normalized to the ATG8
is shown below. The relative intensities of each band on immunoblots were quantified using Image). PE, phosphatidylethanolamine; hpt, hours posttreat-
ment. The experiment was repeated 3 times with similar results. D) Confocal analysis of GFP-ATG8e/MYC—HLS1/hls-1and GFP-ATG8e/MYC-HLS1-LV/hls-1
transgenic plants. Five-day-old seedlings were exposed to carbon (C)-sufficient (MS) or C-deficient (—C) liquid medium with the addition of 0.5 zm ConA for
6 h and then visualized by confocal laser scanning microscopy. ConA, concanamycin A. Bars = 20 um. E) Numbers of puncta per section in the root cells of
the transgenic plants in D). Three independent experiments were done with similar results. Values are means =+ sp (n = 15) from one representative experi-
ment. Asterisks indicate significant differences from that of the GFP-ATG8e/MYC-HLS1/hls-1 (**P < 0.01, Student’s t test). F) Phenotypes of wild type
(Col-0), atg5-1, atg18a, hls1-1, MYC-HLS1/hls1-1 (MYC-HLS1), and MYC-HLS1""%®*">" 1hIs1-1 (MYC=HLS1-LV) lines in response to nitrogen starvation.
Seven-day-old seedlings were transferred to N-rich (+N) or N-deficient (—N) liquid medium, and the photographs were taken at 6 d after treatment. Bars =
1 cm. G) Relative chlorophyll content in F). The relative chlorophyll contents are expressed relative to those of the genotypes on +N medium. Three inde-
pendent experiments were conducted with similar results. Values are means =+ sb (n = 4 replicates) from one experiment. For each experiment, leaves from 8
seedlings were used per one replicate. Asterisks indicate significant differences from the wild type (**P < 0.01, Student’s t test).

with Col-0 and MYC-HLS1/hls1-1 plants. We had already de- ~ HLS1-LV/hls1-1 plants displayed an increased susceptibility
monstrated that MYC-HLS1/hls1-1 exhibits a similar toler-  to individual carbon or nitrogen starvation, similar to the
ance to nutrient starvations as Col-0. Conversely, MYC—  his1-1 mutant (Fig. 7, F and G; Supplemental Fig. S12),
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Figure 8. HLS1-regulated autophagy is uncoupled from HLS1-mediated hook formation. A) Phenotypes of 3.5-d-old etiolated wild-type (Col-0),
atgs5-1, atg18a, hls1-1, MYC-HLS1/hls1-1 (MYC-HLST), and MYC—HLS1V108A-L151A /e 1 (MYC-HLS1-LV) seedlings grown on MS medium supple-
mented without (mock) or with 10 um ACC. L, leucine; V, valine; A, alanine; MS, Murashige and Skoog; ACC, 1-aminocyclopropane-1-carboxylic acid.
Bars = 1 mm. B) The angles of curvature in A). The angles of curvature were measured using ImageJ software. The experiments were conducted 3
times with similar results. Values are means = so (n > 15) from one experiment. Asterisks indicate significant differences from the Col-0 (**P < 0.01,

Student’s t test).

indicating that MYC-HLS1-LV cannot rescue the hls7-7 mu-
tant. Thus, mutations in the putative acetyltransferase do-
mains of HLS1 affect its functions in response to nutrient
limitation. Moreover, we compared the responses of MYC-
HLS1-LV/hls1-1 seedlings to atg5-1 and atg18a mutants un-
der nutrient starvation conditions. We observed similar
hypersensitive phenotypes in MYC-HLS1-LV/hls1-1, atg5-1,
and atg18a seedlings following starvation (Fig. 7, F and G;
Supplemental Fig. S12). These results indicate that the
V108 and L1571 residues of HLS1 are required for plants to
cope with nutrient starvation, and this function of HLS1 is
likely mediated through autophagy.

Since atg mutants are characterized by premature leaf senes-
cence in addition to hypersensitivity to nutrient deprivation
(Doelling et al. 2002; Hanaoka et al. 2002), we subsequently
investigated leaf senescence at different time points in the gen-
etic materials generated here. After 4 wk of growth, MYC-
HLS1-LV/his1-1, like his1-1 and atg mutants, showed
premature senescence compared with Col-0 or MYC-HLS1/
his1-1 plants (Supplemental Fig. S13). These phenotypes be-
came more visible in 5-wk-old plants (Supplemental Fig. S13).

To verify the connections between HLS1-LV and autop-
hagy, we also tested the susceptibility of hls1-1 and MYC-
HLS1-LV/hIs1-1 lines to the reactive oxygen species
(ROS)-inducing reagent methyl viologen (MV), which can
strongly induce autophagy (Xiong et al. 2007). As reported
previously (Xiong et al. 2007), the atg18a mutant displayed
a strong hypersensitivity to MV treatment, manifesting as
bleached cotyledons, compared to Col-0 (Supplemental
Fig. S14A). Importantly, we determined that atg5-1, hlsi1-1,
and MYC-HLS1-LV/hls1-1 seedlings display the same suscep-
tibility to MV as the atg18a mutant, as evidenced by their
lower chlorophyll contents relative to Col-0 (Supplemental

Fig. S14B). Collectively, the enzymatic activity of HLS1 ap-
pears to be necessary for its regulation of autophagy in re-
sponse to stresses, including but not limited to nutrient
starvation.

HLS1-regulated autophagy is uncoupled from
HLS1-mediated hook formation

HLS1 was previously described as a key regulator of apical hook
development (Guzman and Ecker 1990; Lehman et al. 1996).
Our observations that HLS1 also plays an important role in
the regulation of autophagy prompted us to ask whether au-
tophagy might be involved in hook formation of etiolated seed-
lings. To this end, we investigated the hook phenotypes of
hls1-1, atg5-1, and atg18a mutant seedlings grown under air
(mock) and 1-aminocyclopropane-1-carboxylic acid (ACG;
ethylene biosynthesis precursor) treatment in darkness for
3.5 d. Consistent with previous studies (Guzman and Ecker
1990; Lehman et al. 1996), the hls1-1 mutant was completely
insensitive to exogenous ACC application, with its typical hook-
less phenotype compared to the dramatic exaggerated hook
curvature of Col-0 seedlings (Fig. 8). In contrast, atg5-1 and
atg18a mutant seedlings showed similar hook phenotypes as
Col-0 under both air and exogenous ACC conditions (Fig. 8),
indicating that autophagy is not involved in HLS1-regulated ap-
ical hook formation.

To further explore whether the enzymatic activity of HLS1 has
any effect on hook formation, we analyzed hook formation in
MYC-HLS1/hls1-1 and MYC-HLS1-LV/his1-1 etiolated seed-
lings. The overexpression of MYC-HLST restored the hookless
phenotype of the hls1-1 mutant after exogenous ACC
treatment and produced seedlings with an enhanced hook
curvature even under normal air conditions (Fig. 8). In contrast,
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MYC-HLS1-LV/hls1-1 seedlings showed no obvious sign of res-
cue for the hook formation under either air or ACC treatment
(Fig. 8), suggesting that the normal enzymatic activity of HLS1
is also necessary for apical hook development. Taken together,
although the V108 and L151 residues of HLS1 play key roles in
both autophagy and hook formation, HLS 1-regulated autophagy
is uncoupled from HLS1-mediated apical hook development.

Discussion

HLS1 is a well-known key regulator of apical hook formation
and is also involved in thermomorphogenesis, pathogen de-
fense, sugar signaling, and abscisic acid (ABA) responses
(Guzman and Ecker 1990; Lehman et al. 1996; Ohto et al.
2006; Liao et al. 2016; Jin and Zhu 2019; Guo et al. 2023).
Although HLS1 was previously considered as a putative
N-acetyltransferase due to the sequence similarity it shares
with this class of enzymes (Lehman et al. 1996), its biochem-
ical function has remained largely unclear. Here, we demon-
strate that HLS1 is required for autophagy activation during
nutrient starvation and reveal the biological and biochemical
roles of HLS1 in plant autophagy through acetylation of
ATG18a.

In this study, we aimed to study the enzymatic function of
HLS1 and verified that HLS1 exerts its functions as a bona fide
acetyltransferase based on the following evidence. First, in vi-
tro acetylation assays revealed that HLS1 acetylated ATG18a
(Fig. 4A). Second, the acetylation levels of ATG18a decreased
significantly in the hls1-1 mutant background (Fig. 4, E and F).
Third, mutations at the conserved sites (V108 and L151) in
the putative acetyltransferase active domains of HLS1 did
not affect its interaction with ATG18a but markedly blocked
the acetylation of ATG18a and autophagy activation (Fig. 7;
Supplemental Fig. S11). Prior to this study, HLS1 had been re-
ported to function as a putative histone acetyltransferase
(HAT) required for histone H3 acetylation at ABI5 and
WRKY33 chromatin, although HLS1 protein did not exhibit
HAT activity in vitro (Liao et al. 2016). Considering that a
growing number of HATs appear to have a wide range of sub-
strates in addition to histones (Narita et al. 2019), our work
does not exclude the possibility that HLST might also func-
tion as a HAT to acetylate histones as well as nonhistones.
Thus, the acetyltransferase activity of HLS1 on histones
should be revisited.

The acetyl group at the core of lysine acetylation is pro-
vided by acetyl-CoA, which is a central integrator of the nu-
tritional status at the metabolic crossroads of sugar, fat, and
proteins (Marifio et al. 2014; Xia et al. 2022). In human cells,
nutrient starvation causes the rapid depletion of acetyl-CoA
and induces protein deacetylation (Marifio et al. 2014). In
contrast, acetylation of Atg3 increases after nutrient starva-
tion in yeast, while the acetylation levels of other Atg pro-
teins are lower or unchanged (Yi et al. 2012). Here, we
found that the acetylation of ATG18a, similar to Atg3 in
yeast, was strongly promoted under carbon or nitrogen star-
vation (Fig. 4, B to F), suggesting that ATG18a acetylation
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could be tightly regulated in response to nutrient depriv-
ation, possibly due to the alleviation of substrate inhibition
(Reed et al. 2010). Given that HLS1 plays an important role
in hook development of dark-grown seedlings that them-
selves would undergo nutrient starvation, we speculate
that HLS1 might also be affected by prolonged darkness
and nutrient starvation through the regulation of its activity.
Therefore, whether the activity of HLS1 is modulated by
changes in acetyl-CoA levels caused by nutrient starvation
should be carefully examined.

Protein acetylation is one of most important PTMs that reg-
ulates autophagy initiation and autophagosome formation by
targeting core components in yeast and mammals (McEwan
and Dikic 2011; Banréti et al. 2013; Fiillgrabe et al. 2013). A re-
cent study demonstrated that deacetylation of histone H3 at
the K9 and K27 residues by HISTONE DEACETYLASE9
(HDA9) represses the expression of ATG5 and ATGS8e in
Arabidopsis (Yang et al. 2020), providing a clue for the modu-
lation of plant autophagy at the transcriptional level by acetyl-
ation. However, whether core autophagy proteins are directly
regulated by acetylation and what the underlying mechanisms
in plants are is still poorly understood.

In this study, we showed that HLS1-mediated acetylation
regulated autophagy activation by targeting ATG18a (Figs. 4,
A, E and F, and 7A), a core autophagy component that forms
a conserved ATG9-ATG2-ATG18 complex across eukaryotes
(Reggiori et al. 2004; Marshall and Vierstra 2018). Our findings
also show how ATG18a acetylation affects its function in au-
tophagy activation. Disruption of ATG18a acetylation sup-
pressed ATG2-ATG18a interaction under carbon starvation
and inhibited the binding of ATG18a to Ptdins(3)P (Fig. 5, E
and F), which is necessary for PAS localization of Atg2—-Atg18
complex in yeast (Kotani et al. 2018). In Arabidopsis, ATG9 is
essential for the trafficking of ATG18a on the autophagosomal
membrane in a PtdIns(3)P-dependent manner (Zhuang et al.
2017). Therefore, further studies addressing whether and how
ATG18a acetylation affects the trafficking of ATG9 vesicles
are crucial for an in-depth understanding of autophagy modu-
lated by HLS1 in planta.

Different from the acetylation of ATG18a, phosphorylation
and persulfidation of Arabidopsis ATG18a were shown to
negatively regulate autophagy upon infection by necrotrophic
pathogens (Zhang et al. 2021) and under ER stress (Aroca et al.
2021), respectively. In contrast, we observed that reduced
acetylation of ATG18a blocked autophagy activity and in-
creased plant susceptibility to nitrogen starvation (Fig. 6), sug-
gesting that acetylation of ATG18a positively regulates its
function in autophagy induction during nutrient starvation.
This result indicates that ATG18a is modified by different
PTMs when plants are subjected to changes in external condi-
tions, and these modifications must be finely controlled.

By taking advantage of bioinformatic tools, we identified 3
predicted acetylation sites (K323, K331, and K420) of
ATG18a protein and demonstrated that they are essential for
ATG18a acetylation by HLS1. Mutations of K323, K331, and
K420 sites of ATG18a simultaneously exhibited distinctly
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Figure 9. A working model of HLS1-modulated autophagy activation through acetylation of ATG18a protein. Under nutrient (carbon or nitrogen)
starvations, the acetylation level of ATG18a at potential sites (K323, K331, and K420) increases, and this increase promotes the ATG2-ATG18a
interaction and the binding of ATG18a to PtdIns(3)P and ultimately activates autophagy to enable plants to survive. Among this process, V108
and L1517 sites in HLS1 are necessary for its function for ATG18a acetylation, as well as the hook formation. Whereas the autophagy route modulated
by HLS1 is uncoupled from its regulated apical hook formation. L, leucine; K, lysine; V, valine; PtdIns(3)P, phosphatidylinositol 3-phosphate; PE, phos-
phatidylethanolamine. The question marks indicate unknown acetylation sites in ATG18a; solid arrows indicate well-defined processes; and dashed

arrow indicates unknown process.

reduced acetylation levels of ATG18a and attenuated autop-
hagy induced by nutrient starvation (Figs. 5 and 6). Of note,
the combined mutations of the 3 lysine residues in ATG18a
did not eliminate all acetylation of ATG18a, suggesting other
acetylation sites also exist in ATG18a. Indeed, our initial at-
tempt to identify total acetylation sites using immunopurified
ATG18a from Arabidopsis was unsuccessful. This failure may be
due to technological limitations in the identification of acetyl-
ation sites by MS, which is still far from being routine in plant
research (Xia et al. 2022). Moreover, acetylation usually occurs
at a low stoichiometry amount, which may therefore fall below
the detection threshold of the method (Choudhary et al. 2014;
O'Leary et al. 2020). Nevertheless, our findings contribute to
elucidating the mechanism by which ATG18a acetylation reg-
ulates autophagy.

Our previous studies have validated the important role of
HLS1 in hook development (An et al. 2012; Zhang et al. 2014,
2018; Huang et al. 2020; Peng et al. 2022). Here, we extended
our knowledge to assess the importance of acetylation in ap-
ical hook development and determined that the enzymatic
activity of HLS1 was also necessary for this process (Fig. 8).
However, we noticed that the atg18a mutant exhibited a
similar phenotype as the wild type for hook formation
(Fig. 8), suggesting that ATG18a-involved autophagy is not
required for HLS1-regulated apical hook development, and
HLS1 may target other substrates.

Furthermore, his1-1 plants also displayed similar phenotypes
as atg mutants in plant senescence (Supplemental Fig. S13) and
oxidative stress responses (Supplemental Fig. S14). Therefore, it
is reasonable to speculate that HLS1 may regulate aging and
plant responses to oxidative stress by modulating autophagy

via acetylation of ATG18a or other ATG proteins. In addition,
whether HLS1 regulates thermomorphogenesis, pathogen de-
fense, and sugar and ABA responses through acetylation of dis-
tinct substrates also needs to be addressed. Hence, efforts are
required to focus on identifying more substrates of HLS1 in
multiple biological processes.

In summary, our study unveils the crucial role of the acet-
yltransferase HLS1 in autophagy regulation through affecting
the acetylation status of ATG18a during the plant response to
nutrient starvation (Fig. 9). When plants are exposed to nutri-
ent starvation, the acetylation levels of ATG18a at potential
sites increase, likely through the interaction between
ATG18a and HLS1. Then, increased ATG18a acetylation pro-
motes the ATG2-ATG18a interaction and the binding of
ATG18a to PtdIns(3)P and ultimately activates autophagy.
During this process, the enzymatic activity of HLS1 is neces-
sary for ATG18a acetylation (Fig. 9), implying that HLS1 is
an important regulator of plant autophagy during nutrient
deprivation. Furthermore, HLS1-modulated autophagy is un-
coupled from the well-known HLS1-mediated hook forma-
tion in Arabidopsis. Taken together, these results unravel a
key PTM of a core autophagy protein and further elucidate
the importance of PTMs on autophagy regulation in plant.

Materials and methods

Plant materials, growth conditions, and treatments

The A. thaliana accession Col-0 was used as the wild type line
in this study. The T-DNA insertion knockout mutant atg18a
(GK-651D08) was obtained from the Arabidopsis Biological
Resource Center (ABRG; http://www.arabidopsis.org). hls1-1
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(Lehman et al. 1996) and atg5-1 (Chen et al. 2015) mutants
used in this study were described previously. The mutants
were identified by genomic PCR using gene-specific primers
paired with a T-DNA border-specific primer (Supplemental
Data Set 1). The mutants in this study are listed in
Supplemental Table S1. Transgenic plant GFP-ATG8e (Xiao
et al. 2010) and mCherry—-ATG8e (Zhuang et al. 2017) have
been described previously.

All Arabidopsis seeds were surface sterilized with 75%
(v/v) ethanol containing 0.05% Triton X-100 for 15 min,
washed with distilled water at least 5 times, then plated
on MS (Sigma-Aldrich, M5519) agar (0.7%, w/v) medium
containing 1% (w/v) sucrose. After stratification at 4 °C for
3 d in darkness, the plates were cultured in a plant growth
room under a 16-h light/8-h dark photoperiod at 22 °C, and
the light intensity was 120 to 150 #mol/m?/s using fluorescent
bulbs (PHILIPS, TL5 21W/865). For N. benthamiana growth,
the seeds were scattered directly on the soil and grown in con-
trolled greenhouse conditions with 16-h light (120 to
150 umol/m?/s)/8-h dark photoperiod at 25 °C using fluores-
cent bulbs (PHILIPS, TL5 21W/865). For carbon starvation,
1-wk-old seedlings grown on MS medium supplemented
with 1% (w/v) sucrose were transferred to fresh MS liquid or
solid medium under continuous darkness for the indicated
time points. For nitrogen starvation, 1-wk-old seedlings grown
on MS medium containing 1% sucrose (w/v) were transferred
to nitrogen-free MS (Caisson, MSP07-50LT) liquid medium
and grown under normal conditions for indicated duration.
For chemical treatment, 1-wk-old seedlings grown on solid
MS medium containing 1% sucrose (w/v) were transferred
to liquid MS medium containing 1um MV (Sigma-Aldrich,
856177) for indicated times. The effect of ACC
(Sigma-Aldrich, A3903) on apical hook formation was deter-
mined according to Huang et al. (2020).

Confocal microscopy

Monitoring the autophagosomes in transgenic plants
expressing GFP-ATG8e was performed using a Zeiss
LSM880 confocal laser microscope (Carl Zeiss, Germany).
Five-day-old seedlings were transferred to carbon- or
nitrogen-deficient MS medium containing 0.5 or 1.0 um
ConA (APExBIO, A8633) for indicated times. Then, the pri-
mary root cells were observed using the microscope. For
GFP fluorescence, the excitation wavelength was 488 nm
with 10% to 20% output signal intensity, and the emission
was detected at 500 to 530 nm with gain values of 650 to
680. For mCherry fluorescence, the excitation wavelength
was 516 nm with 10% to 20% output signal intensity, and
the emission was detected at 560 to 610 nm with gain values
of 650 to 680. For DAPI fluorescence, the excitation wave-
length was 405 nm with 5% to 10% output signal intensity,
and the emission was detected at 415 to 515 nm with gain
values of 620 to 650.

Vector construction
Primers for all vector constructs are listed in Supplemental
Data Set 1. For split-LUC complementation assay, the coding
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sequences of ATG1a, ATG1b, ATG1c, ATG3, ATG5, ATG6,
ATG7, ATG12, ATG18a, ATG18b, ATG18c, ATG18d, ATG18e,
ATG18f, ATG18g, ATG18h, and HLST were inserted into the
pCAMBIA1300-nLUC (Chen et al. 2008) using the Mlul
and Pacl restriction sites. The full-length coding sequences
of ATG8e, HLST, and HLS1Y"%®A7t 514 were inserted into the
pCAMBIA1300—-cLUC at Kpnl-Pacl site. To generate vectors
for the BiFC assay, the full coding sequences of HLS1 or
ATG18a were inserted into the multiple cloning sites of
pSAT6 cEYFP-C1 and pSAT6 nEYFP-N1 (Citovsky et al.
2006) at Kpnl-Small and EcoRI-Small sites, respectively.
cYFP-SDIRT was constructed as described previously
(Hao et al. 2021). To generate vectors for recombinant pro-
tein expression, the coding sequences of HLS1-HA and
HLSTV1®ALSTA_HA were inserted into BamHI- and EcoRI-
digested pMAL-p2X vector (Huang et al. 2020), and the full-
length coding sequences of 6xHis—-ATG3 and 6XHis-ATG18a
were inserted into the pGEX5x-1 vector (Huang et al. 2020) di-
gested by BamHI and EcoRI to generate GST-ATG3 and
GST-ATG18a, respectively. Similarly, the full-length coding
sequence of Flag—-ATG2 was inserted into the pET28a at
BamHI-EcoRl site. For stable expression, the full-length cod-
ing sequences of HLST and HLS1""%4t">™4 \ere inserted into
the pCAMBIA1307 (Huang et al. 2020) vector using BamHI
and Sall sites to generate MYC-HLS1 and MYC-
HLS1V98AL15A respectively. Similarly, the GFP coding
sequence was inserted into the binary vector pQG110
(Hao et al. 2021) digested by Sall and Sacl under 35S pro-
moter to generate Pro35S:GFP. The complete coding se-
quences of ATG18a and ATG18g'3?3RKBIR-KE0R \yere
inserted into the Pro35S:GFP vector at BamHI-Kpnl site
to obtain ATG18-GFP and ATG18aX323R"K331R-K20R_cpp,
respectively.

Mutations derived from HLS7 and ATG18a were generated by
site-directed mutagenesis of aforementioned corresponding con-
structs using a KOD-Plus-Mutagenesis kit (TOYOBO, SMK-101)
with the specific primers listed in Supplemental Data Set 1.

Generation of transgenic lines

For plant transformation, the vectors of ATG18a—GFP,
ATG18a3PRISIIRKLR_GEp - MYC-HLST, and MYC-
HLS1V98A11514 were introduced into A. tumefaciens strain
GV3101. Then, the floral dip method (Clough and Bent
1998) was used for generating transgenic plants. T, transgen-
ic plants of ATG18a-GFP/Col-0, ATG18a—GFP/atg18a, and
ATG18g"3BR-I33TR-K20R_CEpiate18a with single insertion
sites were selected on MS medium containing 50 mg/L kana-
mycin. T, transgenic plants expressing MYC-HLS1 and
MYC-HLS1Y1%8A"1151% in his1-1 background with single in-
sertion sites were selected on MS medium containing
50 ug/mL hygromycin B.

To generate GFP-ATG8e/hls1-1, GFP-ATG8e/MYC-HLS1/
his1-1, and GFP-ATG8e/MYC-HLS1V'%®* 5" /his1-1 trans-
genic lines, GFP-ATG8e was crossed with hls1-1, MYC-
HLS1/hls1-1,  and ~ MYC-HLST'%®*A""""%/pis1-1. The
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transgenic F, seedlings were selected on MS medium con-
taining kanamycin and hygromycin B as described above.

To generate mCherry—ATG8e/ATG18a-GFP/atg18a and
mCherry-ATG8e/ATG18q"323R~K331R-K420R_CEp atg18a
transgenic lines, mCherry—ATG8e was crossed with ATG18a—
GFP/atg18a and ATG18g 3%3RK331R-K420R_Grp ata18a. The
transgenic F, seedlings were selected on MS medium con-
taining kanamycin and hygromycin B as described above,
and atg18a locus was confirmed using PCR-based genotyp-
ing using the gene-specific primers listed in Supplemental
Data Set 1.

To generate ATG18a-GFP/hls1-1 transgenic line, homozy-
gous ATG18a—GFP/Col-0 was crossed with the hls1-1 mutant.
The transgenic F, seedlings were selected on MS containing
kanamycin as described above and genotyped for the
his1-1 mutation by sequencing using the gene-specific pri-
mers listed in Supplemental Data Set 1.

To generate ATG18a—-GFP/MYC-HLS1 and ATG18a-GFP/
MYC-HLS1V' At S1A - MYC-HLS1/hls1-1  and ~ MYC-
HLS1VI¥A-L514/his1-1 were crossed with ATG18a-GFP/
his1-1. The F, seedlings were selected on MS containing kana-
mycin and hygromycin B as described above. The transgenic
lines generated in this study are listed in Supplemental
Table S2.

Measurement of chlorophyll content

To measure the chlorophyll contents from the samples,
Arabidopsis leaves were harvested after nutrient starvation
or MV treatment. Chlorophyll was extracted by immersing
the samples in 95% (v/v) ethanol for 48 h at 4 °C in the
dark. Absorbances of the supernatants were measured at
649 and 664 nm, and the total chlorophyll content was cal-
culated as described previously (Lichtenthaler 1987).

RNA extraction and RT-qPCR

Total RNA of whole Arabidopsis seedlings was extracted
using the Eastep Super Total RNA Extraction Kit
(Promega), and the isolated RNA was reverse transcribed
using M-MLV Reverse Transcriptase (Promega). RT-qPCR
was performed on the Light Cycler 480 system (Roche) using
SYBR Premix ExTaq reagents (Takara). Four technical repli-
cates were performed for each sample. ACTIN2 was used as
the reference gene. The primers for gPCR analysis are listed
in Supplemental Data Set 1.

Protein isolation and immunoblot analysis

Protein extraction and immunoblotting were carried out as
described previously (Huang et al. 2020). Samples were fro-
zen and ground in liquid nitrogen and homogenized in the
same volume of protein extraction buffer (100 mm Tris-HCI
[pH 6.8], 4% [w/v] SDS, 10% [v/v] glycerol, 50 mm DTT,
and 0.02% [w/v] bromophenol blue). Samples were incu-
bated on ice for 15 min and then heated at 65 °C for
10 min. After centrifugation at 13,000 X g for 15 min, the
supernatants were separated using SDS—-PAGE. To separate
ATG8 and ATGS8-PE, a Urea—Tricine SDS—-PAGE system

Huang et al.

was utilized as described previously (Schagger and von
Jagow 1987). Anti-GFP (ABclonal, AE012; 1:5,000 dilution),
anti-ATG8a (Abcam, ab77003; 1:2,000 dilution), anti-MYC-
HRP (ABclonal, AE026; 1:10,000 dilution), anti-HA-HRP
(Roche, 3F10; 1:10,000 dilution), anti-Actin (ABclonal,
AC009; 1:10,000 dilution), anti-GST (Tiangen, AB101;
1:10,000 dilution), anti-MBP (ABclonal, AE016; 1:10,000 dilu-
tion), anti-acetyl-lysine (anti-Ac-K) (PTM BiolLab, PTM-101;
1:5,000 dilution), and anti-Flag-HRP (Sigma, A8592;
1:10,000 dilution) antibodies were used for immunoblotting,

Split-LUC complementation assay

The split-LUC complementation assay was performed in
N. benthamiana leaves as previously described (Huang et al.
2020). Briefly, the cLUC and nLUC plasmids were trans-
formed into A. tumefaciens GV3101 cells. The bacteria con-
taining individual constructs were suspended in IFB buffer
(0.5% [w/v] glucose, 10 mm MES, 10 mm MgCl,, and 150 um
acetosyringone, pH 5.7) at ODgy =05 and then mixed
equally in each pair as indicated. The mixed culture was
then infiltrated into N. benthamiana leaves. After infiltration
for 2 d, the LUC activity was detected using the LB 985
NightSHADE system (Berthold Technologies).

Co-IP assay

For Co-IP assay in vivo, the seedlings were ground in liquid
nitrogen and homogenized in IP buffer (50 mm Tris-HCl
[pH 7.5], 150 mm NaCl, 1 mm DTT, 1X protease inhibitor
cocktail Complete Minitablets [Roche] (0.1% (v/v) NP40)).
Anti-MYC nanobody coated agarose beads (Alpalife by
KangTi, KTSM1306) were added to the extracts for precipita-
tion. Then mixtures of extracts and beads were incubated for
2 h at 4 °C, washed at least 5 times with TBST buffer (50 mm
Tris-HCI [pH7.5], 150 mm NaCl, and 0.1% [v/v] Tween-20),
and followed by elution in protein extraction buffer before
immunoblotting analysis.

BiFC assay

For BiFC assay, pairs of cYFP and nYFP fusion constructs and
the nuclear marker SV40T-mCherry were cotransformed
into Col-0 protoplast as previously described (Yoo et al.
2007). After culturing the protoplasts for 16 h, the fluores-
cence was detected by confocal microscopy (Zeiss
LSM880). For YFP fluorescence, the excitation wavelength
was 514 nm with 5% to 10% output signal intensity, and
the emission spectra were collected at 520 to 567 nm with
a gain value of 650. For mCherry fluorescence, the excitation
wavelength was 516 nm with 5% to 10% output signal inten-
sity, and the emission was detected at 560 to 610 nm with
gain values of 600 to 630.

Pull-down assay

All relevant constructs were transformed into E. coli BL21 (DE3)
competent cells. The expression of target proteins was induced
by 0.3 mm isopropyl-B-p-thiogalactopyranoside, and cells were
cultured at 22 °C for 3 h before collection. GST-tagged,
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MBP-tagged, and Flag-tagged target proteins were enriched by
Glutathione Resin (GenScript, L00206-50), Amylose Resin (New
England Biolabs, 10087424), and DYKDDDDK G1 Affinity Resin
(GenScript, L00432-10), respectively, following the manufac-
turer’s instructions. For pull-down assay, MBP-tagged or
Flag-tagged proteins were incubated with beads loaded with
corresponding purified GST-tagged proteins, or GST-tagged
proteins were incubated with beads loaded with corresponding
purified MBP-tagged proteins in pull-down buffer (50 mm
Tris-HCI [pH 7.5], 150 mm NaCl, and 0.1% [v/v] NP40) for 2 h
at 4 °C with gentle rotation. After washing at least 5 times
with pull-down buffer, the protein-bound beads were collected
by centrifugation at 1,200 X g for 2 min and then eluted in pro-
tein extraction buffer. Proteins were detected by immunoblot-
ting using anti-HA-HRP antibody, anti-GST antibody,
anti-Flag—HRP antibody, or by Ponceau staining.

In vitro acetylation analysis

The constructs expressing GST-ATG18a, MBP-GFP, MBP-
HLS1, and MBP-HLS1V"%®4""314 \ere transformed into E. coli
BL21 (DE3) competent cells. Expression of target proteins was in-
duced by adding 0.3 mm isopropyl-p-b-thiogalactopyranoside
and incubating at 16 °C overnight, after which the cells were
harvested. GST-tagged and MBP-tagged target proteins
were enriched by Glutathione Resin (GenScript, L00206-50)
and Amylose Resin (New England Biolabs, 10087424), respective-
ly. For acetylation assay in vitro, MBP—GFP, MBP-HLS1, and
MBP-HLS1V'®A1 151 were eluted with 10 mm maltose and
then incubated with beads loaded with GST-ATG18a proteins
in acetylation buffer (50 mm HEPES [pH 6.8], 50 mm NaCl,
1 mm acetyl-CoA, 1 mm DTT, and 5 mm nicotinamide) for 3 h
at 30 °C. Samples were subjected to SDS—-PAGE forimmunoblot-
ting. Anti-Ac-K and anti-GFP antibodies were used to detect the
acetylation level and the loading of ATG184a, respectively.

In vivo acetylation assay

For acetylation assay in vivo, 1-wk-old transgenic seedlings
expressing ATG18a-GFP (WT or K323R-K331R-K420R)
were exposed to carbon or nitrogen starvation for indicated
times. The samples were ground in liquid nitrogen and
homogenized in IP buffer (detailed in the Co-IP section) con-
taining 5 mm nicotinamide. Different types of ATG18a—GFP
proteins were precipitated by anti-GFP nanobody agarose
beads (AlpalLife by KangTi, KTSM1301). The beads were
washed at least 5 times with TBST buffer (50 mm Tris-HCI
[pH7.5], 150 mm NaCl, and 0.1% [v/v] Tween-20) and then
subjected to SDS—-PAGE for immunoblotting analysis using
anti-Ac-K and anti-GFP antibodies.

Protein-lipid binding assay

The protein—lipid binding assay was performed as described
previously (Han et al. 2020; Tan et al. 2020) with modifica-
tion. Briefly, membranes containing PIP arrays (Echelon
Biosciences, P-6100) or PVDF membranes overlaid with
1 mm solution of Ptdins(3)P (Echelon Biosciences) were
blocked in 3% (w/v) fatty acid—free BSA in TBST (50 mm
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Tris-HCI [pH 7.5], 150 mm NaCl, and 0.1% [v/v] Tween-20)
for 1 h. The membranes were then incubated in the same so-
lution with purified protein for 1 h at 4 °C with gentle agita-
tion. The membranes were washed 3 times with TBST buffer
(50 mm Tris-HCI [pH 7.5], 150 mm NaCl, and 0.1% [v/v]
Tween-20) and incubated with SDS sample buffer for
10 min. The eluates were separated by SDS-PAGE, and
membrane-bound GST-ATG18a was analyzed by using
anti-GST antibody.

Hook curvature measurement

Hook curvature was measured following Huang et al. (2020).
The etiolated seedlings were photographed using a Canon
camera (EOS 760D), and the hook curvature angles between
the cotyledons and hypocotyls were measured from digital
images by Image] software (http://rsbweb.nih.gov/ij/).

Statistical analysis

In this study, the significance of the difference between 2 noted
samples was determined using a 2-tailed Student’s t test. Data
are presented as mean =+ sp. The level of statistical significance is
indicated by asterisks (*P < 0.05 and **P < 0.01). The relative in-
tensities of each band on immunoblots were quantified using
Image] (http://rsbweb.nih.gov/ij/). The detailed statistical re-
sults are listed in Supplemental Data Set 2.

Accession numbers

Sequence information from this article can be found in the
Arabidopsis Genome Initiative or GenBank/EMBL databases un-
der the following accession numbers: ATG1a (AT3g61960),
ATG1b  (AT3G53930), ATGlc (AT2G37840), ATG2
(AT3G19190), ATG3 (AT5G61500), ATG5 (AT5G17290), ATG6
(AT3G61710), ATG7 (AT5G45900), ATGSe (AT2G45170),
ATG12 (AT1G54210), ATG18a (AT3G62770), ATG18b
(AT4G30510), ATG18¢c (AT2G40810), ATG18d (AT3G56440),
ATG18e (AT5G05150), ATG18f (AT5G54730), ATG18g
(AT1G03380), ATG18h (AT1G54710), HLST (AT4G37580),
MAK3  (AT2G38130), NAAT0 (AT5G13780), NAA20
(AT1G03150), NAAGO (AT5G16800), F21P24.12 (AT2G23060),
GNAT (AT5G15770), MCCT (AT3G02980), SATT (AT1G55920),
SAT3 (AT3G13110), and SDIR1(AT3G55530).
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