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Introduction

As a carrier of plant genetics and sexual reproduction, seeds are
an important strategy for plant adaptation to the natural environ-
ment and the foundation of great agriculture. However, seed
aging or seed deterioration is an inevitable and irreversible pro-
cess during storage. Seed longevity, the period over which ortho-
dox seeds maintain vigor and germination ability in a dry state
(de Souza er al., 2016), is crucial for both ecological and agro-
nomic value. Identifying genes, especially regulatory genes,
involved in seed longevity and understanding the mechanism of
action are, therefore, vital for the preservation of germplasm

resources and food safety.

Seed longevity is acquired during seed development, reaches
the highest peak when seeds mature, and gradually declines dur-
ing seed storage. A series of cellular and physiological processes
occur in the embryo during seed maturation (Leprince
et al., 2017). The water content in seeds gradually decreases, and
the cytoplasm becomes glassy (Leprince ez al., 2017). Chloro-
phyll and carotenoids in seeds degrade (Clerkx ez 4/, 2003). The
composition and content of soluble sugars also change (Verdier
et al., 2013; Wang et al., 2018). The transcription of HEAT
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Summary

¢ Ubiquitination is a fundamental mechanism regulating the stability of target proteins in
eukaryotes; however, the regulatory mechanism in seed longevity remains unknown. Here,
we report that an uncharacterized E3 ligase, ARABIDOPSIS TOXICOS EN LEVADURA 5
(ATL5), positively regulates seed longevity by mediating the degradation of ACTIVATOR OF
BASAL TRANSCRIPTION 1 (ABT1) in Arabidopsis.

e Seeds in which ATL5 was disrupted showed faster accelerated aging than the wild-type,
while expressing ATL5 in at/5-2 basically restored the defective phenotype. ATL5 was highly
expressed in the embryos of seeds, and its expression could be induced by accelerated aging.
o A yeast two-hybrid screen identified ABT1 as an ATL5 interacting protein, which was
further confirmed by bimolecular fluorescence complementary assay and co-
immunoprecipitation analysis. In vitro and in vivo assays showed that ATL5 functions as an
E3 ligase and mediates the polyubiquitination and degradation of ABT1. Disruption of ATL5
diminished the degradation of translated ABT1, and the degradation could be induced by seed
ageing and occurred in a proteasome-dependent manner. Furthermore, disruption of ABT1
enhanced seed longevity.

e Taken together, our study reveals that ATL5 promotes the polyubiquitination and degrada-
tion of the ABT1 protein posttranslationally and positively regulates seed longevity in Arabi-
dopsis.

SHOCK PROTEIN (HSP) and SMALL HSP (sHSP) genes is
induced, and LATE EMBRYOGENESIS ABUNDANT PRO-
TEIN (LEA) accumulates in late embryonic development
(Leprince et al., 2017). Despite the extremely low metabolic
activity in dry seeds, amadori and Maillard (Murthy &
Sun, 2000), lipid peroxidation (Wiebach ez al, 2020), protein
carbonylation (Rajjou ez al, 2011), and other reactions still inevi-
tably occur in cellular components (proteins, lipids, nucleic acids,
sugars, etc.). Antioxidant systems, including passive nonenzy-
matic scavenging systems (Sano ¢t a/., 2016) and active enzymatic
detoxification systems (Jeevan er al., 2015), prevent excessive oxi-
dation of biological macromolecules and play a significant role in
seed longevity.

The transcriptional regulation mechanisms involved in seed
longevity during seed development have mostly been reported.
The transcriptional activators LAFL (LEAFY COTYLEDONI,
LEC1; ABA INSENSITIVE3, ABI3; FUSCA3, FUS3; LEC2)
and plant hormones, such as abscisic acid (ABA) and its signaling
pathways, form a complex network and regulate multiple down-
stream processes related to seed longevity (Sano et al., 2016). For
example, ABI3 activates the gene expression of the key enzymes
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COLORINGI1-like (NOL) in the chlorophyll decomposition
pathway (Nakajima ez 2/, 2012). raffinose family oligosacchar-
ides (RFO) synthesis is also regulated at the transcriptional level
(Downie ¢t al., 2003). The RFO level in Arabidopsis (Arabidopsis
thaliana) abi3 and abal abi3 mutant seeds is lower than that of
the wild-type, and exogenous ABA can stimulate RFO accumula-
tion (Dekkers ez al., 2016). The expression of HSP (heat shock
protein) is regulated by the seed-specific transcription factor
HEAT SHOCK FACTOR A9 (HSFAY9), which is regulated by
ABI3 (Kotak et al, 2007), ABI5 and DELAY OF GERMINA-
TION 1 (DOG1; Dekkers e al., 2016). The transcription of
LEA genes is also regulated by a network of transcription factors,
including ABI3, ABI4, ABI5, and DOGI1 (Reeves et al., 2011;
Dekkers et al., 2016). Recently, a multiomic study uncovered a
bZIP23-PER1A-mediated detoxification pathway to enhance
seed vigor in rice (Wang ez al., 2022). However, it is still unclear
whether other regulatory mechanisms are involved in seed
longevity-related processes.

Ubiquitination is a common posttranslational protein modifica-
tion in eukaryotes that is an efficient and rapid mechanism for fine-
regulating the stability of target proteins and plays a critical role in
various biological processes (Ciechanover, 2015). Ubiquitination
involves an enzymatic cascade composed of El (Ub
(UBIQUITIN)-activating enzyme), E2 (Ub CONJUGATING
ENZYME), and E3 (Ub LIGASE). The Arabidopsis genome con-
tains 2 E1, 47 E2s and > 1400 E3s (Liu ez af, 2017). The large
number of E3 ligase genes indicates that E3 ligases are key factors
in the ubiquitination process and determine substrate specificity
(Hershko & Ciechanover, 1998). ARABIDOPSIS TOXICOS EN
LEVADURA (ATLs) are a plant-specific REALLY INTEREST-
ING NEW GENE (RING)-type E3 ligase family. The Arabidopsis
genome contains 91 ATL members (Smalle & Vierstra, 2004). The
protein contains a RING-H2-type zinc finger domain and 1 or
2 hydrophobic transmembrane domains in the N-terminus (Sato
et al., 2011). Several ATL isoforms have been reported to function
in biotic and abiotic stress responses. For example, AtATL2 expres-
sion can be rapidly induced by pathogens and plays a role in sal-
icylic acid- and jasmonic acid-mediated defenses (Serrano &
Guzman, 2004). AtATL9 is involved in chitin- and NADPH
oxidase-mediated defense responses (Deng ez al., 2017). AtATL78
is a negative regulator of the cold stress response and a positive reg-
ulator of the drought stress response, mediating ABA-dependent
stomatal closure (Suh ez al, 2016). Several ATL isoforms are also
involved in plant development and the absorption and transport of
mineral nutrients. AtATL49 regulates embryonic development
(Pagnussat ez al., 2005), and AtATLG62 is involved in the photoper-
iod response (Morris er al, 2010). ATL31 and ATLG also regulate
the carbon/nitrogen balance by degrading 14-3-3y, protein (Sato
et al., 2011). AtATL14 regulates iron homeostasis through ubiqui-
tination and degradation of IRT1 (IRON-REGULATED
TRANSPORTERI; Shin ez al., 2013). AtATL80 expression could
be induced by low Pi (0-0.02 mM), and its overexpression lines
increased phosphorus accumulation and decreased phosphorus uti-
lization efficiency (Suh & Kim, 2015). However, most ATL family
members have not been studied, and their functions remain
unknown.
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RNA polymerase II (Pol II)-mediated transcription is an
orchestrated process that requires the concerted functions of
general transcription factors (GTFs), sequence-specific activa-
tors or repressors, and accessory proteins. The transcription fac-
tor II D (TF IID) complex is composed of TATA box-binding
protein (TBP) and TBP-associated factors (TAFs), and TBP is
the first GTF that binds to the promoter during transcription
initiation. Several TBP-binding proteins have been identified
to play important roles in both basal and specific transcription
of gene expression (Heiss ez al, 2019). Yeast ACTIVATOR
OF BASAL TRANSCRIPTION 1 (ABT1) was first identified
as a novel TBP binding protein and promotes Pol II-mediated
basal transcription iz vitro and in Hela cells (Oda ez 4/., 2000).
Sequence alignment revealed that ABT1s contain a unique
acidic region, which has been described as a transcriptional
activation domain in many transcription factors, such as VP16,
GAL4, GCN4, and P53 (Oda et 4l., 2004; Maeda et al., 2017).
No plant ABT1 has been described except Arabidopsis ATB1
(designated TBP binding protein), which was found to be
upregulated in a microarray analysis (Li ez 2/, 2007), and its
protein phosphorylation hotspots were predicted (Christian
et al., 2012). In this study, we report that ATL5 functions as an
E3 ligase, mediates the polyubiquitination and degradation of
ABT1, and positively affects seed longevity in Arabidopsis. Our
results provide insights into an uncharacterized E3 ligase regu-
lating a basal transcription activator governing seed longevity
that could serve as new target for improving orthodox seed
longevity in crops.

Materials and Methods

Plant growth conditions

Arabidopsis thaliana T-DNA insertion mutants a#/5-2 (SALK-
114494), abrl-1 (SALK_044704C), lig4-1 (DNA ligase IV,
SALK_026361C), /ligo-1 (DNA ligase VI, SALK_060665),
bg14-1(B-1,3-GLUCANASE 14, SALK_068499), aba 1-1 (zeax-
anthin epoxidase, SALK_059469), and higd2-2 (hypoxia-
inducible gene domain family member 1, SALK_018276) (all in
Col-0 background, simply referred to by their gene abbreviations
henceforth) were obtained from the Arabidopsis Biological
Resource Center (https://abrc.osu.edu) or Arashare (hetps://
www.arashare.cn). Transgenic promoter-GUS line ProATL5:
GUS, functional reversion (A7L5-RE) and overexpression
(ATL5-OFE) transgenic lines of ProATL5:ATL5-Ac (Aequorea
coerulescens) GFP, and 355:ABT1-MYC (ABTI-OE) were gener-
ated by using the methods described below.

Seeds were germinated on plates containing % Murashige
& Skoog medium (2MS). After 3d of moist chilling at
4°C, the plates were placed in a growth chamber with 16 h
of 275 umolm*s™" light and 8h of dark at 22°C for
2 wk. Seedlings were then transplanted into nutrient soil
and cultured in an incubator under the same conditions for
¢. 3 months to complete the life cycle. Nicotiana benthami-
ana plants were also grown in an incubator under the same
conditions.
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Isolation of T-DNA insertion mutant lines

Genomic DNA was isolated from leaf tissues of different geno-
types using a modified cetyltrimethylammonium bromide
(CTAB) method (Murray & Thompson, 1980). Homozygous
mutants were screened by PCR using primers recommended by
the SALK primer design tool (http://signal.salk.edu/tdnaprimers.
2.html; Supporting Information Table S1). Total RNA was iso-
lated from the leaves of homozygous plants using an RNAiso Plus
kit (TaKaRa Biotechnology (Dalian) Co. Ltd, Dalian, China).
cDNAs were synthesized using Reverse Transcriptase M-MLV
(TaKaRa) and SMART 3'-end primers. The expression levels of
ATL5 (783 bp) and ABTI (782 bp) were assessed using the pri-
mer pairs atl5-Nde-F/atl5-Pst-R and 56 510-F/56510-Bgl-R,
respectively, while a 515-bp fragment of ACT2 (515 bp) was
amplified as the quantitative control using AtActin-qF3/AtActin-
R4 (Table S1).

Controlled deterioration treatment and germination assay

Seed longevity was evaluated by controlled deterioration treat-
ment (CDT; Renard et 4/, 2020). Seeds that were collected and
stored dry in paper bags at room temperature for at least 1 month
were used for the experiment. Seeds put in microcentrifuge tubes
with lids removed were placed on a copper wire-mesh tray above
130 ml of saturated NaCl solution with 0.01% NaClO inside a
plastic aging boxes (12.2 cm x 12.2 cm x 4.8 cm) (Zhejiang Top
Cloud-Agri Technology Co. Ltd, Hangzhou, China) and the lid
sealed. After 2d of water equilibrium at room temperature
(25 £ 1°C), CDT was performed in a seed aging tank (Zhejiang
Top Cloud-Agri Technology) at 42°C with 70% RH for 4d
(4CDT). Seeds were then dried at 25 4= 1°C for 2 d before the
germination assay and tetrazolium assay were performed. Aged
seeds were sown on ¥2MS solid medium and moist chilled at 4°C
for 3d. Germination was performed as described above and
recorded daily until the 7" day. Seeds were considered to
have completed germination when they showed a >2mm
radicle. The mean germination time (MGT) was calculated based
on the equation (Matthews & Khajeh-Hosseini, 2007):
MGT =2%(f% 7)/Zf, where fis the number of seeds completing

germination on day 7.

Tetrazolium assay

To detect viable seeds, a tetrazolium (TTZ, 2,3,5-triphenyl tetra-
zolium chloride) assay was performed as described by Rao
et al. (2018) with minor modifications. In short, seeds were
slightly scratched with an emery cloth, soaked in 1% TTZ solu-
tion at 30°C for 48 h and then washed twice with distilled water.
Pictures were taken using a Leica S9i stereomicroscope (Leica
Microsystems Co. Ltd, Wetzlar, Germany).

Vector construction and generation of transgenic plants
The 2261 bp promoter of ATL5 (ATL5 P-1 and ATL5 P-2) was
amplified using the primers atl5-F1/atl5-R1 and atl5-F2/atl5-R2,
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respectively (Table S1). The ATL5 P-2 fragment was first
inserted into pCAMBIA3301 using the EcoRI/Ncol site, and then
the ATL5P-1 fragment was inserted using EcoRI sites to produce
the ProATL5:GUS construct. The full-length ATL5 open reading
frame was amplified from leaf DNA using the primers atl5-PB-F/
atl5-Pst-R, inserted into pT-GFP-PB (kept in our laboratory)
using the P site to generate pT-atl5-GFP, and then inserted
into the ProATL5:GUS vector using the BgllI site to produce the
ProATL5:ATL5-GFP constructs. For 358:ABT1-MYC, the cod-
ing sequence (CDS) of ABT1 was amplified using primers
56510-Bgl-F/56510-Bgl-R (Table S1) and then inserted into
p3301-MYC (assembled primers MYC-F/MYC-R with pCAM-
BIA3301) using the Bg/l site.

These constructs were subsequently transformed into Agrobac-
terium  tumefaciens LBA4404 by electroporation. Transgenic
plants were generated by the standard floral dip method (Clough
& Bent, 1998) to transform the wild-type and mutant plants.
The transformants were selected by spraying basta (glufosinate
ammonium) onto T seedlings and purified by multiple genera-
tions of self-crossing.

Quantitative real-time PCR analysis

Total RNA was isolated using an Eastep™ Super Total RNA
Extraction kit (Shanghai Promega Biological Products Co. Ltd,
Shanghai, China). After treatment with DNase I (TaKaRa),
reverse transcription was performed using M-MLV (TaKaRa) at
42°C for 60 min and then inactivation at 70°C for 15 min.
qRT-PCR was performed using the products as templates and
ATL5-qRT-F/ATL5-qRT-R as primers on a CFX Connect™
Real-time PCR System (Bio-Rad). Each reaction contained 10 pl
2 x SYBR Premix Ex Tag™ II buffer, 1 pg cDNA and 10 pimol
of each pair of primers for specific targets (Table S1) in a final
volume of 20 pl. A 113 bp sequence of ACT2 was used as an
internal control to normalize the data using AtActin qR3/AtAc-
tin-qF3 (Table S1) as primers.

GUS staining

Seedlings, flowers, siliques, and seeds at different developmental
stages were collected. After fixing with 90% acetone for 20 min at
room temperature, tissue samples were then incubated overnight
in a GUS staining solution (100 mM phosphate buffer (pH 7.0),
1 mM X-gluc, 10mM EDTA, 0.1% (v/v) Triton X-100) at
37°C. Images were directly photographed or after washing with
75% (v/v) ethanol to remove chlorophyll using a Leica S9i stereo-
microscope (Leica Microsystems Co. Ltd).

Protoplast isolation and subcellular location

The CDS of ATL5 was amplified using atl5-PB-F/atl5-Bam-R
(Table S1) and introduced into pHBT-GFP-NOS to generate
pHBT-ATL5-GFP. Arabidopsis leaf mesophyll protoplasts were
isolated from 3- to 4-wk-old seedlings as described previously
(Yoo et al., 2007). Plasmids (3—10 pg each) of pHBT-ATL5 and

NLS (nuclear localization signal)-mCherry (as nuclear markers)
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were cotransformed into 200 pl protoplasts by 40% PEG-
calcium transfection solution (Yoo et al., 2007). After culturing
at 22°C for 14-16 h, the fluorescence signal was detected by a
laser confocal microscope LSM710 (Carl Zeiss Optical (Guangz-
hou) Co. Ltd, Guangzhou, China).

Yeast two-hybrid screening and assays

The open reading frame without the transmembrane domain of
ATLS5 was amplified using the primers atl5-Nde-F2/atl5-Pst-R2
(Table S1) from genomic DNA and then subcloned into
pGBKT7 to generate BD-ATL5. BD-ATL5 was used as a ‘bait’
to screen against a normalized Arabidopsis Y2H ¢DNA library
(Clontech Laboratories, Inc., Waltham, MA, USA) according to
the manufacturer’s guidelines. After 20 h of conjugation, selec-
tions were sequentially performed on SD-Trp-Leu-His medium
plus 2 mM 3-AT (Beijing Coolaber Technology Co. Ltd, Beijing,
China) and SD-Trp-Leu-His-Ade medium with 2mM 3-AT.
Positive clones were then assessed for their B-galactosidase activ-
ity on SD-Trp-Leu-His-Ade plates plus 4 mgml™' X-o-Gal
(Beijing Coolaber Technology Co. Ltd) and 2mM 3-AT at
30°C for 4 d. Blue clones were used for colony PCR using the
primer pair T7/3AD (Table S1), and the products were
sequenced and aligned in NCBI (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). After obtaining the candidate interacting proteins,
Prant-MPLOC  (http://www.csbio.sjtu.edu.cn/bioinf/plant/) and
Arabidopsis eFP Browser were used to predict their subcellular
localization and tissue-specific expression pattern (Table S2).
Eight putative proteins were selected for specific interaction con-
firmation. The coding regions of ATL5 (without the transmem-
brane domain), ATL5-D1 (51-154 aa), and ATL5-D2 (153—
257 aa) were amplified using atl5-Nde-F2/atl5-Bam-R2, atl5-
Nde-F2/atl5-D1-R, and atl5-D2-F/atl5-Bam-R2, respectively
(Table S1), and the coding sequences of full-length ABT1,
ABTI1-D1 (1-49 aa), ABT1-D2 (50-146 aa), and ABT1-D3
(147-257 aa) were amplified using 56 510-F/56510-R, 56510-F/
56510-D1-R, 56510-D2-F/56510-D2-R, and 56510-D3-F/
56510-R, respectively (Table S1). ATL5 or truncated domains
were fused to pGADT7, and full-length or truncated forms of
ABT1 were inserted into pGBKT7. To test the interaction
of TBP1 or TBP2 with ABT1, the full-length coding sequences
of TBP1 or TBP2 were amplified using TBP1-Nde-F/TBP1-
Bam-R or TBP2-Nde-F/TBP2-Bam-R, respectively, and then
fused to pGADT7. The plasmids were cotransformed into the
Y2H gold yeast strains and cultured on SD-Trp-Leu-His-Ade
plates. pGADT7 (AD) and pGBKT?7 (BD) vectors were used as

negative controls.

Bimolecular fluorescence complementation assays

The full-length CDSs of ATL5 and ABT! were amplified using
the primers atl5-Spe-F/atl5-Kpn-R and 56 510-Spe-F/56510-
Kpn-R, respectively. Then, the PCR products were fused to the
C-terminal- or N-terminal-yellow fluorescent protein (YFP) frag-

ment (ATL5-cYFP) driven by the cauliflower mosaic virus
(CaMV) 35S promoter of pSPYCE-35S and pSPYNE-35S to
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generate YC-ATL5 and YN-ABT1, respectively. YC-ATL5, YN-
ABTI1, and NLS-mCherry (nuclear markers) were co-
transformed into 4- to 7-wk-old N. benthamiana leaves using the
A. tumefaciens method (Waadt & Kudla, 2008). After 3d, the
YFP signal was observed under a confocal microscope (Zeiss
LSM710).

Expression and purification of GST-tagged ATL5 protein
and in vitro ubiquitination analysis

The ATL5 open reading frame without the transmembrane
domain was amplified using primers atl5-BamHI-D50F/ad5-
Sall-R (Table S1) and subcloned into pGEX6P-1 using BamHI/
Sall sites. The resulting ATL5-GST vector was transformed into
Escherichia coli BL21(DE3) and induced by | mM IPTG over-
night at 16°C. The recombinant proteins were affinity purified
from bacterial lysates using GSTSep Glutathione Agarose Resin
(Yeasen Biotechnology (Shanghai) Co. Ltd, Shanghai, China)
according to the manufacturer’s instructions.

In vitro ubiquitination analysis was completed as described by
Sato et al. (2009) with minor modifications. Briefly, c. 500 ng pur-
ified ATL5-GST protein was mixed with 40 ng yeast E1 (ubal),
250 ng yeast E2 (rad6), and 9 ng yeast ubiquitin in a 40 pl reaction
and incubated at 30°C for 3 h. After separation by 12.5% SDS—
PAGE, proteins were transferred to polyvinylidene fluoride mem-
branes and immunoblotted using an anti-ubiquitin antibody (Pro-
teintech Group Inc., Chicago, IL, USA). The protein blots were
developed with an ECL Detection Kit (Invitrogen), and images
were scanned using a Tanon 5200 Chemiluminescence Imaging
System (Millipore). The intensity of the images was quantified by
ImMAGE] (National Institute of Health).

Co-immunoprecipitation (Co-IP) assay, semi-in vitro
ubiquitination and protein degradation analysis in
Nicotiana benthamiana

The full-length ORFs of ATL5 and ABT1 were amplified with
the primers myc-atl5-B-R/atl5-PB-F and 56 510-Spe-F/56510-
Kpn-R (Table S1) and then inserted into pCAMBIA3301 and
pCanG-3FLAG to generate ATL5-MYC and ABTI-FLAG,
respectively. AcGFP was also amplified using AcGFP-Kpn-R/
AcGFP-Xba-F (Table S1) and inserted into pCanG-3FLAG to
generate GFP-FLAG. Agrobacterial strains carrying constructs
ABTI-FLAG, ATL5-MYC, or GFP-FLAG were infiltrated into
tobacco leaves according to the method described by Liu
et al. (2010). After 3 d, proteins were extracted from leaves using
a plant protein extraction kit (Beijing ComWin Biotech Co. Ltd,
Beijing, China). Co-IP assays were performed using whole pro-
tein extracts as described previously (Gao er al, 2021). The
ATL5-MYC protein was immunoprecipitated with 5 pg anti-
MYC (Proteintech Group Inc.), 50 pM M G132 and 50 pl Beyo-
MagTM Protein A+ G Beads (Beyotime Biotech Inc., Shanghai,
China) at 4°C overnight. The co-immunoprecipitated ABT1-
FLAG was detected using an anti-FLAG antibody (Proteintech
Group Inc.). The protein blots were developed, scanned, and
quantified as described above.
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For semi in vitro ubiquitination analysis, protein was extracted
from the infiltrated leaves. After adding 20 pl BeyoMag™ protein
A+ G beads (Beyotime), the sample mixture was incubated at
4°C for 2h, centrifuged at 14000 g for 1 min to obtain the
ABT1-FLAG/ATL5-MYC complex and dissolved in 900 pl of
50 mM Tris—HCI (pH 7.5). Semi in vitro ubiquitination analysis
was performed by adding 4 pg yeast ubiquitin, 50 ng yeast El
(ubal) or/and 100 ng yeast E2 (rad6) and 30 pl protein extracts
and incubating at 30°C for 90 min. Immunoblotting assays were
performed and quantified as described above.

In planta and in vivo protein degradation assay

For 35S:ATL5C132A-MYC vector construction, ATL5C132A
was first amplified using pT-atl5-ORF as a template and atl5-PB-
F/ad5-C132A-R  and  atl5-C132A-F/atd5-Pst-R  as  primers
(Table S1). Then, the products were mixed at a ratio of 1:1,
used as a template to amplify ATL5C132A using atl5-PB-F/atl5-
pst-R as primers (Table S1), and inserted into P3301-atl5-MYC
by EcoRl/HindIll to generate ATL5C132A-MYC. Different
combinations of Agrobacterium strains carrying constructs ABT1-
FLAG and ATL5-MYC or ATL5CI132A-MYC were co-infiltrated
with V. benthamiana leaves according to the method described in
Liu et al. (2010), and GFP-FLAG was used as an internal expres-
sion control. Samples were collected after 3 d. Fifty micromolar
cycloheximide (CHX) and/or 50 pM MG132 were injected into
leaves 12 h before sampling. Proteins were extracted and sub-
jected to immunoblotting with anti-MYC (Proteintech Group
Inc.), anti-FLAG (Proteintech Group Inc.), and anti-GFP (Pro-
teintech Group Inc.) antibodies. The in planta protein degrada-
tion assay was performed according to the method described by
Li et al. (2020).

For the degradation of ABT1 in Arabidopsis seeds, seeds of
ABTI-MYC::Col-0 and ABT1-MYC::atl5 transgenic plants were
collected. After aging treatment and moist chilling, seeds (0.2 g
each) were placed in 1/2 liquid MS medium without or with
50 uM CHX or/and 50 uM MG132, and cultured at 22°C for
2 h. Total protein was extracted using a Protein Extraction Kit
(Beijing ComWin Biotech Co. Ltd). ABT1-MYC protein levels
were analyzed by Western blotting using an anti-MYC antibody
(Proteintech Group Inc.). The protein blots were developed,
scanned, and quantified as described above. Plant-actin (Boaoyi-
jie (Beijing) Technology Co. Ltd, Beijing, China) was used as an

internal control.

Gene accessions

Genes referenced in this article can be found in the Arabidopsis
Information Resource (TAIR) under the following accession nos.:
ATL5 (AT3G62690), ABT1 (AT3G56510), CLC2 (AT2G40060),
U3 containing 90S preribosomal complex subunit (AT2G43110),
PUX10 (AT4G10790), GTEG (AT3G52280), PHOS32 (AT5
G54430), Y14 (AT1G51510), DUF1639 (AT4G20300), TBP1
(AT3G13445), TBP2 (AT1G55520), LIG 4 (AT1G49250), LIG
6 (AT1G66730), BGL14 (AT2G27500), ABA1 (AT5G67030),
HIGD2 (AT5G27760), and ACT2 (At3G18780).
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Results

Loss of function of ATL5 showed faster accelerated seed
aging in Arabidopsis

Our previous global transcriptomics analysis revealed that
OsATL26 (0s02¢0572200) was significantly upregulated in accel-
erated aged rice seed embryos of RNAI rice plants constitutively
silenced for homogentisate phytyltransferase, homogentisate ger-
anylgeranyl transferase, or tocopherol/tocotrienol cyclase, which
showed decreased seed longevity compared with the wild-type
(Chen er al., 2016). The Arabidopsis homologous gene of
OsATL26 is AT3G62690, which encodes the ATL5 protein, a
member of the RING finger E3 ligase family.

To investigate the function of ATL5 in seed longevity, an a#/5-2
mutant, which contains a T-DNA insertion in the exon of ATL5,
was obtained (Fig. 1a). The homozygous mutants were screened by
PCR and RT-PCR analysis (Fig. 1b,c). The seeds of the wild-type
(WT) and a#/5-2 mutant were treated with 4CDT, and unaged
seeds were used as controls to compare their germination percen-
tage and MGT. The unaged WT and 4#/5-2 seeds began to com-
plete germination at 1 days after moist chilling (DAM) and
reached 96.0% vs 97.0% (WT at 4 vs 7 DAM) and 92.3% vs
94.0% (atl5-2 at 4 vs 7 DAM), respectively (Fig. 1d,e). No signifi-
cant difference was shown in the germination percentage before
aging treatment. After 4CDT, the germination percentage of WT
was 29.7% at 7 DAM, while that of a#/5-2 was only 2.2% at 7
DAM (Fig. 1d,e). Meanwhile, a#/5-2 was slower to germinate as
indicated by significantly higher MGT than WT (5.3 vs 3.6) after
4CDT, while no difference was shown between WT and az/5-2
seeds (2.1-2.2) before ageing treatment (Fig. 1f). These results
indicated that loss of function of ATL5 showed faster seed acceler-
ated aging in Arabidopsis.

ATLS5 strongly and positively regulates seed longevity in
Arabidopsis

To further confirm the function of ATL5 in seed longevity, we
transformed the ATL5-GFP fusion gene driven by its own pro-
moter or cauliflower mosaic virus 35S (Fig. 2a) into the az/5-2
mutant or WT to generate reversion (A7L5-RE) and overexpres-
sion (ATL5-OE) lines, respectively. The expression levels of
ATL5 in transgenic lines were detected by quantitative real-time
polymerase chain reaction (QRT-PCR). For simplicity, we chose
the ATL5-RE lines (RE-3 and RE-20) with the same expression
level as WT (Fig. S1a) and the A7TL5-OE lines (OE-22 and OE-
24) with the highest expression level (Fig. S1b) for subsequent
experiments after purification by several cycles of self-pollination.

The unaged WT, a/5-2, ATL5-RE, and ATL5-OE seeds showed
no significant difference in the germination percentage at each time
point, which began to complete germination at 1 DAM, and the
germination percentage reached 84.4-92.2% at 3 DAM (Figs 2b,
S2a). After 4CDT, the germination percentage of WT was 17.9%
at 7 DAM, while that of a#/5-2 was 0 at 7 DAM. Expression of
ATLS5 in the 2#/5-2 mutant (A7TL5-RE) restored the faster acceler-
ated ageing phenotype of the mutant, while overexpression of
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Fig. 1 Loss of function of ATL5 leads to
faster accelerated aging in Arabidopsis
(Arabidopsis thaliana). (a) T-DNA insertion
diagram in the gene or protein of the at/5-2
mutant. The black box represents the coding
sequence (CDS), the gray box represents
UTRs, and the inverted triangle represents
insertion sites. The blue box represents the
protein, the colored boxes represent the
conserved motifs. TR, transmembrane
region; G, highly conserved motif containing
Gly-Leu-Asp residues; RING, RING-H2 type
zinc finger domain. (b) PCR analysis of the
wild-type (WT) and at/5-2 mutant. LP, left
primer; RP, right primer; LBb1.3, T-DNA left

(d)
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()
~

border primer. (c) RT-PCR analysis of the WT 100
and at/5-2 mutant, using at|5-qRT-F and

atl5-qRT-R primers. Germination status (d), 80 1
percentage (e) and mean germination time 60

(MGT) (f) of WT and at/5-2 mutant seeds
without (mock) or with 4 d of controlled
deterioration treatment (4CDT). Pictures
were taken at 7 days after moist chilling
(DAM). Bar, 1 cm. Data are shown as the
mean =+ SD (n = 3). Asterisks above or below
the bars indicate significant differences with
the respective control (t-test): *, P<0.05; 1 2
*k P <0.01; *** P<0.001.
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Germination percentage

ATLS5 in WT increased the seed germination percentage to 39.8%
at 7 DAM (Figs 2b, S2a). Meanwhile, expression of ATL5 in the
atl5-2 mutant restored the higher MGT to that of WT after 4CDT
(Fig. 2¢). Furthermore, viable seeds revealed by TTZ staining corre-
sponded well with the respective seed aging phenotype in these gen-
otypes (Fig. 2d). Moreover, WT, a#l5-2, ATL5RE, and ATL5-OE
showed no phenotypic difference during the growth and develop-
ment stages (Fig. S3). These results clearly demonstrate that ATL5
positively regulates seed longevity in Arabidopsis.

To further investigate the effect of ATLS5 on seed longevity, we
compared the seed aging phenotype with several T-DNA
mutants of genes that have been reported (abal, ligd, lig6)
(Waterworth et al., 2010; Dekkers et al., 2016) or are currently
studied in our lab (bgl4, higd2) to function in seed longevity.
Similarly, the unaged WT and mutant seeds showed no signifi-
cant difference in the germination percentage at any time point
(Figs 2e, S2b). After 4CDT, the germination percentage of a#/5-
2 was 8.6% at 7 DAM, which was significantly lower than those
of the other five mutants (25.7-37.6%) at 7 DAM (Figs 2c,
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S2b). Meanwhile, a#/5-2 had almost the highest MGT among
these mutants, except a slightly lower MGT than /ig4 and /ig6
(Fig. S2¢). Correspondingly, viable seeds revealed by TTZ stain-
ing were also consistent with the respective seed aging phenotype
in these mutants (Fig. S2d). Taken together, these results indi-
cated that ATL5 strongly and positively regulates seed longevity
in Arabidopsis.

ATL5 is highly expressed in seeds and can be induced by
accelerated aging, and the protein is located in the nucleus

To better understand the function of ATL5 in seed longevity, we
detected the tissue-specific expression of ATL5. A 2261 bp pro-
moter of ATL5 was cloned, the ProATL5:GUS vector was con-
structed (Fig. 3a), and 19 independent transgenic lines were
developed. Based on the high expression in seeds, we performed
GUS staining on the T, seeds of each transgenic line and
screened three lines (ProATL5:GUS-5, -8, -14) with the strongest
staining for subsequent expression analysis (Fig. S4).
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GUS staining of three ProATL5:GUS Tj lines revealed a simi-
lar expression pattern in which A7L5 was highly expressed in the
leaves and roots of 10-d-old seedlings but significantly reduced as
vegetative growth progressed, as seen in the leaves of 20-d-old
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plants, and showed no expression in the leaves of 30-d-old plants
(Fig. 3b,I-II). ATL5 was highly expressed in flowers and pods
on the 5™ and 10™ days after flowering, and ATL5 was expressed
in both the embryo and endosperm of the seed until the mature
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Fig.2 ATL5 strongly and positively regulates seed longevity in Arabidopsis. (a) Schematic representation of the ProATL5:ATL5-GFP and 35S:ATL5-GFP
vectors. The ATL5-GFP fusion gene was driven by its self-promoter or 35S promoter, and the Bar gene was used as a selection marker. (b) Germination per-
centage and MGT (c) of wild-type (WT), at/5-2 mutant, reversion (ATL5-RE) and overexpression (ATL5-OE) seeds at 7 days after moist chilling (DAM)
without or with 4CDT. As two independent lines of ATL5-RE and ATL5-OE showed similar germination statuses, the mean values of each genotype group
are shown here. Experiments were repeated three times, and values are shown as the mean =+ SD. (d) Viable seed percentages without (Mock) or with
4CDT, analyzed using tetrazolium staining. Dark red indicates viable seeds. Bar, 1 mm. (e) Comparison of the ageing phenotype of at/5-2 with other seed
ageing mutants (aba1, lig4, ligé, bg14, and higd2, which were disrupted in zeaxanthin epoxidase, ligase 1V, ligase VI, -glucosidase 14 and hypoxia induci-
ble gene domain family member 1, respectively). Germination status at 7 DAM without (mock) or with 4CDT. Bar, 1 cm. Data are shown as the mean & SD
(n=3). Asterisks above or below the bars indicate significant differences with the respective control (t-test): *, P<0.05; **, P<0.01. Different lowercase

Research” 176%

letters above the bars or after the data indicate significant differences between genotypes at P <0.05 based on ANOVA-S-N-K test.

stage (Fig. 3b,IV-XII). We also determined the ATL5 induction
expression pattern. Upon aging induction, the expression of
ATL5, which was present in both the embryo and endosperm,
was significantly increased (Fig. 3c).

To further understand the function of ATL5, we studied its
subcellular localization. The full-length open reading frame of
ATL5 was cloned into the pHBT-GFP-NOS vector to produce
pHBT-ATL5-GFP, and either pHBT-GFP and NLS-mCherry
or pHBT-ATL5-GFP and NLS-mCherry (nuclear markers) were
cotransformed into Arabidopsis protoplasts. The GFP signal was
clearly detected in both the nucleus and the cytoplasm in the
GFP control-transformed protoplast, while the GFP signal was
detected only in the nucleus (colocalization with NLS marker) in
the GFP-ATLS transformed protoplast (Fig. 3d). Meanwhile,
GFP was colocalized with mCHERRY in the nucleus regardless
of whether it attached to ATL5 (Fig. 3d). These results suggested
that ATL5 is located in the nucleus.

Identification of the proteins that interact with ATL5

To identify proteins targeted for ubiquitination by ATLS5, a yeast
two-hybrid screen against an Arabidopsis normalized cDNA
library was performed. As the N-terminal transmembrane
domain of ATLS5 inhibited its adequate expression and nuclear
localization in yeast (Sato et 4l., 2011), the domain was removed
and the remaining truncated ATL5 was fused to the yeast GAL4
BD domain as ‘bait’. After sequential screening on SD-Trp-Leu-
His and SD-Trp -Leu-His-Ade selective media, 90 positive clones
were obtained. The f-galactosidase activity of each clone was
assessed on SD-Trp-Leu-His-Ade medium containing X-a-Gal.
The inserted sequences of the blue clones were amplified and
sequenced. Twenty-four potential interacting proteins were iden-
tified (Table S2). According to the tissue-specific pattern and
subcellular location, nine proteins, including ABT1 (Table S2),
which contains a unique acidic domain and RNA recognition
motif (RRM)_ABT1_like domain (Fig. S5), were chosen as can-
didates for reverse yeast two-hybrid analysis. ABT'1 was so named
due to its 79.5% homology with Saccharomyces cerevisiae ABT1
(Oda et al., 2000; Fig. S5).

ATL5 physically interacts with ABT1 in vitro and in vivo

To confirm the interaction between ATL5 and ABT1, reverse
yeast two-hybrid analysis was performed. ATL5 (without the N-
terminal transmembrane domain) was fused to the yeast GAL4
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AD domain, while full-length ABT1 was fused to the yeast
GAL4 BD domain. Positive clones were formed in BD-ABT1/
AD-ATLS5 on SD-Trp-Leu-His-Ade medium, indicating that an
interaction occurred between ATL5 and ABT1 in yeast cells
(Fig. S6).

To more precisely identify the ATL5 region responsible for the
interaction with ABT'1, we fused two truncated ATL5 variants to
the yeast GAL4 AD domain and three truncated ABT1 variants
to the yeast GAL4 BD domain and analyzed the interactions
between ATL5 or ABT1 and these derivatives. Deletion of the
105 C-terminal residues of ATL5 (AD-ATL>'"'>%) completely
eliminated its interaction with ABTI, while deletion of the
104 N-terminal residues of ATL5 (AD-ATL5'>>7%%7), including
the RING domain, did not affect its interaction with ABT1
(Fig. 4a). These results indicate that the C-terminal residues of
ATLS5 are essential for its interaction with ABT1. Similarly, we
analyzed the interaction of the truncated ABT1 with ATL5 and
found that the deletion of both RRM and the C-terminal resi-
dues eliminated its interaction with ATLS, while inclusion of
either RRM or the C-terminal residues was sufficient for interac-
tion with ABT1, indicating that both RRM and the C-terminal
residues are responsible for the interaction with ATL5 (Fig. 4b).

The physical interaction between ATL5 and ABT1 in plant
cells was further corroborated with bimolecular fluorescence
complementation (BiFC). ATL5 and ABT1 were fused to the
C-terminus or N-terminus of the yellow fluorescent protein
(YFP) fragment, resulting in pSPYC-ATL5 and pSPYN-ABT1.
Coinfiltration of pSPYC-ATL5 and pSPYN-ABT1 in Nicoti-
ana benthamiana leaf cells led to strong YFP fluorescence,
whereas pSPYC-ATL5 or pSPYN-ABT1 coinfiltrated with
empty vector showed no detectable YFP fluorescence (Fig. 4c).
Importantly, ATL5 interacted with ABT1 in the nucleus, as the
fluorescence signal merged with the signal from the protein
product of the nuclear marker gene VLS (Fig. 4c). Moreover,
the ATL5-ABT1 interaction was further confirmed by Co-IP
assays in N. benthamiana leaves simultaneously expressing
ATL5 and ABT1 (Fig. 4d). Taken together, our data demon-
strate that ATL5 physically interacts with ABT1 in yeast and
plant cells.

ATL5 mediates the polyubiquitination and degradation of
ABT1 via the 26S proteasome pathway

To investigate whether ATL5 functions as an E3 ligase, we first

determined its autoubiquitination activity n vitro. ATL5 was
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expressed in E. coli to produce a fusion protein with GST and
was then affinity-purified from the soluble fraction of the bacter-
ial lysate. Ubiquitination activity was analyzed using Western
blotting. In the presence of E1, E2, GST-tagged ATL5 and ubi-
quitin, high-MW bands corresponding to the autoubiquitinated
bands were present (Fig. 5a), while no autoubiquitinated bands
were detected in the absence of either E1, E2, ATL5-GST or ubi-
quitin or in the presence of GST or bATL5-GST (boiled ATL5-
GST; Fig. 5a). To further confirm the ubiquitination activity to
ABT1, we expressed ABTI-FLAG and ATL5-MYC in N.
benthamiana leaves. Then, proteins containing ABT1-FLAG and
ATL5-MYC were extracted separately, and the ubiquitination
activity was analyzed using Western blotting. In the presence of
El, E2, and ubiquitin in the reaction, high-MW bands corre-
sponding to ubiquitinated ATL5 were present. When either com-
ponent of E1, E2, or ATL5 was lacking, no ubiquitinated band
was present (Fig. 5b). These results indicate that ATL5 displays
ubiquitination activity iz vitro.

To explore whether ATL5 could mediate the degradation of
ABT1, ATL5-MYC, ATL5C1324-MYC (mutating Cys-132 to
Ala in the RING domain), ABT1-FLAG, and GFP-FLAG were
co-expressed in N. benthamiana leaves, and ABT1 abundance
was determined by Western blotting. The levels of ABT1 protein
were substantially decreased with increasing levels of ATL5-
MYC, while ATL5-mediated degradation of ABT-FLAG was
fully blocked when co-expressed with the control vector and
ATL5C132A-MYC (Fig. 5¢), demonstrating that the degrada-
tion of ABT1 is affected by the abundance of ATL5 and that the
ring domain is essential for its function. To investigate whether
ATL5-mediated degradation of ABT1 was dependent on the 26S
proteasome, CHX and MG132, inhibitors of protein synthesis
and the proteasome, respectively (Yu ez al., 2020), were used for
the degradation assay. MG132 efficiently blocked the ATL5-
mediated degradation of ABT1 (Fig. 5d).

Taken together, our data demonstrate that ATL5 functions as
an E3 ligase and can mediate the ubiquitination of ABT1 iz vitro
and 77 vivo.

ABT1 is a target protein of ATL5 and exerts a negative role
on seed longevity in Arabidopsis

The above results suggest that ATL5 targets and polyubiquiti-
nates ABT1 for its degradation. If this is the case, genetically,
ABT1 should act downstream of ATL5, and the abz] mutant
should have the opposite seed longevity phenotype of a#/5-2. To
test this hypothesis, we isolated a T-DNA insertion mutant of
abrl (SALK_044704C; Fig. S7a—c) and compared the germina-
tion percentage and MGT without and with CDT. The germina-
tion percentage of the #bz] mutant was significantly higher than
that of the WT, while a#/5-2 showed almost no germination after
4CDT (Fig. S7d,e). Meanwhile, MGTs in these genotypes were
negatively correlated with their respective germination percen-
tages after 4CDT (Fig. S7f). Moreover, we performed TTZ stain-
ing of the aged seeds. As expected, the percentage of @bzl seeds
that stained darker was significantly higher than that of WT
seeds, while almost no a#/5-2 seeds were stained dark (Fig. S7g).
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To further explore the genetic relationship of ATL5 and ABT1
in regulating seed longevity, we transformed 35S:ABTI-MYC
into WT and a#/5-2 and generated ABTI-OE and ABTI-
OE/atl5-2 transgenic plants, each selecting three lines (ABT1-
OE/atl5-2-3, -6 and -7; ABT1-OE-2, -3 and -5) with the highest
ABT1 expression for further studies (Fig. S8). Compared with
WT plants, the germination percentage of ABT1-OE was signifi-
cantly lower than that of the WT, which was in contrast to the
phenotype of abtl. The expression ABTI in atl5-2 (ABTI-OE/-
atl5-2 transgenic line) showed almost no germination after treat-
ment (Fig. 6a,b). Meanwhile, MGTs in these genotypes (except
abel) were negatively correlated with their respective germination
percentage after 4CDT (Fig. 6¢c). Moreover, the seed longevity
phenotype in these genotypes corresponded well with the TTZ
staining results (Fig. 6d).

Taken together, our data demonstrated that ABTT is a target
protein of ATL5 and exerts a negative effect on seed longevity in

Arabidopsis.

ATLS5 is required for seed ageing-induced degradation of
ABT1

ATL5 mediating the in vitro polyubiquitination of ABT1
prompted us to investigate the 77 vivo regulation of ABT1 by
ATL5. We first determined the ATL5 abundance in the ATL5-
GFP OE seeds upon CDT. The ATL5 protein accumulated
1.92-fold in the ICDT seeds, continuously increased as ageing
progressed, and increased 3.28-fold in the 3CDT seeds, com-
pared with the untreated seeds (Fig. 7a), indicating that ATL5
is a seed ageing induced protein. Then, we compared the endo-
genous ABT1 protein levels in the seeds of ABT1-MYC/WT
and ABT1-MYC/az/5-2 transgenic lines. Indeed, the ABT1 pro-
tein markedly accumulated to higher levels (almost double) in
the ABT1-MYC/at/5-2 seeds than in the ABT1-MYC/WT
seeds (Fig. 7b), indicating that disruption of ATL5 in the a#/5-2
mutant diminished the turnover of ABT1-MYC.Moreover, we
compared the protein dynamics of ABT1-MYC in the seeds of
these transgenic lines with or without CDT. The ABT1-MYC
level was lower in the mocked seeds than in the aged seeds, and
the level in the aged seeds increased as the ageing progressed
(Fig. 7¢). The turnover of ABT1-MYC was markedly dimin-
ished in ABT1-MYC/az/5-2 seeds compared with ABT1-MYC/
WT aged seeds at each ageing time (Fig. 7¢), indicating that
turnover of ABT1 in response to CDT is dependent on ATL5
function.

To further investigate whether the degradation of ABT1
occurs via the 26S proteasome pathway, we treated the seeds
without/with CDT, and then compared the protein dynamics
of ABT1-MYC in the imbibed seeds without or with MG132
in the presence of CHX. Without CDT, we observed that
MG132 blocked the degradation of the translated ABT1 pro-
tein in seeds of both genotypes (Fig. 7d), suggesting that other
E3 ligases may be involved in the degradation of the ABT1 pro-
tein, while upon CDT, MG132 blocked the degradation of the
translated ABT1 protein in WT seeds but not in a#/5-2 seeds
(Fig. 7d), indicating that ATL5 mainly functions in seed aging-
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Fig. 3 Expression pattern of ATL5. (a) @
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pods, respectively. (c) GUS staining analysis
of embryos and seed coats of 20-d-old pods
without (mock) or with CDT. (d) Subcellular
localization of ATL5. ATL5-GFP and GFP
(control) constructs were transformed into
Arabidopsis protoplasts. NLS-mCherry was
used as a nuclear marker. (d) Bars, 10 um.
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induced degradation of ABT1. Subsequently, we analyzed
ABT1 at the transcriptional level and found that none of the
above samples showed a difference in the transcriptional level of ~ Seed longevity is a crucial trait for both ecological and agronomic

Discussion
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ABT1. Taken together, we conclude that ATL5 mediates value. Polyu biquitination is a fundamental mechanism fine-
ageing-induced ABT1 turnover via the 26S proteasome pathway  regulating specific target protein degradation in eukaryotic cells.
in Arabidopsis seeds. ATLs are a plant-specific ubiquitin ligase family that comprises
© 2023 The Authors New Phytologist (2023) 239: 1754-1770
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Fig.4 ATL5 interacts with ABT1 in vitro and in vivo. (a) Identification of the domain of ATL5 that interacts with ABT1 revealed by a yeast two-hybrid assay.
ATL5 without the N-terminal transmembrane domain or truncated domains was fused with GAL4-AD and cotransformed with BD-ABT1 into Y2H Gold
yeast strains, and incubated on control medium (SD-Trp-Leu) or selective medium (SD-Trp-Leu-His-Ade). G, highly conserved motif containing Gly-Leu-
Asp residues; RING, RING-H2 type zinc finger domain. pGADT7 (AD) and pGBKT7 (BD) vectors were used as negative controls. (b) Identification of the
domain of ABT1 that interacts with ATL5 in a yeast two-hybrid assay. Full-length or truncated ABT1 was fused with GAL4-BD, and a yeast two-hybrid
assay was performed as described in (a). AR, acidic region; RRM, RNA recognition motif (RRM) found in activator of basal transcription 1 (ABT1) and simi-
lar proteins. (c) Interaction of ATL5 with ABT1 in the BiFC assay. The indicated construct pairs were coexpressed in tobacco leaves for 3 d before images
were taken. Bar, 5 pm. (d) Interaction of ATL5 with ABT1 revealed by Co-IP assay. Total protein was extracted from tobacco leaves expressing 355: ATL5-

MYC, 355: ABT1-FLAG, or both for 3 d, and incubated with anti-MYC and protein A/G beads. ABT1-FLAG and ATL5-MYC were detected using anti-

FLAG and anti-MYC antibodies, respectively.

91 members in the Arabidopsis genome (Smalle & Vierstra, 2004).
Roles for several members of the family have been determined,
including plant development (Pagnussat ez al., 2005), absorption
and transport of mineral nutrients (Shin ez 2/, 2013; Suh &
Kim, 2015), biotic (Serrano & Guzman, 2004; Deng
et al., 2017) and abiotic stress (Suh ez a/., 2016) responses. Most
of their functions, particularly in seed longevity, remain
unknown. Here, we report ATL5, a previously uncharacterized
Arabidopsis E3 ubiquitin ligase that contributes to the fine-tuning
of seed longevity through polyubiquitination and proteasomal
degradation of ABT1. This is also the first seed longevity-related
ubiquitin ligase reported in Arabidopsis.

New Phytologist (2023) 239: 1754-1770
www.newphytologist.com

In this study, using the ##/5-2 mutant, we revealed that disrup-
tion of ATL5 resulted in a faster accelerated aging phenotype
than WT (Fig. 1), while overexpressing ATL5 in the az/5-2
mutant (A7L5-RE) basically recovered the faster accelerated
aging phenotype of a#/5-2 (Fig. 2b,c). Comparison of the pheno-
type of az/5-2 with other seed-aging mutants (Waterworth
et al., 2010; Dekkers ez al., 2016) revealed that a#/5-2 presented
the strongest phenotype among the detected mutants (Fig. 2d).
Consistent with its function in seed longevity, the expression of
ATL5 gradually decreased as vegetative growth progressed but
was highly expressed in the reproductive organs and embryos of
mature seeds (Fig. 3b) and could be induced by accelerated aging

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation
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Fig.5 ATL5 acts as an E3 ligase and promotes the ubiquitination and degradation of ABT1 via the 26S proteasome pathway. (a) In vitro analysis of the
ubiquitination activity of ATL5. ATL5-GST and GST proteins were extracted from Escherichia coli cells and the ubiquitination reaction was determined in
the absence of yeast Ub, yeast E1 (uba1), and yeast E2 (radé) using an anti-Ub antibody. b-ATL5-GST: boiled ATL5-GST. (b) Semi-in vitro analysis of
ATL5-mediated ubiquitination of ABT1. ABT1-FLAG and ATL5-MYC or MYC proteins were extracted from tobacco leaves and immunoprecipitated with
MYC tag antibodies. The ubiquitination reaction was determined as described in (a). (c) ATL5 mediates the degradation of ABT1 in planta. Proteins were
extracted from tobacco leaves 3 d after infiltration with different vectors. ATL5 and ATL5C132A proteins were detected with anti-MYC. ABT1 and GFP
levels were detected with anti-FLAG and anti-GFP antibodies, respectively. GFP was used as an internal expression control. (d) ATL5-mediated ABT1
degradation was inhibited by MG132. Proteins were extracted from tobacco leaves after treatment with 50 pM CHX and MG132 before sampling.

Western blotting was performed as described in (c).

(Fig. 3c). These data clearly demonstrated that A7L5 strongly
and positively regulates seed longevity in Arabidopsis.

To further reveal the mechanism by which ATLS5 regulates
seed longevity, we obtained a polyubiquitinated target of ABT1
against a normalized Arabidopsis cDNA yeast two hybrid library
with ATL5 as a bait (Table S2). The interaction of ATL5 and
ABT1 was further confirmed in reverse yeast two-hybrid analysis
(Fig. S6) and Co-IP assays (Fig. 4d), and the proteins colocalized
specifically in the plant cell nucleus in the 7z vivo BiFC system
(Fig. 4c). Interestingly, the interaction occurred in the C-
terminal region of ATL5 and the C-terminal region of ABT1
(Fig. 4a), but not in the active centers in ATL5 (RING domain)
and ABT1 (acidic activator region; Jiang & Eberhardt, 1996),
which is consistent with the finding that ATL31 interacts with
14-3-3y, on the C-terminal region in response to C/N-nutrient
conditions (Sato ez al., 2011). It was reported that ATL31 phos-
phorylation on the Ser/Thr residues of the C-terminal region of
ATL31 has dual effects on ATL31 stabilization and 14-3-3y
binding (Liu er al, 2022). Therefore, additional studies are
required to clarify the regulatory mechanism, including

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

phosphorylation, underlying the targeting of the ubiquitin ligase
ATLS5 to the ABT1 protein.

Moreover, in vitro and semi-in vivo ubiquitination assays in
the presence of ubiquitin, yeast E1 (ubal), and yeast E2 (rad6)
revealed that GST-tagged ATL5 was clearly autoubiquitinated
and displayed E3 ligase activity (Fig. 5a,b). Consistent with this,
semi 77 vivo analysis revealed that the accumulation of ABT1 was
significantly diminished in the presence of ATLS5, which was also
inhibited by proteasomal inhibitor MG132 (Fig. 5¢,d). The
degradation of ABT1 was completely abolished if the conserved
Cys-132 to Ala in the RING domain of ATL5 was mutated
(Fig. 5¢), which is also seen in a number of other RING domain
E3 ligase activities in ATL family members (Sato er al, 2011).
However, although the ubiquitination of the ATL5 protein was
verified in the presence of yeast rad6 as an E2 protein, the real
interactive E2 protein for ATL5 proteins in Arabidopsis remains
unknown.

The function of ABT'1 was only identified in yeast, and ABT1
is essential for the generation of viable spores (Oda ez 4l., 2000).
It was reported that yeast ABT1 is a novel TBP binding protein

New Phytologist (2023) 239: 1754-1770
www.newphytologist.com
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Fig. 6 Loss of function of ABT1 recovers the
impaired seed longevity in Arabidopsis.

(a) Germination status, (b) percentage and
(c) MGT of wild-type (WT), at/5-2, abt1,
ABT1-OE/atl5-2 and ABT1-OE seeds at 7
DAM without (mock) or with CDT. As three

Mock 4CDT independent lines of ABT7-OE/at/5-2 and
ABT1-OE showed similar germination
(d) ABTI-OF/atl5-2 ABTI-OFE statuses, thﬁ meall'ﬂl| vaIL;es qf ealthtgenotype
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' — significant differences between genotypes at
31.2+0.5% b 0.9+0.8% d 64.8+0.8% a 1.1+£0.9% d 9.5+1.1% ¢ P <0.05 based on ANOVA-S-N-K test.

and could promote Pol II-mediated basal transcription in vitro
and in Hela cells (Oda et al, 2000). In this study, we demon-
strated that Arabidopsis ATB1 is a negative regulator of seed long-
evity, since overexpression of ABT1 significantly decreased seed
longevity (Fig. 6), while disruption of ABT1 in the a6#/ mutant
increased seed longevity (Figs 6, S7). Furthermore, the amount
of translated ABT1 proteins increased as seeds were subjected to
ageing treatment in WT Arabidopsis seeds (Fig. 7b), and this was
enhanced in the ##/5-2 mutant background (Fig. 7b). Moreover,

New Phytologist (2023) 239: 1754-1770
www.newphytologist.com

the amount of ABT1 present in seeds, regardless of ageing,
increased in the presence of the potent proteasomal inhibitor
MG132 and the translational inhibitor CHX (Fig. 7¢). There-
fore, our data provide a direct link between the ATL5-mediated
proteasomal degradation of ATB1 and seed longevity in Arabi-
dopsis. However, we could not find an interaction of Arabidopsis
ATB1 with either TBP1 or TBP2 in yeast two-hybrid analysis
(Fig. §9), which is in contrast to the observation in yeast ABT1
(Oda et al., 2000).

© 2023 The Authors
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Fig. 8 Proposed model for ATL5-mediated regulation of seed longevity in
Arabidopsis. ABT1 protein accumulates in seeds as ageing progresses. Dur-
ing this process, ATL5 is induced and promotes the ubiquitination and
degradation of ABT1, which does not activate the transcription of the ori-
ginal downstream genes, and minimizes the negative effects on seed long-
evity, thereby enhancing seed longevity. When ATL5 is disrupted, the
ubiquitination and degradation of ABT1 are blocked. ABT1 activates the
transcription of downstream genes that are negatively involved in seed
longevity, and thereby reduces seed longevity. Black arrow: positive
regulation. Blunt end: negative regulation. Grey arrow and Cross: not
happened.
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Regulation of transcription via ubiquitination of transcription
factors has been substantially reported in animal and plant cells.
The ubiquitination of transcription factors could modify their
stability, subcellular localization, and activity, such as plant

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

U-Box40 degrading BRASSINAZOLE RESISTANT1 (BZR1I;
Kim et al, 2019), and MORE AXILLARY GROWTH2 (MAX2)
targeting SMAX1-LIKE (SMXL; Wang et al., 2020). However,
there are no reports about the ubiquitin-mediated degradation of
basal transcription activators that carry an acidic activation
domain in plants. Such transcription activators usually interact
with an impressive array of basal transcription factor apparatuses
(Hope & Struhl, 1986). When they are expressed at high levels,
they mitigate transcriptional activation by sequestering basal tran-
scription factors away from productive promoter complexes (Gill
& Prtashne, 1988). Moreover, a close relationship was observed
between the ability of such transcription activators to activate
transcription and the efficiency with which they are destroyed by
polyubiquitin-mediated proteolysis (Salghetti ¢t al., 2000). Thus,
the polyubiquitin-mediated proteolysis of basal transcription acti-
vator is a precise mechanism to block the activity of such an acti-
vator and minimize its negative role in eukaryotes. Therefore, our
findings provide new insights into the regulation of the basal
transcription activator ABT1 in seed longevity. However, as a
number of mechanisms are involved in seed longevity, and ABT1
may affect seed longevity through a novel mechanism that has
not been reported, it is difficult to know the exact mechanism by
which ABT1 affects seed longevity in Arabidopsis. How ABT1
negatively affects seed longevity and which downstream genes are
regulated transcriptionally needs further research.

In conclusion, an uncharacterized ATL family member, ATLS5,
was identified to interact with ABT1. When seeds are aged, ATL5
promotes the polyubiquitination and degradation of ABT1, which
prevents the transcription of original downstream genes, minimiz-
ing negative effects and thereby enhancing seed longevity. When
ATL5 is disrupted, the polyubiquitinatdon and degradation of
ABT1 is blocked. ABT1 activates the transcription of downstream
genes that are negatively involved in seed longevity and thereby
reduces seed longevity (Fig. 8). Our finding that ATL5 regulates

New Phytologist (2023) 239: 1754-1770
www.newphytologist.com
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seed longevity-related ABT1 transcriptional activation provides the
first description of a RING E3 ubiquitin ligase that directly controls

the basal transcriptional activation associated with seed longevity.
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