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Ethylene influences plant growth, development, and stress responses
via crosstalk with other phytohormones; however, the underlying
molecular mechanisms are still unclear. Here, we describe a mecha-
nistic link between the brassinosteroid (BR) and ethylene biosynthesis,
which regulates cellular protein homeostasis and stress responses.
We demonstrate that as a scaffold, 1-aminocyclopropane-1-carboxylic
acid (ACC) synthases (ACS), a rate-limiting enzyme in ethylene
biosynthesis, promote the interaction between Seven-in-Absentia
of Arabidopsis (SINAT), a RING-domain containing E3 ligase involved
in stress response, and ETHYLENE OVERPRODUCER 1 (ETO1) and
ETO1-like (EOL) proteins, the E3 ligase adaptors that target a subset
of ACS isoforms. Each E3 ligase promotes the degradation of the
other, and this reciprocally antagonistic interaction affects the protein
stability of ACS. Furthermore, 14-3-3, a phosphoprotein-binding pro-
tein, interacts with SINAT in a BR-dependent manner, thus activating
reciprocal degradation. Disrupted reciprocal degradation between the
E3 ligases compromises the survival of plants in carbon-deficient con-
ditions. Our study reveals a mechanism by which plants respond
to stress by modulating the homeostasis of ACS and its cognate
E3 ligases.
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rotein homeostasis is a core mechanism for maintaining cellular

function, which enables organisms to rapidly respond to envi-
ronmental stress in a specific manner. The ubiquitin—proteasome-
mediated degradation pathway is one of the main pathways that
govern protein homeostasis in cells and has been linked to diverse
functions in plants, including hormone signaling, plant defense re-
sponse, photomorphogenesis, and stress response (1-6).

The function of the gaseous hormone ethylene is largely reg-
ulated by the ubiquitin—proteasome system (7). In ethylene sig-
naling, the abundance of positive regulators ETHYLENE-
INSENSITIVE 2 (EIN2) and EIN3 is regulated by E3 ubiquitin
ligases, EIN2-TARGETING PROTEIN 1 (ETP1) and ETP2 or
EIN3-BINDING F-BOX PROTEIN 1 (EBF1) and EBF2, re-
spectively (3, 8). Similar to the signaling pathway, in ethylene
biosynthesis, the abundance of a subset of 1-aminocyclopropane-
1-carboxylic acid (ACC) synthases (ACS), the rate-limiting en-
zymes in the pathway, is specifically regulated by ETHYLENE
OVERPRODUCER 1 (ETO1) and its two paralogs, ETO1-like 1
(EOLI1) and EOL2. ETO1/EOLs are components of a CULLIN3
E3 ligase, which specifically recognize type-2 ACS isoforms for
rapid degradation via the 26S proteasome (9, 10). E3 ligase
substrate-specificity subunits such as ETO1/EOLs determine the
accessibility of E3 ligase complex to the substrate; thus, the
abundance of ETO1/EOLs is an important regulatory factor for
determining ACS stability in plants (11). The stability of EOL2 has
been shown to be negatively regulated by 14-3-3, a family of
phosphoprotein-binding proteins, though the underlying mecha-
nism remains elusive (12).

Arabidopsis contains eight functional ACS isoforms that can be
grouped into three types, namely type-1 (ACS2, 6), type-2
(ACS4, 5, 8, 9, and 11), and type-3 (ACS7), based on the pres-
ence or absence of phosphorylation sites in the C-terminal domains
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(9, 13, 14). The stability of different ACS is differentially regulated
by diverse stimuli, including phytohormones (14-16). Most plant
hormones regulate the protein stability of ACS with distinct effects
on different ACS isoforms (15, 16). Brassinosteroid (BR) is one
such hormone that regulates the protein stability of ACS. How-
ever, the underlying mechanisms and molecular components in-
volved in the process are unknown (15). A component that likely
plays a role in BR—ethylene crosstalk is the 14-3-3 proteins. The
14-3-3 proteins are evolutionally well-conserved dimeric proteins
in all eukaryotic organisms and are involved in varied biological
processes via phosphorylation-dependent protein—protein interac-
tions (17-19). The Arabidopsis 14-3-3 family consists of 13 isoforms,
and their roles have been suggested in a diverse range of physio-
logical processes including BR signaling (20, 21), ethylene biosyn-
thesis (12, 22), abiotic stress response (22-24), and light signaling
(25). In the BR signaling pathway, 14-3-3 proteins interact with
multiple BR signaling molecules, including BRASSINOID
INSENSITIVE 1 (BRI1), BRI1 KINASE INHIBITOR 1 (BKI1), and
BRII-EMS SUPPRESSOR 1 (BES1)/BRASSINAZOLE-RESISTANT
1 (BZR1), resulting in the regulation of the BR signaling pathway
(17). The role of 14-3-3 proteins has been implicated in ethylene
biosynthesis via their interaction with ACS in rice, barley, and
Arabidopsis (26-29). In Arabidopsis, 14-3-3 positively regulates the
protein stability of ACSS through increased turnover of EOL2 or
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through an ETO1/EOLs-independent mechanism (12); however,
the detailed mechanism such as the stimuli triggering the 14-3-3—
mediated regulation of ACS and ETO1/EOL stability or other
regulatory components in the process remains unknown. Given
the roles of 14-3-3 in ethylene biosynthesis and BR signaling, 14-3-3
could be a crosstalk point that integrates the interaction between
ethylene biosynthesis and BR signaling in a phosphorylation-
dependent manner.

SEVEN-IN-ABSENTIA (SINA) is a RING-type E3 ligase
that has been linked to protein degradation and stress response
in Drosophila, Mammalian, and plants (30-36). Arabidopsis
contains a family of five SINA of Arabidopsis (SINAT) genes that
encode two distinct clades of SINAT proteins (SINAT1 and 2;
SINATS3, 4, and 5) based on sequence similarities (23). Several
recent studies in different plant species have demonstrated that
SINA family members play a role in response to abiotic and
biotic stresses, including cold, drought, and pathogen invasion;
some of these are linked to abscisic acid (ABA) or BR hormone
signaling and autophagy, a highly conserved cellular degradation
process linked to stress response (23, 33, 37). An autophagy
receptor, DOMINANT SUPPRESSOR OF KAR 2 (DSK2),
controls the degradation of BES1, a positive regulator for BR
signaling, and SINAT?2 participates in targeting BES1 for deg-
radation via the DSK2 autophagy receptor under drought and
fixed carbon starvation (33). SINAT E3 ligases also regulate the
activity and/or stability of a subset of AUTOPHAGY-RELATED
PROTEINS (ATGs) (30, 38). They also regulate the stability of
FYVE DOMAIN PROTEIN REQUIRED FOR ENDOSOMAL
SORTING 1 (FREE1), the endosomal sorting complex required
for the transport (ESCRT) component, thus controlling auto-
phagy (30, 39-41). Intriguingly, SINAT2 has been identified as a
putative 14-3-3-interacting protein along with EOL2 and several
ACS isoforms through the proteomic profiling of purified com-
plexes from Arabidopsis (27).

In this study, we investigated the regulatory mechanism for
ACSS protein stability through SINAT E3 ligases. Strikingly,
ACSS acts as a scaffold that tethers SINAT2 and EOL2 in a
functional complex, increasing the stability of ACSS via the re-
ciprocal degradation of SINAT2 and EOL2. 14-3-3 activates the
reciprocal degradation of SINAT2 and EOL2 through direct in-
teraction with SINAT2 only in the presence of BR, thereby linking
ethylene biosynthesis and BR signaling. Our results reveal a reg-
ulatory mechanism that allows the simultaneous fine-tuning of the
protein abundance of ACS and its cognate E3 ligases, which is
critical for stress response via autophagy.

Results

SINAT2 Positively Regulates BR-Induced Ethylene Biosynthesis. To
further explore the mechanism that regulates ethylene biosynthesis,
we performed yeast two-hybrid (Y2H) screening using ACSS5 as bait
and identified Seven-in-Absentia of Arabidopsis 2 (SINAT2) as one
of the ACSS interactors. SINAT2 specifically interacted with ACS5
and all other type-2 ACS but it did not interact with type-1 (ACS2
and ACS6) or type-3 ACS (ACS7) (Fig. 14 and SI Appendix, Fig.
S1). ACS5 bound strongly with SINAT1 and 2 while showing a
weak interaction with the other SINAT isoforms, suggesting that
SINAT1 and 2 are the major SINAT isoforms that have a func-
tional relationship with ACSS and ethylene biosynthesis. SINAT1
and SINAT2 share over 90% amino acid sequence identity;
therefore, we focused on SINAT? in this study.

SINAT E3 ligases have been shown to play a role in plant
stress responses, including BR-mediated autophagy; however,
the role of SINAT has not previously been shown to modulate
ethylene biosynthesis (15, 16, 23, 30, 33). Since SINAT has a role
in BR-mediated stress responses, we examined whether SINAT2
regulates ethylene biosynthesis in a BR-dependent manner. To
test this, we measured the ethylene production in sinatl, sinat2,
sinatlsinat2 double mutant, and seedlings that express Myc-tagged
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SINAT2 from CaMV 35S promoter (35S::Myc-SINAT?2) in the
presence or absence of BR. All dark-grown seedlings increased
their ethylene production in response to BR (Fig. 1B). However,
sinatlsinat2 showed significantly lower levels of BR-induced eth-
ylene compared to the wild type (WT), suggesting that SINAT1/
SINAT? is a positive regulator for BR-induced ethylene biosyn-
thesis. Unlike the sinatlsinat2, sinat3, sinat5, and sinat3sinat5,
the double mutant produced comparable levels of BR-induced
ethylene to the WT, which may be attributable to the weak in-
teraction of SINAT3/SINATS with ACSS5 (SI Appendix, Fig. S2).
Consistent with their positive role in ethylene biosynthesis, the
358::Myc-SINAT2 plants produced more ethylene with BR
treatment (Fig. 1B), which was not associated with alterations in
the transcript levels of ACS and ETO1/EOL?2 (SI Appendix, Fig.
S3). The moderate (but significant) reduction of ethylene levels in
sinatlsinat2 may have been due to the functional redundancy
among SINAT proteins that showed weak interaction with ACSS.
However, the minor increase (~20% of that in the WT) of BR-
induced ethylene levels in 35S::Myc-SINAT2 was a conundrum,
considering it was an overexpression line. Thus, we measured
ethylene biosynthesis in three independent 35S::Myc-SINAT2
lines with significantly different expression levels of the SINAT2
protein (approximately three- to fivefold differences) (Fig. 1C).
Interestingly, ethylene production in the independent lines was
not significantly or only slightly different from each other (Fig.
1C), indicating the existence of feedback mechanisms that sup-
press SINAT2-mediated ethylene biosynthesis or the saturation of
the system that controls SINAT2-mediated ethylene production.
Since SINAT1 and SINAT?2 played a positive role in BR-induced
ethylene production, we examined whether ACSS-SINAT inter-
action was BR dependent. SINAT2 formed a complex with ACS5
regardless of BR but not with type-1 (ACS2) or type-3 (ACS7) ACS
in plants (Fig. 1D). Together, these results suggest that SINAT2 is a
positive regulator for BR-induced ethylene biosynthesis, but its
interaction with ACSS5 is not regulated by BR.

SINAT2 Forms a Complex with EOL2 Only in the Presence of ACS5 in
Plants. SINAT?2 positively regulated BR-induced ethylene bio-
synthesis and only interacted with type-2 ACS isoforms, suggesting
that it might negatively regulate ETO1/EOLs, the cognate E3 li-
gases for type-2 ACS isoforms. To determine this, we examined
the interactions between SINAT and ETO1 and EOL2, one of the
paralogs of ETO1, using a Y2H assay. ETO1 and EOL2 did not
interact with any of the SINAT E3 ligases in the Y2H assay (Fig.
14). Since ETO1 and EOLSs have been shown to play a redundant
role in ethylene biosynthesis regulation (40, 42), EOL2 was used
as the ETO1/EOL representative in following results. Unlike the
results of the Y2H assay, strikingly, SINAT2 and EOL2 were
pulled down together when ACSS5 was coexpressed in Nicotiana
benthamiana, regardless of the BR treatment (Fig. 24). Coex-
pression of a negative control type-3 ACS7 did not promote the
in vivo interaction between SINAT2 and EOL2 (Fig. 24). To
further confirm the in vivo interaction of SINAT2 and ACS5 and
subcellular localization of the interaction, BiFC analysis of SINAT2
and EOL2 was performed in the presence and absence of ACSS.
Consistent with the results of the Y2H and co-immunoprecipitation
(co-IP) analysis, SINAT2 and EOL2 interacted only in the pres-
ence of ACSS, and intriguingly, the interaction occurred at
AUTOPHAGY-RELATED PROTEIN 8 (ATGS)-labeled auto-
phagosomes, double-membraned vesicles containing damaged
cellular materials to be degraded by autophagy (Fig. 2 B and C)
(43). The colocalization analysis corroborated that the three
proteins colocalized in cytoplasmic puncta, presumably autopha-
gosomes (SI Appendix, Fig. S4). These results agreed with the
subcellular localization of a subset of SINAT family at autopha-
gosomes (40). In sum, the results demonstrate that ACS5 specif-
ically mediates the interactions between SINAT2 and EOL2 E3
ligases in plants. Additionally, their interaction at autophagosomes
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SINAT E3 ligases are positive regulators for BR-induced ethylene biosynthesis. (4) Y2H assays for the interaction between different ACS isoforms and

SINAT E3 ligase isoforms. (B) BR-induced ethylene biosynthesis in dark-grown seedlings. Seedlings were grown on a medium with different concentrations of
BR, and the accumulated ethylene was measured using gas chromatography. (C) BR-induced ethylene biosynthesis in seedlings expressing different levels

of SINAT2 protein. (Inset) Expression levels of SINAT2 protein in independent

transgenic lines expressing Myc-SINAT2 without BR treatment in the dark. The

Myc-SINAT2 band intensity was normalized to HSC70 band, and the values were expressed relative to the ratio of Myc-SINAT2/HSC70 in no. 8, which was set to
1. (D) Co-IP of ACS5 and SINAT2 complex in N. benthamiana. The indicated combinations of tagged proteins were transiently expressed in N. benthamiana
with or without BR treatment and used for co-IP analysis. GFP-ACS5 was immunoprecipitated with an anti-GFP antibody, and the resulting precipitates were
further analyzed via immunoblotting using an anti-GFP or an anti-Myc antibody. Data represent the mean + SD of three biological replicates (n = 3). *P < 0.05
and **P < 0.01 indicate a significant difference when samples were compared to the WT plants in each BR concentration using a Student’s t test.

suggests the autophagy-mediated protein stability regulation of
SINAT/EOL2/ACS and the crosstalk between ethylene biosynthesis
and autophagy.

SINAT2 Regulates the Stability of EOL2 and ACS5 in a BR-Dependent
Manner. To elucidate the consequence of SINAT2 interaction
with ACS5 and EOL2 in plants, we investigated whether SINAT2
regulates the protein stability of both proteins. We transiently expressed
an increasing amount of cYFP-fused SINAT2 (cYFP-SINAT?2)
with either YFP-ACSS or GFP-EOL?2 in Arabidopsis mesophyll
protoplasts and subsequently treated the protoplasts with or
without exogenous BR. The steady-state levels of ACS5 decreased
as the expression of SINAT?2 increased in the protoplasts under
no BR treatment, indicating that SINAT2 negatively regulates
ACSS protein stability when overexpressed (Fig. 2D). However,
in the presence of BR, the negative effects of SINAT2 on ACS5
stability were significantly alleviated (Fig. 2D), suggesting that
BR suppresses the SINAT2-mediated degradation of ACSS.
Corroborating these results, ACSS protein stability was differ-
entially regulated by BR in protoplasts isolated from the WT,
sinatlsinat2, or SINAT2 overexpression line (355::Myc-SINAT?2)
(Fig. 2E). BR treatment reduced the turnover of ACSS in pro-
toplasts from WT and 35S::Myc-SINAT2 plants but not in
sinatlsinat2 protoplasts. Similar to ACSS5, SINAT?2 reduced the
steady-state levels of ACS2 but not of the ACS7 protein (SI Ap-
pendix, Fig. S5). This may be attributed to the heterodimerization
among the ACS isoform and the long half-life of ACS7 (15). In
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contrast to ACS2 and ACSS5, SINAT?2 did not affect the stability of
GFP-EOL2 in the absence of BR; however, upon the BR treat-
ment, the steady-state levels of GFP-EOL2 declined proportion-
ally to the increased expression of SINAT2 (Fig. 2F). These results
demonstrate that SINAT2 increases and decreases the protein
stability of ACS5 and EOL2, respectively, in a BR-dependent
manner, which may play a role in a BR-induced increase in eth-
ylene biosynthesis in the dark. Our results also showed that
SINAT?2 could negatively regulate ACS stability when plants
express an excess amount of SINAT2.

The SINAT2-mediated regulation of ACSS5 and EOL2 protein
stability indicated that ACS5 and EOL2 may be the in vivo sub-
strates of SINAT?2. To determine this, we initially examined the
E3 ligase activity of WT SINAT2 and a mutant SINAT2 with a
C63S mutation (SINAT2%S). Cys63 in the RING motif is highly
conserved among SINAT isoforms, and the substitution of the
Cys63 to Ser has previously shown to abolish the E3 ligase activity
of SINATS (SI Appendix, Fig. S6A) (44). Consistent with a pre-
vious study, MBP-tagged WT SINAT2 (MBP-SINAT?2), but not
MBP-SINAT2%*S| exhibited self-ubiquitination, demonstrating its
biochemical function as an E3 ligase (Fig. 2G). Next, we con-
ducted an in vitro ubiquitination assay using immunoprecipitated
YFP-ACSS or GFP-EOL2, which was transiently expressed in N.
benthamiana, and in vitro purified SINAT proteins. The immu-
noblotting analysis showed that SINAT2 ubiquitinated both ACS5
and EOL2, whereas SINAT2%*® was unable to ubiquitinate either
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Fig. 2. SINAT2 E3 ligases regulate the protein stability of ACS5 and EOL2 in a BR-dependent manner. (A) Co-IP of SINAT2 and EOL2. The indicated com-
binations of tagged proteins were transiently expressed in N. benthamiana with and without BR treatment. Protein extracts from the infiltrated leaves were
used for co-IP analysis. GFP-EOL2 was immunoprecipitated with an anti-GFP antibody, and the resulting precipitates were further analyzed via immuno-
blotting using an anti-Myc antibody. (B) BiFC of SINAT2 and EOL2 in the presence and absence of ACS in transiently transformed N. benthamiana. Instead of
mCherry-ACS5, mCherry-bZIP was transformed as a transfection control. (Scale bar, 50 pm.) (C) Colocalization of ATG8 and BiFC fluorescence of SINAT2 and
EOL2 in the presence of ACS5. (Scale bar, 50 pm.) (D and E) SINAT2 positively regulates the protein stability of ACS5 in a BR-dependent manner. Protein
extracts from Arabidopsis mesophyll protoplasts transformed with plasmid-expressing YFP-ACS5, and increasing amounts of plasmid-expressing cYFP-SINAT2
were analyzed via immunoblotting with an anti-GFP antibody. Relative quantities (Rel. quantities) represent the ratio of the intensity of YFP-ACS5 to GFP
band relative to the ratio of YFP-ACS5/GFP bands from a control sample expressing YFP-ACS5 without c-YFP-SINAT2 with or without BR (D). The half-life
analysis of ACS5 in protoplasts from WT, sinatisinat2, and 35S::Myc-SINAT2 plants (E). Protoplasts were transformed with plasmid-expressing Myc-ACS5 with
or without BR. At Time 0, CHX was added, and the total proteins were extracted at the indicated times, and then total protein extract from the protoplasts
was analyzed by immunoblotting using the indicated antibodies. GFP was coexpressed as a transformation control. The experiments were repeated at least
three times with similar results. Relative quantities (Rel. quantities) represent the ratio of the intensity of Myc-ACS5 to the GFP band relative to the ratio of
Myc-ACS5/GFP bands from a control sample, which was set to 1. (F) SINAT2 destabilizes EOL2 in the presence of BR. Protein extracts from Arabidopsis
protoplasts transformed with plasmid-expressing GFP-EOL2, and increasing amounts of plasmid-expressing cYFP-SINAT2 were analyzed via immunoblotting
with an anti-GFP antibody. GFP was coexpressed as a transformation control. Rel. quantities represent the ratio of the intensity of GFP-EOL2 to GFP band
relative to the ratio of GFP-EOL2/GFP bands from a control sample expressing GFP-EOL2 without cYFP-SINAT2 with or without BR. (G) Auto-ubiquitination
assay for SINAT2. Bacteria expressed and purified MBP-tagged WT SINAT, SINAT2%3%, and free MBP proteins were incubated with E1, E2, and ubiquitin, and
the ubiquitination of SINAT2 was analyzed via immunoblotting with an anti-MBP (Upper) or anti-ubiquitin (Bottom) antibody. The smeared and laddered
bands indicate the ubiquitinated WT MBP-SINAT2. (H and /) SINAT2 ubiquitinates ACS5 and EOL2 E3 ligases. Immunoprecipitated YFP-ACS5 (H) and GFP-EOL2
(I) from N. benthamiana were incubated with purified SINAT2, E1, E2, and ubiquitin, and YFP-ACS5 and GFP-EOL2 were immunoprecipitated with an anti-GFP
antibody and further analyzed via immunoblotting using an anti-Ub antibody.

protein (Fig. 2 H and I). In support of this, SINAT2%S did not ~ required for regulating the stability of ACS5 and EOL2 (SI Ap-
influence the steady-state levels of ACS2, ACSS5, or EOL2, re-  pendix, Fig. S6 B-D). These results suggest that ACS5 and EOL2
gardless of BR, indicating that SINAT2-mediated ubiquitinationis  are in vivo substrates of SINAT2 E3 ligase.
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SINAT2 and EOL2 Undergo Reciprocal Antagonistic Degradation, and
This Process Requires Type-2 ACS5/ACS9 and BR. The ACS5-mediated
interaction between SINAT2 and EOL2 and BR-induced ethylene
biosynthesis suggested that both E3 ligases may undergo recipro-
cal degradation in a BR-dependent manner. To assess this possi-
bility, we first determined the effect of BR on SINAT2 and EOL2
protein stability. We treated dark-grown 35S::Myc-SINAT2/WT
seedlings with BR for 2 h followed by cycloheximide (CHX)
treatment and measured the loss of SINAT2 protein over time.
BR significantly increased the turnover of SINAT?2 (Fig. 34 and S/
Appendix, Fig. STA). We observed that the remaining fraction of
Myc-SINAT2 was greatly reduced at the later time point after
CHX treatment, presumably due to a low ratio of free SINAT2 to
bound SINAT?2 in the SINAT2/ACS/EOL2 complex. By contrast
(and consistent with a previous study (45)), BR neither stimulated
SINAT? turnover nor affected SINAT2 transcript levels in light-
grown seedlings (SI Appendix, Fig. S8). Similar to SINAT2, BR
promoted the degradation of EOL2 protein in the dark (Fig. 3B

and SI Appendix, Fig. S7B) but not in the light (SI Appendix, Fig.
S8), suggesting a different regulatory mechanism for the protein
stability of SINAT2 and EOL2 under the light. Contrary to SINAT2
and EOL2, but corroborating previous studies, BR increased the
protein abundance of ACSS5 in the dark (15, 16). BR also stabilized
ACSS in the light (ST Appendix, Fig. S8), which is similar to the
results of a prior study demonstrating the light-induced stabilization
of ACS5 during a dark-to-light transition (46).

Furthermore, we examined if the protein stability of SINAT2
is regulated by the ubiquitin—proteasome pathway. MG132
treatment completely blocked BR-induced SINAT2 degradation
in dark-grown seedlings (Fig. 3C), demonstrating that BR neg-
atively regulates SINAT?2 protein stability through the 26S pro-
teasome in an identical manner to the regulation of ACSS and
EOL2 stability. Given that SINAT2, ACSS5, and EOL2 colocalized
at autophagosomes, we also determined whether autophagy con-
trols the protein stability of the three proteins. The treatment with
wortmannin, an autophagy inhibitor, significantly increased the
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Fig. 3. ACS-mediated reciprocal degradation of SINAT2 and ETO1/EOLs. (A and B) BR promotes the turnover of SINAT2 or EOL2. Dark-grown seedlings
expressing Myc-SINAT2 or GFP-EOL2 were treated with or without 1 pM BR and subjected to protein degradation assays in the presence of CHX (250 pM).
The seedlings were collected at the indicated time after the CHX treatment and further analyzed. Rel. quantities represent the ratio of the intensity of
Myc-SINAT2 or GFP-EOL2 band to HSC70 band signals, and these values are expressed relative to the time 0 value, which was set to 1. The graphs show the
quantification of the remaining fraction of SINAT2 or EOL2 after the treatment of CHX over time from three replicates. (C) BR regulates the protein stability
of ACS5, SINAT2, and EOL2 via the 26S proteasome pathway. Dark-grown seedlings that were 3 d old expressing Myc-ACS5, GFP-EOL2, and Myc-SINAT2
were treated with or without 1 uM BR for 2 h in the presence or absence of MG132 (100 pM), and the steady-state levels of the proteins were analyzed via
immunoblotting using a-Myc, a-GFP, or a-HSC70 (loading control) antibody. (D) Wortmannin treatment alters the protein abundance of SINAT2 and EOL2 but
not that of ACS5. Dark-grown seedlings that were 3 d old were treated with or without wortmannin (10 pM) for 3 h, and the total protein extracts were
analyzed by immunoblotting using anti-Myc, -GFP, or HSC70 antibody. (E) The protein stability of SINAT2 is negatively regulated by ACS5 and ACS9 in the
presence of BR. Seedlings expressing Myc-SINAT2 in different acs mutant backgrounds were treated with or without 1 pM BR for 2 h, and the steady-state levels
of Myc-SINAT2 were analyzed via immunoblotting using an anti-Myc antibody. Rel. quantities represent the ratio of the intensity of Myc-SINAT2 to the HSC70
band, and these values were expressed relative to the ratio of the intensity of the cognate Myc-SINAT2/HSC70 bands in the same background with no BR
treatment, which was set to 1. (F) Quantitative gene expression analysis for SINAT2 in seedlings in E. Data represent the mean + SD of three biological
replicates (n = 3), each with three technical replicates. (G and H) SINAT2 and ETO1/EOLs reciprocally regulate each other’s protein stability. Dark-grown
seedlings expressing Myc-SINAT2 in etoleol1eol2 or GFP-EOL2 in sinat1sinat2 mutants were treated with different concentrations of BR for 2 h, and the
steady-state levels of Myc-SINAT2 or GFP-EOL2 were analyzed via immunoblotting using an anti-Myc or anti-GFP antibody. HSC70 was used as a loading control.
All immunoblotting analyses were performed at least three times with similar results. (/) In vivo ubiquitination of EOL2 and SINAT2. Arabidopsis protoplasts were
cotransfected with the indicated combinations of plasmids expressing HA-UBQ3, YFP-EOL2, Myc-SINAT2, and V5-ACS5 and incubated for 16 h followed by
treatment with 20 pM MG132 and with or without 1 uM BR. The ubiquitinated EOL2 and SINAT2 were detected by an anti-GFP and -Myc immunoblotting after
immunoprecipitation with anti-HA magnetic beads (top two panels). The total ubiquitinated proteins and myc-SINAT2, YFP-EOL2, and V5-ACS5 in input samples
were analyzed by immunoblotting using anti-HA, -Myc, -GFP, and -V5 tag antibodies, respectively (Bottom two panels).
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steady-state levels of SINAT2 and EOL2 proteins but not that of
ACSS at the concentration used in this study (Fig. 3D). This im-
plies that the protein stability of SINAT2 and EOL2 is also di-
rectly or indirectly regulated by the autophagy pathway.

Regardless of BR treatment, SINAT2 and EOL2 only formed
a complex in the presence of ACSS, and both proteins specifi-
cally interacted with type-2 ACS proteins (Figs. 14 and 24 and
SI Appendix, Fig. S1) (47, 48). This led to a hypothesis that ACSS,
and perhaps other type-2 ACS isoforms, promote the reciprocal
degradation between these two E3 ligases by bringing them into
close proximity with each other. To determine this, we generated
transgenic plants expressing Myc-SINAT?2 in different ACS loss-
of-function (LOF) mutant backgrounds, including acs5, acsSacs9,
and acs2acs6, and we examined the effect of ACS LOF on the BR-
induced degradation of SINAT?2. BR treatment markedly reduced
the steady-state levels of Myc-SINAT2 in the 35S::Myc-SINAT2/
WT plants (Fig. 3E). However, BR-induced reduction in Myc-
SINAT?2 protein levels was slightly mitigated in the acs5 and
acs2acs6 mutants compared to that in the WT background (Fig.
3E). Interestingly, the removal of ACSS and ACS9, the closest
homolog of ACSS, completely blocked BR-induced SINAT2
degradation without altering the SINAT2 transcripts (Fig. 3F).
These results suggest that ACSS5 and ACS9 are involved in BR-
induced SINAT?2 degradation by tethering SINAT2 and EOL2 in
a complex.

To further validate the reciprocal degradation of SINAT2 and
EOL2 and the role of BR, we examined the effect of a lack of
SINAT1/SINAT?2 or ETO1/EOL1/EOL2 on the protein stability
of EOL2 and SINAT?2, respectively. Unlike its effect in WT
plants, BR did not influence the protein stability of the EOL2 in
the sinatlsinat2 background (Fig. 3G). Similarly, the protein
stability of SINAT2 in the efoleolleol2 mutant was not influ-
enced by BR (Fig. 3H).

In support of these results, in vivo ubiquitination assays dem-
onstrated that the polyubiquitination of SINAT2 and EOL2 de-
pends on each other and is significantly enhanced in the presence
of ACSS and BR treatment (Fig. 3/ and SI Appendix, Fig. S9).
Together, these results showed that each E3 ligase is required for
the BR-induced degradation of the other, and ACS5 plays a role
in promoting the reciprocal degradation between the two E3 li-
gases. Therefore, we concluded that the BR-induced degradation
of SINAT2 and EOL2 occurs through the reciprocal antagonistic
degradation between SINAT2 and EOL2.

T147 in the 14-3-3 Binding Motif in SINAT2 Is Required for the
Activation of the BR-Induced Reciprocal Degradation of SINAT2 and
EOL2. The data thus far indicated that the interaction between
ACSS, EOL2, and SINAT2 is BR independent. However, the
reciprocal degradation between SINAT2 and EOL2 and its as-
sociated change in ethylene biosynthesis were BR dependent.
These results suggested the existence of a missing component
that conveys BR signals into the SINAT2-ETO1/EOLs regula-
tory circuit to activate the reciprocal degradation between the
two E3 ligases. A likely candidate for the missing component is a
14-3-3 protein based on the known function of 14-3-3 in BR
signaling (20, 21) and ethylene biosynthesis (12, 22) and a po-
tential 14-3-3 binding motif in SINAT E3 ligases (Fig. 44).
Computational analyses predicted that SINAT2 contains a 14-3-
3-binding motif (CRFRPY|[T];4;CPYA), including a potential
phosphorylation site in the substrate binding and dimerization
domain (49, 50). This motif is highly conserved among all SINAT
isoforms (Fig. 44). To determine whether 14-3-3 activates the
reciprocal degradation of SINAT2 and EOL2, thus increasing
the stability of ACSS5, we first examined the involvement of 14-3-
3 in BR-induced ethylene biosynthesis. To this end, we treated
dark-grown seedlings expressing Myc-ACS5 (35S::Myc-ACS5)
with R18 peptide, a competitive inhibitor for 14-3-3 protein—pro-
tein interaction. R18 treatment reduced a BR-induced increase in
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ACSS protein levels (Fig. 4B). R18 treatment also significantly
reduced BR-induced ethylene biosynthesis in etiolated WT and
358::Myc-ACS5 seedlings (Fig. 4 C and D). Furthermore, we found
that seedlings overexpressing Myc-14-3-3@ (35S::Myc-14-3-3w), a
14-3-3 isoform that was previously shown to control ACS and
EOL2 stability (12), produced significantly higher ethylene than the
WT in response to BR (Fig. 4E). Similar to the 35S::Myc-ACS5
seedlings, R18 significantly attenuated BR-induced ethylene bio-
synthesis in 35S::Myc-14-3-3w (Fig. 4F). These results suggest that
among the 13 Arabidopsis 14-3-3 isoforms, at least 14-3-3w is in-
volved in BR-induced ACS stability regulation and ethylene bio-
synthesis. Of note, the abundance of 14-3-3® was down-regulated
by BR and the light-to-dark transition (Fig. 4 G, H, and I). Next, we
analyzed the interaction between 14-3-3w and all five SINAT
isoforms using a Y2H assay (12). None of the SINAT E3 ligases
bound to 14-3-3w in the yeast system (Fig. 47). SINAT2, however,
was pulled down with 14-3-3 in the presence of BR in plants (Fig.
4K), showing that BR promotes the binding of 14-3-30 to SINAT2.
To assess the role of T147 residue in the 14-3-3-binding motif in
SINAT?2 and its connection to BR signaling, we mutagenized T147
to Ala (T147A) and examined the interaction of SINAT2'*7* with
14-3-30 using a co-IP assay. Unlike WT SINAT2, SINAT2T1474
did not form a stable complex with 14-3-3w in the presence of BR
in plants (Fig. 4K), demonstrating that T147 of SINAT?2 is required
for its interaction with 14-3-3w.

To further elucidate the in vivo function of 14-3-3 in the re-
ciprocal degradation of SINAT2 and ETO1/EOLs, we investi-
gated whether SINAT2"'*74 still possesses the ability to control
the stability of ACS5 and EOL2 in a BR-dependent manner.
When overexpressed in protoplasts, SINAT2"'474 negatively
regulated ACSS5 stability (Fig. 4L), indicating that the T147A
mutation did not affect the E3 ligase activity of SINAT2T1474,
Interestingly, unlike WT SINAT2, BR did not block SINAT2T"47A.
stimulated ACS5 turnover (Fig. 4L). Conversely, SINAT2"474
failed to destabilize EOL2 in the presence of BR (Fig. 4M). To-
gether, these results showed that the BR sensitivity of turnover of
ACS and EOL2 requires T147 of SINAT2, and BR-induced phos-
phorylation on T147 likely plays a role in this process. Furthermore,
358::Myc-SINAT2"#"sinat1sinar2 seedlings produced only 50%
of the ethylene produced in 35S::Myc-SINAT2/sinatlsinat2 and
the WT seedlings in the presence of BR (Fig. 4N). This result
showed that T147 in SINAT?2 is required for BR-induced ethylene
biosynthesis.

Plants with a Mutated T147 of SINAT2 Are Hypersensitive to Fixed
Carbon Starvation. SINAT?2 is involved in responses to drought
and fixed carbon starvation by promoting the degradation of the
BR-responsive transcription factor BES1, which is mediated by
the autophagy receptor DSK2 (33). Many autophagy mutants are
hypersensitive to or have reduced survival under conditions of
nitrogen and/or carbon starvation (51). Therefore, we examined
the function of SINAT1/SINAT?2 on carbon starvation using the
sinatlsinat2 mutant and transgenic lines expressing WT SINAT2
in a WT background (358::Myc-SINAT2/WT). After 8 d of dark
treatment followed by 2 wk of recovery in light, most of the WT
and 358::Myc-SINAT2 plants had recovered from the stress,
whereas the sinatlsinat2 mutant completely died (Fig. 54 and S/
Appendix, Fig. S10). These results showed that SINAT?2 is required
for the response to carbon starvation, which is consistent with the
previous study (33). Furthermore, we determined the effect of the
T147A mutation in SINAT?2 on carbon starvation using transgenic
lines expressing Myc-SINAT2"'744 or Myc-SINAT2 in the sinat!-
sinat2 background. Unlike 35S:.'1\;ch—SINA T2/sinatlsinat2 and
the WT plants, 358::Myc-SINAT2""*"/sinatIsinat2 did not re-
cover from the carbon starvation, showing results identical to
that of sinatisinat2 (Fig. 5B). These results demonstrated that
T147 residue in SINAT? plays a key role in the response to carbon
starvation.
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Fig. 4. 14-3-3 activates the reciprocal degradation of SINAT2 and EOL2 by interacting with SINAT2 in the presence of BR. (4) A partial amino acid sequence comparison
among Arabidopsis SINAT E3 ligases. The underlined amino acid sequences are a potential 14-3-3-binding motif predicted by the 14-3-3-Pred program (50). An asterisk
indicates a potential phosphorylation site. (B) R18 decreases the BR-induced increase in ACS5 protein abundance. Dark-grown seedlings that were 3 d old were treated with
or without BR (1 pM) or R18 peptide (200 ug/mL) for 2 h, and the steady-state levels of ACS5 were analyzed by immunoblotting. Rel. quantities indicate the ratio of
intensity of Myc-ACS5 to the HSC70 band relative to the ratio of Myc-ACS5/HCS70 bands with no BR and R18 treatment, which was set to 1. (C and D) BR-induced ethylene
biosynthesis is inhibited by R18. Seedlings that were 3 d old were treated with or without BR (0.1 pM) or R18 (200 pg/mL) for 1 d in the dark, and then the accumulated
ethylene was measured using gas chromatography. (E) Ethylene production from WT and a transgenic line expressing Myc-14-3-3o from a dexamethasone-inducible
promoter. (F) R18 attenuates BR-induced ethylene biosynthesis in 355::Myc-14-3-3 seedlings. (G and H) BR increases the turnover of 14-3-3w. The steady-state levels of 14-3-3»
at different concentrations of BR were analyzed by immunoblotting (G). 355:Myc-14-3-3 seedlings were grown on growth medium with or without BR (1 uM) for 3 d and
treated with CHX at time 0. The total protein extracts were prepared at the indicated times and then analyzed by immunoblotting using the indicated antibodies (H). () A
light-to-dark transition decreases 14-3-3 protein abundance. Light-grown seedlings that were 7 d old expressing Myc-14-3-3» were transferred to darkness for 1 or 2 d, and
the total proteins were analyzed by immunoblotting. L, light; D1, dark 1 d; D2, dark 2 d. (J) A Y2H assay for the interaction between 14-3-3 and SINAT2 isoforms. (K) Co-IP of
14-3-3 and SINAT2. N. benthamiana leaves were infiltrated with agrobacterium, coexpressing the indicated proteins with or without BR. Total protein extracts were
immunoprecipitated with anti-GFP, and the resulting precipitates were analyzed via immunoblotting using an anti-GFP (Upper) anti-Myc antibody (Bottom). (L and M)
Mutant SINAT2 with T147A does not respond to BR to control the stability of ACS or EOL2. Protein extracts from protoplasts expressing a fixed amount of YFP-ACS5 or GFP-
EOL2 with an increasing amount of YFP-SINAT2"4A in the presence or absence of BR were analyzed via immunoblotting using an anti-GFP antibody. The GFP signal was used
as a loading control. Rel. quantities represent the ratio of the intensity of YFP-ACS5 (L) or GFP-EOL2 (M) to GFP band relative to the ratio of YFP-ACS5/GFP (L) or GFP-EOL2/GFP
(M) bands from a control sample expressing YFP-ACS5 (L) or GFP-EOL2 (M) without c-YFP-SINAT2 with or without BR. (N) The T147A mutation in SINAT2 reduced BR-induced
ethylene biosynthesis. Seedlings were grown on an Murashige and Skoog medium with or without BR for 3 d, and the accumulated ethylene was measured using gas
chromatography. Data represent the mean =+ SD of three biological replicates (n = 3). Letters indicate differences at a P < 0.05 significance level using ANOVA analysis with a
Tukey post hoc correction. *** indicates a significant difference (P < 0.0001) when samples were compared to the WT control with BR treatment using a Student’s t test.
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Fig. 5. The T147A mutation in SINAT2 and overexpression of SINAT2 in the acs5acs9 mutant lead to a hypersensitive response to carbon starvation. (4, B,
and F) A fixed carbon starvation assay. Seedlings that were 2 wk old were transferred to total darkness for 8 d and returned to the light for 2 wk for
recovery. (C, D, and G) Ethylene biosynthesis in seedlings in response to carbon starvation. Light-grown seedlings that were 7 d old grown on a growth
medium without sucrose were capped for 7 d or transferred to total darkness for 7 d, and the accumulated ethylene was measured via gas chroma-
tography. Data represent the mean + SD of three biological replicates (n = 3). *P < 0.05 and **P < 0.001 indicate the significant difference when samples
were compared to the WT in dark or light conditions using a Student’s t test. (E) Ethephon treatment does not rescue the hypersensitive carbon starvation
phenotypes of sinat1sinat2. Light-grown seedlings that were 3 wk old were treated with or without 1 mM ethephon and further kept in the dark for 7

d followed by 1-wk recovery in the light.

Carbon Starvation-Induced Ethylene Production Is Significantly
Reduced in Plants Expressing SINAT2"'47A, The T147A mutation in
SINAT? inhibited the BR-mediated stabilization and destabili-
zation of ACS and EOL2, respectively, which led to reduced BR-
induced ethylene biosynthesis. To determine whether the com-
promised survival of sinatlsinat2 and 358S:: “Myc- SINAT2™"#74)
sinatlsinat2 in response to dark treatment is associated with a
reduction in ethylene production, we measured ethylene bio-
synthesis in the seedlings before and after the dark treatment.
All light-grown sinatlsinat2 and 35S::Myc-SINAT2/WT seed-
lings produced comparable levels of ethylene production to
the WT seedlings (Fig. 5C). However, dark-induced ethylene
production was significantly decreased and increased in the
sinatlsinat2 and 35S::Myc-SINAT2/WT plants, respectively,
compared to the WT seedlings (Fig. 5C). Like the sinatlsinat2
mutant, dark treatment induced significantly less ethylene in
the 358::Myc-SINAT2""#"sinat1sinat2 seedlings compared to
the WT seedlings (Fig. 5D), despite the similar levels of ethylene
in the light-grown seedlings. The dark treatment—induced changes
in ethylene production in these plants were similar to the alteration
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in ethylene biosynthesis mediated by BR in the dark (Figs. 1B
and 4N). In support of the role of 14-3-3 interaction with SINAT2
in ethylene biosynthesis, the dark treatment of 35::Myc-14-3-3w
plants produced a higher amount of ethylene than the WT plants
(SI Appendix, Fig. S11). These results showed that the response of
a plant to carbon starvation involves increased ethylene produc-
tion, which requires SINAT1/SINAT2 with functional T147
residue.

The Disrupted Reciprocal Degradation of SINAT2 and EOL2 Leads to
the Reduced Ethylene Levels in Plants with Reduced SINAT Function.
To further examine the correlation between ethylene biosyn-
thesis, carbon starvation response, and the role of SINAT2, we
examined the carbon starvation response and its associated
ethylene production in etoleolleol2, 35S::Myc-SINAT2/etoleolleol2,
358::Myc-SINAT2/acs2cs6, and 35S::Myc-SINAT2/acs5acs9. Both
etoleolleol2 and 358::Myc-SINAT2/etoleolleol2 showed enhanced
recovery from carbon starvation compared to the WT, which was
correlated to increased ethylene production in light and during the
dark treatment (SI Appendix, Fig. S12). We speculate that the reduced
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ethylene biosynthesis in 35S::Myc-SINAT2/etoleolleol2 compared
to etoleolleol2 may have been due to the negative role of SINAT2
on ACS stability when it is overexpressed in plants due to a lack of
ETO1/EOLs.

If the higher levels of ethylene attribute to the enhanced re-
covery of plants from carbon starvation, ethylene treatment would
rescue the hypersensitive response of plants with low ethylene
levels. To test this, we treated 3-wk-old sinatlsinat2 seedlings,
which produce a low amount of ethylene during carbon starvation
(Fig. 5 C and D), with ethephon followed by a 7-d dark treatment
(Fig. 5E). Ethephon treatment inhibited the recovery of WT from
dark treatment and did not rescue the hypersensitive response of
sinatlsinat2, suggesting that the lower levels of ethylene are not
the main cause of the hypersensitivity of the sinatIsinat2 to carbon
starvation. To further confirm the role of ethylene in the process,
we examined the carbon starvation response of the constitutive
ethylene response ctrl/-2 and ethylene-insensitive ein2-5 mutants
(SI Appendix, Fig. S13). The ctrl-2 failed to recover from dark
treatment; however, the ein2-5 showed a similar recovery as the
WT. These results suggest that ethylene levels and ethylene sig-
naling are unlikely responsible for the hypersensitive carbon
starvation phenotypes of plants with the reduced SINAT function.

In the absence of ACS5 and ACS9, the negative role of BR on
the destabilization of SINAT2 protein was greatly diminished
(Fig. 3E). Thus, we examined the effect of increased protein
abundance of SINAT2 in the acs5acs9 mutant background dur-
ing carbon starvation. To this end, we first examined the carbon
starvation phenotypes and ethylene production of acs2acs6 and
acsSacs9. Both the acs2acs6 and acsSacs9 mutant produced a
significantly lower amount of ethylene than the WT with a more
notable decrease in the acsSacs9 during carbon starvation (S
Appendix, Fig. S14). The acs2acs6 and acsSacs9 mutants exhibi-
ted similar levels of growth recovery from starvation compared
to the WT (SI Appendix, Fig. S14), although a smaller number of
both the mutants recuperated more slowly than the WT plants.
The similar recovery of the acs5acs9 and acs2acs6 despite dif-
ferent levels of ethylene biosynthesis during starvation may have
resulted from the redundant role of other type-2 ACS proteins
that interact with SINAT2 in the acsSacs9 mutant (SI Appendix,
Figs. S1 and S14). Interestingly, unlike 35S::Myc-SINAT2/acs2cs6,
358::Myc-SINAT2/acs5acs9 plants did not recover from carbon
starvation and produced significantly lower levels of ethylene
than the WT and 35S::Myc-SINAT2/acs2acs6 during starvation
(Fig. 5 F and G and SI Appendix, Fig. S10). We also found that
the higher levels of Myc-SINAT2 were expressed in the acs5acs9
background than in the WT and acs2acs6 after 5 d of dark treat-
ment (SI Appendix, Fig. S15), which is similar to the response of
these plants to BR (Fig. 3E). Considering the negative roles of
SINAT?2, which promotes the degradation of a subset of ATG
proteins in carbon starvation (30, 38), the increased protein abun-
dance of SINAT?2 in acs5acs9 may have negatively impacted carbon
starvation response. In sum, these results suggest that a plant re-
sponds to carbon starvation by regulating SINAT2/EOL2/ACS5
protein homeostasis, which results in the fine-tuning of ethylene
biosynthesis.

Discussion

In this study, we uncovered a mechanism in which ACS abun-
dance was regulated by the reciprocal antagonistic degradation
of SINAT2 and EOL2 E3 ligases in a BR-dependent manner.
We found that a subset of ACS acts as a scaffold that tethers
SINAT?2 and EOL2, which promotes the degradation of SINAT2
and EOL2, opening an opportunity to investigate the role of ACS
beyond its canonical function in ethylene biosynthesis. It would be
interesting to discover more biological processes that utilize ACS
as a scaffold and to determine whether the enzyme activity of
ACS is required for bridging SINAT2 and EOL2. Our findings
unraveled the unique protein stability regulation mechanism that
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consists of multiple layers of negative feedback loops that enable
the simultaneous and stringent control of the protein stability of
multiple proteins. The substrate-dependent reciprocal degradation
of E3 ligases also introduces a new aspect of protein stability regu-
lation and demonstrates how homeostasis between E3 ligases and
their substrates are maintained in cells.

Our findings also revealed a mechanism that regulates the
crosstalk between ethylene and BR. Here, we showed that 14-3-
3 likely plays a role in the reciprocal degradation between SINAT2
and EOL2 by conveying BR signal into the SINAT-ETO1/EOL
regulatory circuit. All five SINAT isoforms possessed a strong 14—
3-3-binding motif (CRFRPY[T];47CPYA) with a potential phos-
phorylation site (T147 on SINAT?2) (Fig. 44). The T147A muta-
tion in SINAT?2, which did not affect the E3 ligase activity of
SINAT?2, inhibited the reciprocal degradation-mediated ACS
stability regulation in the presence of BR. These results suggest
that the BR-induced phosphorylation of T147 of SINAT2 pro-
motes 14-3-3 recruiting to SINAT2, thereby bridging SINAT2 and
EOL2 for reciprocal degradation. It is also likely that EOL2 could
undergo BR-mediated phosphorylation because 14-3-3 also di-
rectly binds to EOL2 and regulates the stability of EOL2 (12). The
critical role of T147 residue in SINAT2 on ACS and EOL2
turnover regulation in the presence of BR suggests that BR-
activated kinases, such as BRI1 and BAKI1, could be involved in
this regulatory process. Further studies on identifying kinases that
are activated by BR and phosphorylate SINAT and/or ETO1/
EOLSs would allow more insights into BR-induced 14-3-3-medi-
ated ACS protein stability regulation and ethylene-BR crosstalk.
Intriguingly, we found that BR decreases 14-3-3 protein abun-
dance in the dark and during the light-to-dark transition (Fig. 4 G,
H, and I). These results were unexpected considering that 14-3-3
stimulates the reciprocal degradation of SINAT2 and EOL2 in the
presence of BR. However, the dark- or BR-induced down-
regulation of 14-3-3 stability could be another layer of the nega-
tive feedback loop that maintains the cellular protein homeostasis
of ACS and its cognate E3 ligases during carbon starvation by
limiting the availability of 14-3-3 proteins. Moreover, multiple 14—
3-3 isoforms in Arabidopsis may also increase the complexity of the
reciprocal antagonistic regulation of SINAT2 and EOL2. Arabi-
dopsis contains 13 different 14-3-3 isoforms of which we examined
the role of 14-3-3w in this study. Given that 35::Myc-SINAT2™'*4
seedlings showed a hypersensitive response to carbon starvation,
other 14-3-3 isoforms could have a similar role in this process.
However, several studies have demonstrated that different 14-3-3
isoforms often play a distinctive role in plants, which may be related
to their substrate specificity (25, 52-54). In addition to 14-3-3w,
SINAT2, EOL2, and ACSS5 exist as a multigene family; thus, further
studies on whether the role of SINAT2/EOL2/ACS5/14-3-3w can
be extrapolated to the other family members of each protein will
provide more insight into the regulation of ethylene biosynthesis in
response to stress.

Fixed carbon starvation assays demonstrated a link between
the BR-activated SINAT/EOL2 regulatory circuit and plant
stress responses. Plants without SINAT1 and SINAT2 and those
expressing SINAT2 with the T147A mutation showed hyper-
sensitive responses to carbon starvation. The measurement of
the ethylene production in these plants revealed that both plants
produced significantly lower levels of ethylene than the WT plants
after dark treatment. Consistent with these results, ethylene-
overproducing mutants showed enhanced recovery from carbon
starvation (SI Appendix, Fig. S12). However, ethephon treatment
did not rescue the hypersensitive carbon starvation phenotypes of
the sinatlsinat2 (Fig. SE) and inhibited the recovery of WT seed-
lings from starvation. Corroborating these results, ctrl-2 displayed
a hypersensitive response to carbon starvation (SI Appendix, Fig.
S13). Together, these results suggest that neither ethylene levels
nor ethylene signaling plays a role in the hypersensitivity of the
sinatlsinat2 to carbon starvation. Based on our biochemical analysis
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Fig. 6. A model for the SINAT2-ETO1/EOL-mediated regulation of ACS stability in response to starvation stress. Under normal growth conditions, the protein
stability of ACS5 and other type-2 ACS isoforms is negatively regulated by ETO1/EOLs, resulting in low levels of ethylene in Arabidopsis plants. SINAT E3 ligases
suppress autophagy by downregulating the activity and stability of a subset of AUTOPHAGY-RELATED PROTEINSs, thus maintaining the basal levels of
autophagy. The SINAT E3 ligase family also may negatively regulate the stability of ACS5 when their expression is induced by stimuli. Under stress conditions
such as carbon starvation, BR-induced phosphorylation of SINAT2 and/or ETO1/EOLSs recruits 14-3-3 to the complex, which activates the reciprocal degradation
of the E3 ligases, thus increasing the ACS5 protein abundance and autophagy activity by reducing SINAT stability. BR negatively regulates the reciprocal
antagonistic regulation of SINAT2/EOL2/ACS complex via a negative feedback loop in which BR decreases 14-3-3 protein abundance. The thickness of the lines
indicates the strength of the inhibition. Solid or dotted lines represent experimentally confirmed or hypothetical results, respectively. Arrows and blunt lines

indicate activation or inhibition, respectively.

of the SINAT2-mediated regulation of ACS stability, the lower
ethylene levels and hypersensitive carbon starvation response of
sinatlsinat2 and 35S:Myc-SINAT2T147A/sinatlsinat2 are likely
due to the disrupted the cellular protein homeostasis of ACS5/
SINAT2/EOL. The disrupted cellular protein homeostasis of
ACS/SINAT2/EOL2 may further lead to the disturbance of the
homeostasis of other proteins that play a role in carbon star-
vation such as BES1 (33). A recent study has shown that SINAT2
promotes BES1 degradation during carbon starvation, and SINAT
RNA interference lines displayed a hypersensitivity to carbon star-
vation, which may result from the overaccumulation of BES1
protein (33).

In addition, a subset of SINAT proteins has been shown to be
involved in regulating the stability and activity of ATG proteins
that are essential for autophagosome formation and stress re-
sponses (30, 38). SINATS also promote the ubiquitination of the
ESCRT component FREEI, which regulates vacuolar protein
transport and the vacuolar degradation of autophagosomes and
is involved in the plant response to iron deficiency (39-41). Our
results showed that the abundance of SINAT?2 is also regulated
by the reciprocal degradation of SINAT2 and ETO1/EOLs (Fig.
3). Thus, the hypersensitive response of 358::Myc-SINAT"*"*
and 35S8::Myc-SINAT2/acs5acs9 to carbon starvation may have
been, in part, a result of an enhanced SINAT2-mediated down-
regulation of ATG proteins or FREET; both the T147 mutation
in SINAT2 and the lack of ACS5 and ACS9 disrupt the
SINAT2-ETO1/EOL reciprocal degradation, likely leading to
an increase SINAT? stability. Intriguingly, 35S::Myc-SINAT2/
etoleolleol2 and etoleolleol2 showed an opposite carbon star-
vation response to 35S5::Myc-SINAT2/acs5acs9 despite the
possibility that both plants would produce an increased amount
of SINAT?2 (Fig. 5F and SI Appendix, Fig. S12). One possible
explanation for this discrepancy is that stabilized type-2 ACS
proteins in the absence of ETO1/EOL1/EOL2 negatively regulate
SINAT? stability in a manner independent of ETO1EOL1EOL2,
presumably via other unknown E3 ligases or degradation
mechanism(s).

We propose a model in which SINAT2 and ETO1/EOLs con-
trol the stability of ACS and themselves differently during normal
growth and stress conditions (Fig. 6). During normal growth, a
plant maintains low levels of ethylene to promote vegetative
growth. This can be mainly achieved via the down-regulation of
type-2 ACS by ETO1/EOLs. SINAT E3 ligases may negatively act
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on ACS stability when it is stabilized by other stimuli such as light;
otherwise, they mainly suppress autophagy likely by inhibiting a
subset of ATG proteins, thus maintaining the basal level of
autophagy. When under stress, the stress-activated BR signaling
pathway stimulates the reciprocal degradation of SINAT2 and
ETO1/EOLs; 14-3-3 interacts with the BR-induced phosphory-
lated SINAT2, and perhaps the phosphorylated form of ETO1/
EOL as well, bridging the BR signaling pathway and ethylene
biosynthesis. The activation of the reciprocal degradation between
the E3 ligases leads to an increase in type-2 ACS protein abun-
dance. The reciprocal degradation between the E3 ligases also
enhances the activation of autophagy via increased protein sta-
bility or the activity of ATG proteins that result from reduced
SINAT?2 protein levels. The reciprocal antagonistic regulation of
SINAT2 and EOL2 may be negatively regulated by the BR-
mediated destabilization of 14-3-3, presenting the dual function
of 14-3-3 in the process. It is of interest to determine whether
SINAT2 or EOL2 is a cognate E3 ligase for 14-3-3.

In conclusion, our findings revealed that the regulation of ACS
protein stability is a key mechanism that governs the crosstalk
between ethylene biosynthesis, BR, and autophagy. ACS protein
stability is regulated by diverse inputs, including plant hormones
and environmental signals. Given that, ACS could be a central
molecular component that can transduce environmental signals
into the cells via crosstalk with phytohormone pathways, thereby
changing cellular energy levels via autophagy (55).

Materials and Methods

Detailed information, including plant materials and growth conditions, plasmid
construction, steady-state protein level analysis using the Arabidopsis proto-
plast system, protein degradation assays, co-IP, fixed carbon starvation assays,
Y2H, bimolecular fluorescence complementation and colocalization analysis,
fluorescence microscope analysis, immunoblot analysis, ubiquitination assays,
coimmunoprecipitation, qRT-PCR, protein expression and purification, R18
treatment, and ethylene measurement is provided in S/ Appendix, Materials
and Methods.

Data Availability. All study data are included in the paper and S/ Appendix.
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