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Abstract
Changes in plant auxin levels can be perceived and converted into cellular responses by auxin signal transduction. AUXIN/ 
INDOLE-3-ACETIC ACID (Aux/IAA) proteins are auxin transcriptional inhibitors that play important roles in regulating auxin 
signal transduction. The stability of Aux/IAA proteins is important for transcription initiation and downstream auxin-related 
gene expression. Here, we report that the Aux/IAA protein IAA17 interacts with the small ubiquitin-related modifier (SUMO) 
E3 ligase METHYL METHANESULFONATE-SENSITIVE 21 (AtMMS21) in Arabidopsis (Arabidopsis thaliana). AtMMS21 regu-
lated the SUMOylation of IAA17 at the K41 site. Notably, root length was suppressed in plants overexpressing IAA17, whereas 
the roots of K41-mutated IAA17 transgenic plants were not significantly different from wild-type roots. Biochemical data in-
dicated that K41-mutated IAA17 or IAA17 in the AtMMS21 knockout mutant was more likely to be degraded compared with 
nonmutated IAA17 in wild-type plants. In conclusion, our data revealed a role for SUMOylation in the maintenance of IAA17 
protein stability, which contributes to improving our understanding of the mechanisms of auxin signaling.
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Introduction
Auxin is an important hormone involved in plant development 
and environmental adaptation. Plants perceive the changes 
taking place in auxin levels and then convert the signal into 
plant cell responses through the auxin signal transduction path-
way (Yu et al., 2022). In the auxin signal transduction pathway, 
the interaction of AUXIN/INDOLE-3-ACETIC ACIDs (Aux/ 
IAAs) with AUXIN RESPONSE FACTORs (ARFs) can repress 
ARF activity in normal conditions (Salehin et al., 2015). Once 
the auxin receptor receives the auxin signal, Aux/IAAs are de-
graded by the 26S proteasome, which derepresses ARFs and 

initiates an auxin-responsive gene expression cascade (Salehin 
et al., 2015). Auxin signal transduction contributes to plant re-
sponse to environmental changes and adjusts growth and de-
velopment (Lv et al., 2021; Zhang et al., 2022). Therefore, Aux/ 
IAAs play a crucial role in the auxin signal transduction 
pathway.

There are 29 members of the Aux/IAA proteins family in 
Arabidopsis (Arabidopsis thaliana) (Paponov et al., 2008), 
which usually contains 4 conserved Domains I-IV (Li et al., 
2009). Among them, Domain I can be interacted by a 
TOPLESS corepressor to bring about repression function 
(Causier et al., 2012); III and IV are protein–protein 
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interaction domains where ARFs and Aux/IAA proteins inter-
act with each other (Hagen, 2015); these domains enable 
Aux/IAA to inhibit the transcriptional activity of the ARF 
protein. Domain II is the key domain that determines the sta-
bility of the Aux/IAA protein. It contains a conserved “de-
gron” motif, which is the interaction site between Aux/IAA 
and the auxin receptor protein TRANSPORT INHIBITOR 
RESPONSE 1 (TIR1) (Calderon-Villalobos et al., 2010). Once 
the auxin signal is received by the auxin receptor TIR1, the 
interaction between TIR1 protein and Aux/IAA protein is en-
hanced (Dharmasiri et al., 2003). The receptor protein TIR1 is 
also the core component of the SCF ubiquitin ligase 
complex. SCFTIR1 can mediate the Aux/IAA protein into 
the ubiquitination pathway for degradation (Tan et al., 
2007). Consequently, a high concentration of auxin induces 
the degradation of Aux/IAA. The stability of Aux/IAAs is 
an important factor in the auxin signal transduction 
pathway.

Due to the difference in the sequences of Domain II, the 
half-lives of 29 Aux/IAAs and the extent to which their 
half-lives reduce in response to auxin vary greatly 
(Leyser, 2018).

Mutation in Domain II greatly enhances the half-life of 
IAA17, which increases the stability of the protein and fur-
ther affects root stem cell niches and root growth (Rouse 
et al., 1998; Ouellet et al., 2001; Tian et al., 2014). Besides, 
the rate of Aux/IAA degradation can be changed through 
competitive interactions with other proteins. RGA-LIKE 
PROTEIN 3 (RGL3) and TIR1 competitively bind to IAA17 
in the presence of auxin, suggesting that RGL3 plays a role 
in IAA17 stabilization (Shi et al., 2017). Moreover, photoacti-
vated photoreceptors cryptochrome 1 (CRY1) and phyto-
chrome B (phyB) can directly interact with Aux/IAA to 
regulate the hypocotyl elongation by stabilizing the Aux/ 
IAA proteins (Xu et al., 2018). The protein stability of Aux/ 
IAA can also be regulated by posttranslational modification. 
In Arabidopsis, SCFTIR1-mediated ubiquitination marks IAA3 
and IAA16 proteins for degradation (Maraschin Fdos et al., 
2009). In Rice, degradation of OsIAA9 and OsIAA26 is 
mediated by ubiquitination (Chen et al., 2018).

SUMOylation, which involves the transfer of a polypeptide 
small ubiquitin-like modifier (SUMO) onto protein substrates, 
is a type of important posttranslational modification that is wide-
ly found in plants. One of the major functions of SUMOylation is 
regulating protein stability (Verma et al., 2018). Previous research 
has revealed that the T-DNA insertion mutant mms21-1 of 
SUMO E3 ligase METHYL METHANESULFONATE-SENSITIVE 
21 (AtMMS21) exhibits root development defects due to a mis-
regulation of auxin-related transcription factors (Huang et al., 
2009; Ishida et al., 2009; Xu et al., 2013). Mutation of AtMMS21 
affects the gene expression of the downstream auxin signaling 
pathway (Ishida et al., 2009; Xu et al., 2013), suggesting that 
AtMMS21-mediated SUMOylation may be involved in the regu-
lation of the auxin signaling pathway. It has been established that 
SUMOylation is related to the regulation of the auxin signal trans-
duction pathway. SUMOylation modifications in TIR1 and ARF7 

have been discovered and have roles in receptor stability main-
tenance and repressor complex recruitment (Kirsten, 2017; 
Orosa-Puente et al., 2018). However, there is currently no evi-
dence that Aux/IAA can be SUMOylated in plants, which may 
be due to the fact that large members of the Aux/IAA family 
are full of functional redundancy (Kirsten, 2017). The mechanism 
by which SUMOylation regulates the auxin signal transduction 
pathway remains unclear.

In the present study, the SUMOylation of IAA17, a member 
of the Arabidopsis Aux/IAA proteins, is identified and validated. 
Furthermore, we characterize the SUMOylation-mediated sta-
bility of IAA17, which is involved in root growth regulation, 
which contributes to improving our understanding of auxin sig-
nal transduction mechanisms. In all, we discover a key mechan-
ism by which SUMOylation is involved in regulating Aux/IAA 
protein degradation.

Results
IAA17 interacts with AtMMS21 in vitro and in vivo
Previous reports show that AtMMS21 regulates the gene ex-
pression of the downstream auxin signaling pathway (Xu 
et al., 2013). Here, we are interested in revealing whether the 
SUMO E3 ligase AtMMS21 targets key components in the aux-
in signal transduction pathway. Yeast 2-hybrid screen was em-
ployed to identify AtMMS21-interacting proteins involved in 
auxin signal transduction. As key components in the auxin sig-
nal transduction pathway, Aux/IAA family proteins were exam-
ined to reveal their interaction with AtMMS21. The results 
showed that the Aux/IAA protein member IAA17 interacted 
with AtMMS21 in yeast cells (Figure 1A; Supplemental 
Figure 1). To further confirm the physical interaction between 
IAA17 and AtMMS21, an in vitro pull-down assay was imple-
mented. Flag-tagged IAA17 was pulled down by 
GST-AtMMS21 compared with control samples, implying a po-
tential association between IAA17 and AtMMS21 (Figure 1B). 
To further explore their interaction in plant cells, the bimolecu-
lar fluorescence complementation assay (BiFC) was performed. 
Both nYFP-fused AtMMS21 and cYFP-fused IAA17 were co- 
expressed in Arabidopsis protoplasts, and confocal microscopy 
revealed that IAA17 and AtMMS21 interacted in the nucleus 
(Figure 1C). Furthermore, their interaction was validated by a 
co-immunoprecipitation assay using Myc-tagged AtMMS21 
and GFP-tagged IAA17 in transiently expressed protoplasts. 
The result revealed that IAA17-GFP was specifically immuno-
precipitated with Myc-AtMMS21 (Figure 1D). Taken together, 
these results support the conclusion that IAA17 interacts with 
AtMMS21.

AtMMS21 regulates the SUMOylation of IAA17 at 
lysine 41
The interaction of IAA17 with AtMMS21 suggests that IAA17 
may be a substrate for SUMOylation since AtMMS21 is a 
SUMO E3 ligase (Duan et al., 2009). To detect whether 
IAA17 is covalently modified by the SUMO protein, the 
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SUMOylation reaction was performed in a reconstituted 
Escherichia coli system with Arabidopsis SUMOylation ma-
chinery proteins (Okada et al., 2009). In the presence of the 
SUMO E1 and E2 enzyme, a higher molecular weight 
IAA17-Flag signal was detected in the sample containing 
SUMO1 by immunoblotting, indicating that IAA17 is cova-
lently modified by SUMO1 (Figure 2A). According to the 
SUMOylation site prediction of GPS-SUMO 2.0 (Zhao et al., 
2014), the lysine at position 41 of IAA17 has the potential 
for SUMOylation. Thus, we mutated Lys-41 of IAA17 and de-
tected the SUMOylation in E. coli compared with wild-type 
IAA17. Compared with IAA17-Flag, SUMO1-modified 
IAA17K41R-Flag decreased substantially or almost disap-
peared (Figure 2A). To further analyze the SUMOylation of 
IAA17 in plant cells, we performed transient SUMOylation 
experiments in Arabidopsis protoplasts. Firstly, we transiently 
co-expressed YFP-IAA17 with Myc-SUMO1GG (wild-type) or 
Myc-SUMO1AA (a conjugation-deficient mutant) in Arabidopsis 

protoplasts. We then immunoprecipitated YFP-IAA17 with an 
anti-GFP antibody and detected the immunoprecipitated pro-
teins with an anti-Myc antibody. Higher molecular weight 
SUMOylated YFP-IAA17 bands (SUMO1-IAA17) were detected 
when YFP-IAA17 was co-expressed with Myc-SUMO1GG but 
not with Myc-SUMO1AA. This indicates that IAA17 is 
SUMOylated and is a substrate of SUMO1 in plant cells. To fur-
ther verify the SUMO modification site of IAA17 in plant cells, 
the wild-type or Lys-41 mutation version of IAA17 (IAA17K41R) 
was co-expressed with Myc-tagged SUMO1GG in Arabidopsis 
protoplasts (Figure 2B). The anti-Myc antibody detected 
the SUMOylated IAA17 bands in Arabidopsis protoplasts 
cells co-expressing YFP-IAA17 and Myc-SUMO1GG (Figure 2C). 
However, the SUMOylated IAA17 bands were greatly reduced 
in cells co-expressing YFP-IAA17K41R and Myc-SUMO1GG (Figure 
2C). This result reveals that Lys-41 of IAA17 is the main 
site of SUMO1 modification. We previously demonstrated 
that IAA17 interacted with the SUMO E3 ligase AtMMS21, 

Figure 1 AtMMS21 interacts with IAA17. A, The interaction between AtMMS21 (fused with the DNA-binding domain [BD]) and IAA17 (fused with 
the activation domain [AD]) was determined by using a yeast 2-hybrid assay. Twenty millimolar 3-AT (3-amino-1,2,4-triazole) were used to select 
2-hybrid interactions. pBD-53 + pAD-T were co-transformed to yeast cells as positive control, and pBD-Lam + pAD-T were co-transformed as nega-
tive control. B, The interaction between AtMMS21 and IAA17 was detected using an in vitro pull-down assay. GST-AtMMS21 and IAA17-Flag were 
expressed in Escherichia coli. The IAA17-Flag protein associated with the immobilized GST-AtMMS21 was detected by immunoblotting analysis. The 
levels of GST and GST-AtMMS21 were visualized using Coomassie Blue staining. C, The interaction between AtMMS21 and IAA17 was detected by 
using a BiFC assay. AtMMS21 fused with nYFP and IAA17 fused with cYFP were co-expressed in Arabidopsis protoplast. Bars, 10 μm. YFP, the auto-
fluorescence from chloroplasts and bright-field signals were detected and merged. D, The interaction between AtMMS21 and IAA17 in an in vivo 
co-immunoprecipitation assay. 35S:Myc-AtMMS21 and 35S:IAA17-GFP were co-transformed in protoplasts. Total protein extracts were immunopre-
cipitated with anti-GFP beads. The proteins from lysates (left) and immunoprecipitated proteins (right) were detected using an anti-GFP or 
anti-Myc antibody.
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and then we determined whether SUMO modification of 
IAA17 was mediated by AtMMS21. We transiently co- 
expressed YFP-IAA17 with Myc-SUMO1GG in Arabidopsis 
protoplasts of Col-0 and mms21-1. The result shows that 
the SUMOylated IAA17 bands are greatly reduced in the 
mms21-1 background compared with Col-0, suggesting 
that SUMOylation of IAA17 is mediated by AtMMS21 
(Figure 2D).

SUMOylation of IAA17 is necessary for its function in 
root development
Previous reports indicate that the deletion of AtMMS21 re-
sults in a short root phenotype in Arabidopsis (Huang 
et al., 2009); the stable IAA17 mutant axr3 also shows the in-
hibition of root development (Rouse et al., 1998). Due to the 
interaction of AtMMS21 and IAA17, they may co-regulate 
root development. We compared the root development of 
Col-0, mms21-1, IAA17 T-DNA insertion mutants iaa17-1 
and iaa17-2, and IAA17 overexpression lines IAA17-OE1 and 
IAA17-OE2 (Figure 3, A and B). The T-DNA insertion mutants 

iaa17-1 and iaa17-2 did not differ significantly from Col-0 in 
root development at 7 days after germination (DAG) 
(Figure 3, A and B). However, IAA17 overexpression lines 
OE1 and OE2 showed a reduced root length compared 
with Col-0 (Figure 3, A and B). Also, mms21-1 exhibited a 
more severe impaired root growth and development than 
IAA17 overexpression lines. We crossed the mms21-1 mutant 
with IAA17 overexpression lines and compared its root 
length with that of mms21-1. The result showed that the 
root lengths of the hybrid plants and mms21-1 were not sig-
nificantly different (Supplemental Figure 2). This supports 
the notion that AtMMS21 and IAA17 act on the same signal-
ing pathway required for root development and that 
AtMMS21 may be an upstream regulator of IAA17.

To investigate the mechanisms by which AtMMS21 and 
IAA17 affect root growth, we used the GFP-tagged IAA17 
to explore the physiological function of SUMOylated 
IAA17 in Arabidopsis. GFP fused to the N or C terminus of 
the IAA17 protein does not affect the nuclear localization 
and function of IAA17 (Supplemental Figure 3; Moss et al., 

Figure 2 IAA17 is SUMOylated at its K41 residue and mediated by AtMMS21. A, The SUMO conjugation of IAA17 was detected by using a recon-
stituted SUMOylation system in Escherichia coli. Flag-tagged IAA17 or the mutant with Lys-41 was expressed in Escherichia coli. In the presence of E1 
and SUMO1 with or without E2, the unconjugated and SUMO-conjugated IAA17-Flag were detected by using an anti-Flag antibody. B, In vivo 
SUMOylation of IAA17 was detected in Arabidopsis protoplast. YFP-IAA17 and Myc-SUMO1GG or Myc-SUMO1AA were co-transformed in 
Arabidopsis protoplast. Total proteins were immunoprecipitated with an anti-GFP antibody, and the immunoprecipitated proteins were detected 
with anti-GFP and anti-Myc antibodies. C, K41 is a major SUMOylation site of IAA17 in vivo. YFP-IAA17 or YFP-IAA17K41R was co-expressed with 
Myc-SUMO1 in Arabidopsis protoplast. Total proteins were immunoprecipitated with an anti-GFP antibody, and the immunoprecipitated proteins 
were detected with anti-GFP and anti-Myc antibodies. D, SUMOylation of IAA17 is mediated by AtMMS21. YFP-IAA17 and Myc-SUMO1 were co- 
transformed in Col-0 and mms21-1 protoplast. Total proteins were immunoprecipitated with an anti-GFP antibody, and the immunoprecipitated 
proteins were detected with anti-GFP and anti-Myc antibodies.
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2015). We selected transgenic lines with similar constitutive 
transcript levels of wild-type and Lys-41 mutant versions of 
IAA17-GFP for a further comparison of root phenotypes. 
The results showed that the wild-type version of the 
IAA17-GFP transgenic line exhibited a shortened root length 
compared with the Lys-41 mutant and Col-0 (Figure 3, C and 
D; Supplemental Figure 4). However, there is no significant 
difference between Lys-41 mutant IAA17-GFP and Col-0, 
suggesting that only SUMOylated IAA17 serves function 
properly in root growth and development.

Stability of the IAA17 protein is dependent on 
AtMMS21-mediated SUMOylation
The IAA17 gain-of-function mutant axr3 encodes a stable IAA17 
that inhibits root growth and development (Rouse et al., 1998). 
Our data show that only the wild-type IAA17, but not Lys-41 mu-
tant IAA17, inhibits root growth and development. Therefore, 
we hypothesized that the SUMOylation of IAA17 is related to 
the stability of the IAA17 protein. Similar to other Aux/IAA pro-
teins, IAA17 has 4 conserved domains, and Lys-41 residue is lo-
cated outside the conserved domains (Figure 4A). We selected 
transgenic lines with similar constitutive transcript levels of wild- 
type and Lys-41 mutant versions of IAA17-GFP for further deter-
mination of protein levels (Figure 4B; Supplemental Figure 5). 
1-Naphthylacetic acid (NAA) treatment induced the degrad-
ation of IAA17 (Supplemental Figure 6). The protein stabilities 

of the wild-type and Lys-41 mutant versions of IAA17-GFP 
were compared under NAA treatment conditions. Transgenic 
Arabidopsis UBQ:IAA17-GFP/WT and UBQ:IAA17K41R-GFP/WT 
were treated by using a 1/2 Murashige and Skoog (MS) medium 
with or without 100 μM NAA. Immunoblotting analysis showed 
that the wild-type and Lys-41 mutant versions of IAA17-GFP re-
mained stable under 1/2 MS normal conditions (Figure 4, C and 
D). Interestingly, the IAA17K41R-GFP signal decreased rapidly 
after NAA treatment, whereas the wild-type IAA17-GFP 
showed a higher stability (Figure 4, E and F). To further verify 
that SUMOylation-mediated stabilization of IAA17 is indeed 
related to the proteasomal degradation pathway, transgenic 
plants were treated with 1/2 MS containing 100 µM NAA 
and 100 µM MG132. The GFP signal of UBQ:IAA17-GFP/WT 
and UBQ:IAA17K41R-GFP/WT showed no degradation, indicat-
ing that the SUMOylation of IAA17 is resistant to the 26S pro-
teasomal degradation pathway (Figure 4, G and H).

To further confirm that the stability of IAA17 is regulated 
by AtMMS21-mediated SUMOylation, we compared the sta-
bility of the IAA17 protein in Col-0 and mms21-1 back-
grounds. Transgenic Arabidopsis UBQ:IAA17-GFP/WT and 
UBQ:IAA17-GFP/mms21-1 were treated by 1/2 MS with or 
without 100 μM NAA. Compared with the control group 
(Figure 5, A and B), the IAA17-GFP signal in the mms21-1 back-
ground rapidly decreased after NAA treatment (Figure 5, C and 
D). However, the IAA17 protein in Col-0 showed a higher 

Figure 3 SUMOylation of IAA17 is involved in root development. A, The phenotypes of root developmental defect in mms21-1 and IAA17 over-
expression lines (OE). The photograph was taken 7 days after germination. Bar, 1 cm. B, The measurement of the root lengths of Col-0, mms21-1, OE1, 
OE2, and T-DNA insertion mutants iaa17-1 and iaa17-2. The data are means ± SD from at least 15 seedlings in 3 biological independent experiments. 
**P < 0.01, ***P < 0.001, Student’s t test. C, The phenotypes of the root development of Col-0, UBQ:IAA17-GFP/WT, and UBQ:IAA17K41R-GFP/WT. The 
photograph was taken 7 days after germination. Bar, 1 cm. D, The measurement of the root lengths of Col-0, UBQ:IAA17-GFP/WT, and UBQ: 
IAA17K41R-GFP/WT. The data are means ± SD from at least 15 seedlings in 3 biological independent experiments. ***P < 0.001, Student’s t test.
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stability than that in the mms21-1 background (Figure 5, C and 
D). To prove that the rapid degradation of IAA17 in mms21-1 is 
also via the 26S proteasome, UBQ:IAA17-GFP/WT and UBQ: 
IAA17-GFP/mms21-1 were treated with 1/2 MS containing 
100 µM NAA and 100 µM MG132. Immunoblotting analysis 
showed that MG132 inhibited IAA17 degradation in 
mms21-1, revealing that AtMMS21-medatied SUMOylation of 
IAA17 regulates protein stability by affecting the 26S proteaso-
mal degradation pathway (Figure 5, E and F).

To further investigate the degradation of the IAA17 protein 
under NAA treatment conditions, the GFP intensity in the roots 
of UBQ:IAA17-GFP/WT, UBQ:IAA17K41R-GFP/WT, and UBQ: 

IAA17-GFP/mms21-1 were compared (Figure 5G). The GFP in-
tensity decreased rapidly under NAA treatment in UBQ: 
IAA17K41R-GFP/WT and UBQ:IAA17-GFP/mms21-1. However, it 
was more stable in UBQ:IAA17-GFP/WT under NAA treatment. 
Taken together, the AtMMS21-mediated SUMOylation of 
IAA17 increases the stability of the IAA17 protein.

SUMOylation of IAA17 inhibits the ubiquitination of 
IAA17
Previous studies have shown that Aux/IAAs interact with ARFs 
to repress ARF activity (Salehin et al., 2015), and IAA17 

Figure 4 SUMOylation of IAA17 inhibits IAA17 degradation. A, Schematic diagram of an IAA17 protein structure. The relative positions of Domains 
I, II, III, and IV in the IAA17 protein structure are indicated. S, the position of the SUMOylation site, K41. B, Gene expression of IAA17 in UBQ: 
IAA17-GFP/WT and UBQ:IAA17K41R-GFP/WT. The relative expression of IAA17 in UBQ:IAA17-GFP/WT and UBQ:IAA17K41R-GFP/WT was detected 
by RT-PCR. Actin2 was used as a loading control. C, IAA17 protein levels in UBQ:IAA17-GFP/WT and UBQ:IAA17K41R-GFP/WT. UBQ:IAA17-GFP/ 
WT and UBQ:IAA17K41R-GFP/WT were treated with 1/2 MS for 0, 10, and 20 min. The protein levels of IAA17-GFP in the seedlings were detected 
by immunoblotting analysis using a GFP antibody. The loading controls from Coomassie Blue staining are shown at the bottom. D, Quantification of 
an IAA17-GFP blot in (C). The quantification of IAA17-GFP in 0 min is set to 1. The data are means ± SD from 2 biological independent experiments. 
E, IAA17 protein levels in UBQ:IAA17-GFP/WT and UBQ:IAA17K41R-GFP/WT under NAA treatment. UBQ:IAA17-GFP/WT and UBQ:IAA17K41R-GFP/ 
WT were treated with 1/2 MS containing 100 µM NAA for 0, 10, and 20 min. The protein levels of IAA17-GFP in the seedlings were detected by 
immunoblotting analysis using a GFP antibody. The loading controls from Coomassie Blue staining are shown at the bottom. F, Quantification 
of the IAA17-GFP blot in (E). The quantification of IAA17-GFP in 0 min is set to 1. The data are means ± SD from 2 biological independent experiments. 
*P < 0.05, ***P < 0.001, Student’s t test. G, IAA17 protein levels in UBQ:IAA17-GFP/WT and UBQ:IAA17K41R-GFP/WT under NAA and MG132 treatment. 
UBQ:IAA17-GFP/WT and UBQ:IAA17K41R-GFP/WT were treated with 1/2 MS containing 100 µM NAA and 100 µM MG132 for 0, 10, and 20 min. The 
protein levels of IAA17-GFP in the seedlings were detected by immunoblotting analysis using a GFP antibody. The loading controls from Coomassie Blue 
staining are shown at the bottom. H, Quantification of the IAA17-GFP blot in (G). The quantification of IAA17-GFP in 0 min is set to 1. The data are 
means ± SD from 2 biological independent experiments. NAA, 1-Naphthylacetic acid.
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interacts with ARF6 (Mao et al., 2020). To further verify 
whether the SUMOylation-mediated degradation of IAA17 af-
fects downstream gene expression, the gene expressions of 
ARF6-binding targets ACS5 and PRE1 were detected by 
RT-qPCR (Oh et al., 2014). The results showed that the 

transcriptional levels of ACS5 and PRE1 were repressed 
in wild-type IAA17-GFP overexpression plants but not 
in IAA17-GFP overexpression plants mutated at the 
SUMOylation site (Figure 6A). IAA17 overexpression also 
failed to suppress the gene expression of ARF6-binding 

Figure 5 AtMMS21 mediates the SUMOylation of IAA17 regulating IAA17 degradation. A, IAA17 protein levels in UBQ:IAA17-GFP/WT and UBQ: 
IAA17-GFP/mms21-1. UBQ:IAA17-GFP/WT and UBQ:IAA17-GFP/mms21-1 were treated with 1/2 MS for 0, 10, and 20 min. The protein levels of 
IAA17-GFP in the seedlings were detected by immunoblotting analysis using a GFP antibody. The loading controls from Coomassie Blue staining are shown 
at the bottom. B, Quantification of the IAA17-GFP blot in (A). The quantification of IAA17-GFP in 0 min is set to 1. The data are means ± SD from 2 
biological independent experiments. C, IAA17 protein levels in UBQ:IAA17-GFP/WT and UBQ:IAA17-GFP/mms21-1 under NAA treatment. UBQ: 
IAA17-GFP/WT and UBQ:IAA17-GFP/mms21-1 were treated with 1/2 MS containing 100 µM NAA for 0, 10, and 20 min. The protein levels of 
IAA17-GFP in the seedlings were detected by immunoblotting analysis using a GFP antibody. The loading controls from Coomassie Blue staining are shown 
at the bottom. D, Quantification of the IAA17-GFP blot in (C). The quantification of IAA17-GFP in 0 min is set to 1. The data are means ± SD from 2 
biological independent experiments. *P < 0.05, ***P < 0.001, Student’s t test. E, IAA17 protein levels in UBQ:IAA17-GFP/WT and UBQ:IAA17-GFP/ 
mms21-1 under NAA and MG132 treatment. UBQ:IAA17-GFP/WT and UBQ:IAA17-GFP/mms21-1 were treated with 1/2 MS containing 100 µM NAA 
and 100 µM MG132 for 0, 10, and 20 min. The protein levels of IAA17-GFP in the seedlings were detected by immunoblotting analysis using a GFP anti-
body. The loading controls from Coomassie Blue staining are shown at the bottom. F, Quantification of the IAA17-GFP blot in (E). The quantification of 
IAA17-GFP in 0 min is set to 1. The data are means ± SD from 2 biological independent experiments. G, IAA17-GFP signals in the roots of UBQ:IAA17-GFP/ 
WT, UBQ:IAA17K41R-GFP/WT, and UBQ:IAA17-GFP/mms21-1 seedlings under NAA treatment. Five-day-old seedlings were treated with 100 µM NAA for 
5 min. and the GFP signals were observed and collected via microscopy with the same settings. Bars, 50 μm. NAA, 1-Naphthylacetic acid.
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targets in AtMMS21 knockout mutants (Figure 6A). This re-
sult is consistent with the conclusion that SUMOylation of 
IAA17 is critical for its molecular function in regulating 
IAA17 degradation.

To further investigate how the SUMOylation of IAA17 
regulates the auxin signaling pathway, the interaction be-
tween IAA17 and downstream ARF6 was tested by 
co-immunoprecipitation. Immunoblot analysis showed that 
IAA17 mutated at the SUMOylation site exhibited the 
same interaction with ARF6 compared with wild-type 

IAA17 (Figure 6B), indicating that SUMOylation does not af-
fect the interaction with ARF6.

Degradation of the Aux/IAA protein depends on the ubiqui-
tination pathway (Tan et al., 2007). To further investigate 
whether the SUMOylation of IAA17 regulates the stability of 
the IAA17 protein by affecting the ubiquitination pathway, 
we performed an immunoprecipitation experiment in UBQ: 
IAA17-GFP/WT, UBQ:IAA17K41R-GFP/WT, and UBQ:IAA17-GFP/ 
mms21-1 plants using anti-GFP beads. Immunoblot analysis 
showed that IAA17 SUMOylation site mutation or AtMMS21 

Figure 6 IAA17 SUMOylation regulates the expression of downstream genes by affecting ubiquitination. A, The transcript levels of ACS5 and PRE1 in 
UBQ:IAA17-GFP/WT, UBQ:IAA17K41R-GFP/WT, and UBQ:IAA17-GFP/mms21-1 transgenic plants. RNA was prepared from 7-day-old seedlings. Actin2 
was used as an internal control. The error bars indicate the ± SD of 3 independent assays. B, The interaction of IAA17 and IAA17K41R with ARF6. The 
effect of SUMOylation on the interaction between IAA17 and ARF6 was detected via immunoprecipitation. C, The ubiquitination levels of IAA17 in 
UBQ:IAA17-GFP/WT, UBQ:IAA17K41R-GFP/WT, and UBQ:IAA17-GFP/mms21-1 transgenic plants were detected by immunoprecipitation. The total 
proteins were extracted from 7-day-old seedlings of UBQ:IAA17-GFP/WT, UBQ:IAA17K41R-GFP/WT, and UBQ:IAA17-GFP/mms21-1. The protein ex-
tracts were incubated with GFP beads. After washing, the precipitated signals were measured via immunoblotting analysis with a GFP or ubiquitin 
antibody.
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knockout enhanced IAA17 ubiquitination (Figure 6C), indicat-
ing that SUMOylation blocks IAA17 ubiquitination.

SUMOylation of IAA17 reduces under auxin 
treatment
Due to the fact that auxin induces the degradation of 
IAA17 (Dreher et al., 2006), what follows is whether auxin 
is involved in the degradation of IAA17 by affecting the 
SUMOylation level of the IAA17 protein. To further inves-
tigate the link between IAA17 SUMOylation and auxin 
pathway signaling, we compared the SUMOylation level 
of IAA17 under control and NAA treatment conditions 
(Figure 7A). YFP-IAA17 and Myc-SUMO1GG were co- 
expressed in Arabidopsis protoplasts followed by treat-
ment with 100 µM NAA. The SUMOylated YFP-IAA17 
bands (IAA17-SUMO1) under normal and NAA treatment 
conditions were compared. The immunoblotting results 
showed that the SUMOylation of IAA17 reduced under 
NAA treatment, suggesting that high auxin levels might 
lead to a de-SUMOylation of IAA17.

To further verify whether high auxin levels reduce the 
SUMOylation of IAA17 in plants, the roots of transgenic plants 
under NAA treatment were compared (Figure 7B). Under nor-
mal conditions, the root length of UBQ:IAA17-GFP/WT reduced 
more than that of the Col-0 and Lys-41 mutant versions 
of IAA17-GFP (Figure 7C). However, the root length difference 
between UBQ:IAA17-GFP/WT and UBQ:IAA17K41R-GFP/WT re-
duced under NAA treatment (Figure 7C). The root elongation 
rate also indicated that the dysplastic root growth phenotype 
of UBQ:IAA17-GFP/WT was partially restored under NAA treat-
ment (Figure 7C and D). Taken together, our results suggest 
that auxin reduces the SUMOylation of IAA17 and that 
IAA17 with a reduced SUMOylation level is more likely to be 
degraded.

Discussion
The Aux/IAA family repressor proteins are an integral part of 
the auxin signaling machinery. In the presence of auxin, Aux/ 
IAAs are degraded by the action of the ubiquitin E3 ligase 
SCFTIR1/AFB, resulting in a derepression of ARF transcription 
(Salehin et al., 2015; Weijers and Wagner, 2016). Therefore, 
the stability of Aux/IAA is crucial for its function as transcrip-
tional repressors in auxin signaling. Although the mechan-
isms of Aux/IAA degradation are well known, the factors 
that regulate Aux/IAA stability remain unclear. In this study, 
we validated the interaction of IAA17 and AtMMS21 and 
identified AtMMS21-mediated SUMOylation of IAA17. We 
further characterized the regulatory mechanism by which 
SUMOylation enhances the stability of the IAA17 protein.

We identified the SUMOylation of IAA17 in vivo and in vi-
tro and found that there were at least 2 SUMO-modified 
bands of IAA17 as shown by the immunoblotting analysis 
(Figure 2B), suggesting that IAA17 is a multiple 
SUMO1-modified protein in Arabidopsis. The Lys-41 

mutation of IAA17 causes an attenuation of 2 SUMO modi-
fication bands (Figure 2C). However, K41-mutated IAA17 still 
has weak SUMO modifications, suggesting that IAA17 may 
have other SUMO1 modification sites in addition to the 
main SUMOylation site of Lys-41. Immunoblotting analysis 
revealed that the SUMO modification bands attenuated ra-
ther than vanished in the mms21-1 mutant (Figure 2D), indi-
cating that AtMMS21 knockout results in a decreased 
SUMOylation of the IAA17 protein. Although AtMMS21 
mediates the SUMOylation of IAA17, we cannot exclude 
the possibility that the SUMO-conjugating enzyme E2 or 
other SUMO ligases may co-regulate the SUMOylation of 
IAA17 with AtMMS21 in plants.

SUMOylation contributes to regulating protein stability, 
and SUMO may indulge in an interplay with ubiquitin to in-
hibit ubiquitin-dependent degradation (Zhang et al., 2017; 
Wang et al., 2018, 2020). Similarly, we found that IAA17 sta-
bility was regulated by SUMOylation by blocking IAA17 ubi-
quitination (Figures 4–6C). Interestingly, we found that the 
SUMOylation site, K41, was located near Domain II, which 
is important for IAA17 degradation. Domain II contains a 
conserved “degron” motif, which is the interaction site be-
tween IAA17 and the auxin receptor protein TIR1 (Tan 
et al., 2007). TIR1 also acts as a core component of the SCF 
ubiquitin ligase complex, leading to IAA17 ubiquitination 
and proteasomal degradation (Tan et al., 2007). Previous 
studies have shown that mutation in Domain II of IAA17 dis-
rupts the interaction with TIR1 and increases the stability of 
IAA17 (Gray et al., 2001; Ouellet et al., 2001). The mutation of 
K41 affects the stability of IAA17, even though the 
SUMOylation site, K41, is not in the sequence of Domain II. 
In addition, the protein stability of IAA17-GFP also reduces 
in mms21-1 mutant plants. Therefore, SUMO attachment 
may disrupt the interaction between IAA17 and TIR1, thereby 
suppressing the ubiquitin-dependent degradation of IAA17. In 
future work, it will be interesting to determine whether the 
interaction between IAA17 and TIR1 is SUMO-dependent.

Previous studies have shown that SUMOylation plays a 
critical role in regulating the auxin signal transduction path-
way (Orosa-Puente et al., 2018). ARF7 is rapidly SUMOylated 
after auxin treatment, and subsequently SUMOylated ARF7 
interacts with IAA3 to regulate the initiation of lateral roots 
(Orosa-Puente et al., 2018). However, the SUMOylation sta-
tus of IAA3, IAA18, and IAA28 was investigated, and it was 
found that none of these Aux/IAA proteins was 
SUMOylated in planta (Kirsten, 2017). Although Aux/IAAs 
at the center of an auxin signaling network have been exten-
sively studied, 29 Aux/IAAs with distinct auxin response 
characteristics exist in Arabidopsis. It is plausible that differ-
ent Aux/IAA members have a specific regulatory mechanism 
in auxin signaling. Previous studies showed auxin increased 
the degradation of IAA17 (Gray et al., 2001, 2003). We found 
that the SUMOylation of IAA17 reduced under auxin treat-
ment. IAA17 with reduced SUMOylation is more likely to 
be degraded. We hypothesized that when plants receive 
the auxin signal, the SUMO modifier on IAA17 is removed 
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by the SUMO protease, thereby reducing the stability of 
IAA17. However, which protease cleaves SUMO from the 
IAA17 protein remains unknown.

In conclusion, our studies reveal that AtMMS21-mediated 
SUMOylation of IAA17 stabilizes the IAA17 protein, regulat-
ing auxin signaling transduction and root development. 

Figure 7. Auxin reduces the SUMOylation level of IAA17. A, In vivo SUMOylation of IAA17 was detected in Arabidopsis protoplast treated with or 
without 100 µM NAA. YFP-IAA17 and Myc-SUMO1 were co-transformed in Arabidopsis protoplast. The transformed Arabidopsis protoplasts were 
treated with 100 µM NAA for 30 min. Total proteins were immunoprecipitated with an anti-GFP antibody, and the immunoprecipitated proteins 
were detected with anti-GFP and anti-Myc antibodies. B, The root length of 14-day-old seedlings grown at 1/2 MS or 1/2 MS supplemented 10 nM 
NAA. The photo was taken 10 days after germination. Bars, 1 cm. C, The measurement of the root length of 10-day-old seedlings grown at 1/2 MS or 
1/2 MS supplemented 10 nM NAA. The data are means ± SD from at least 15 seedlings in 3 biological independent experiments. *P < 0.05, ***P < 
0.001, Student’s t test. NAA, 1-Naphthylacetic acid. D, relative root elongation rate comparison with control and NAA treatment. The ratio of the 
root length under NAA treatment and control conditions is calculated as the relative root elongation rate. The error bars indicate the SD of 3 bio-
logical repeats. **P < 0.01, ***P < 0.001, and Student’s t test. E, Proposed model for AtMMS21-mediated SUMOylation of IAA17 involved in the auxin 
signaling pathway. This model is based on the information provided in this study and the references cited in the discussion.
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Therefore, we propose a model in which the SUMOylation of 
IAA17 regulates auxin signaling (Figure 7E). In normal condi-
tions, IAA17 is SUMOylated by the SUMO E3 ligases 
AtMMS21. SUMO attachment disrupts the degradation of 
IAA17. When plants receive the auxin signal, SUMOylation 
of IAA17 decreases, leading to a 26S proteasomal degrad-
ation of IAA17 and a derepression of transcription by ARF. 
Subsequently, auxin-responsive genes associated with root 
development are expressed, which helps plants respond to 
auxin signals.

Materials and methods
Plant materials and growth conditions
Arabidopsis (Arabidopsis thaliana) seeds of Columbia-0 
(Col-0, wild-type) and mms21-1 (CS848340) were isolated as 
described previously (Huang et al., 2009). The seeds of knock-
out mutants iaa17-1 (SALK_065697) and iaa17-2 
(SALK_011820) and transgenic IAA17-OE1 and IAA17-OE2 
were provided by the Shi Laboratory (Shi et al., 2015). The 
IAA17-OE/mms21-1 mutants were generated by genetic cross-
ing. For the observation of IAA17 in stable transgenic plants, 
the full-length coding region of IAA17 was amplified and 
cloned into the pCAMBIA1300-GFP vector to express 
IAA17-GFP under the control of a UBQ10 promoter. 
Transgenic plants were generated by Agrobacterium 
tumefaciens-mediated transformation via the floral dip meth-
od (Clough and Bent, 1998) and selected on Murashige and 
Skoog (MS) medium plates in the presence of antibiotics. 
Homozygous lines were used in the experiments.

Seeds were surface-sterilized using 75% ethanol for 2 min 
followed by 5 min in 2.5% sodium hypochlorite solution, 
rinsed 5 times with sterile water, plated on MS plates with 
1.5% sucrose and 0.8% agar, and then stratified at 4°C in dark-
ness for 3 days. Plants were grown under long-day conditions 
(16 h of light/8 h of dark) at 22°C.

Yeast 2-hybrid assay
Yeast 2-hybrid assays were performed according to the man-
ufacturer’s instructions for the Matchmaker GAL4-based 
Two-Hybrid System 3 (Clontech). The coding sequence 
(CDS) of IAA17 was cloned into the pGBKT7 vector. The 
CDS of AtMMS21 was cloned into the pGADT7 vector. 
Protein interactions were tested by using a stringent method 
of selection (synthetic-defined minimal yeast media/–Leu/– 
Trp/–His) with 5, 10, 15, or 20 mM 3-amino-1,2,4-triazole. 
pBD-53 + pAD-T were co-transformed into yeast cells as posi-
tive controls, and pBD-Lam + pAD-T were co-transformed as 
negative controls. The primers used in this study are listed in 
Supplemental Data set 1.

In vitro pull-down assay
The CDS of AtMMS21 was cloned into pGEX4T-1 and the CDS 
of IAA17 fused with a Flag tag was cloned into pCDFDuet-1. 
The proteins were then separately expressed in BL21(DE3). 

The pull-down assay was conducted following the same 
protocol described previously (Jiang et al., 2019).

Bimolecular fluorescent complementation assay
To analyze the interaction of IAA17 and AtMMS21, a BiFC 
(Bimolecular Fluorescent Complimentary) assay was per-
formed. The CDS of AtMMS21 was cloned into the 
pSAT6-nEYFP vector, and the CDS of IAA17 was cloned 
into the pSAT6-cEYFP vector. Protoplast transformation 
was performed as described previously (Yoo et al., 2007). 
After transformation, the YFP signals were examined by con-
focal microscopy (Leica LSM800). Excitation/emission wave-
lengths 514 nm/530 to 600 nm were set in this experiment.

Co-immunoprecipitation assays
To analyze the interaction of IAA17 and AtMMS21, 
co-immunoprecipitation (CO-IP) assays were performed as 
described previously (Wang et al., 2020). IAA17-GFP and 
Myc-AtMMS21 were transiently co-expressed in Arabidopsis 
protoplasts. Total proteins were prepared in the CO-IP ex-
traction buffer containing 150 mM NaCl, 50 mM Tris–HCl 
(pH 7.5), 1 mM MgCl2, 20% [v/v] glycerol, 0.2% [v/v] 
Nonidet P-40, and 1× Protease Inhibitor Cocktail (Roche, 
#04693159001). After centrifugation at 13,000×g for 
15 min, the supernatant was collected and incubated with 
anti-GFP affinity beads at 4°C for 2 h. After incubation, the 
affinity beads were collected and rinsed 5 times with a wash-
ing buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM 
MgCl2, 20% [v/v] glycerol, and 0.02% [v/v] Nonidet P-40). 
The immunoprecipitated proteins were detected with 
anti-GFP and anti-Myc antibodies.

SUMOylation assay
The in vitro SUMOylation assay in E. coli was performed as 
previously described (Okada et al., 2009). IAA17-Flag was 
cloned into pCDFDuet-1 and then transformed for expression 
in the bacteria carrying pET28-SAE1a-His6-AtSAE2 (E1) with 
pACYCDuet-1-SUMO1GG or pACYCDuet-1-SCE1-SUMO1GG. 
Cells were harvested and used for immunoblotting analysis 
with an anti-Flag antibody (TransGen Biotech). The in vivo 
SUMOylation assay was performed as previously described 
with modifications (Niu et al., 2019). In brief, YFP-IAA17 
and Myc-SUMO1 were each cloned into the pBluescript vec-
tor. YFP-IAA17 and Myc-SUMO1GG or SUMO1AA were transi-
ently co-expressed in Arabidopsis protoplasts. Cells were 
harvested and extracted in an extract buffer containing 
50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM MgCl2, 
20% [v/v] glycerol, 0.2% [v/v] Nonidet P-40, 20 mM 
N-ethylmaleimide, and 1× Protease Inhibitor Cocktail 
(Roche, #04693159001). The protein extracts were incubated 
in anti-GFP affinity beads at 4°C for 2 h. The immunoprecipi-
tated proteins were detected with anti-GFP and anti-Myc 
antibodies.
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Gene expression and protein level analyses
RNA was extracted using the Plant RNAprep Pure Kit 
(Magen) following the manufacturer’s instructions. RNA 
was reverse-transcribed using a PrimeScript RT reagent kit 
(Takara), and the resulting cDNA was used in RT-qPCR using 
SYBR Premix Ex Taq (Takara) in a Bio-Rad CFX 96 system 
(C1000 thermal cycler) and detected by using Bio-Rad CFX 
Manager software.

Total proteins were extracted by adding a protein sample 
buffer (250 mM Tris–HCl pH = 6.8, 40% [v/v] glycerol, 8% [v/ 
v] SDS, 5% [v/v] β-mercaptoethanol, 0.04% [v/v] bromphenol 
blue) to ground materials and boiling for 5 min. The extracts 
were then subjected to SDS–PAGE. The levels of GFP-tagged 
IAA17 were detected through immunoblotting analysis using 
an anti-GFP antibody (TransGen Biotech).

Statistical analysis
The data in this article are means ± SD from 3 independent 
experiments. Significance analysis was performed using 
Student’s t test via GraphPad Prism 8: *P < 0.05; **P < 0.01; 
and ***P < 0.001.

Accession numbers
Sequence data from this article can be found in the 
GenBank/EMBL data libraries under the following accession 
numbers: AtMMS21 (At3G15150), IAA17 (AT1G04250), SUMO1 
(At4G26840), ACS5 (AT5G65800), PRE1 (AT5G39860), and 
UBQ10 (At4G05320).
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