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P L A N T  S C I E N C E S

A dynamic ubiquitination balance of cell proliferation 
and endoreduplication regulators determines plant 
organ size
Ying Chen1,2, Mattias Vermeersch1,2, Jelle Van Leene1,2, Geert De Jaeger1,2,  
Yunhai Li3, Hannes Vanhaeren1,2,4*

Ubiquitination plays a crucial role throughout plant growth and development. The E3 ligase DA2 has been re-
ported to activate the peptidase DA1 by ubiquitination, hereby limiting cell proliferation. However, the molecular 
mechanisms that regulate DA2 remain elusive. Here, we demonstrate that DA2 has a very high turnover and auto- 
ubiquitinates with K48- linkage polyubiquitin chains, which is counteracted by two deubiquitinating enzymes, 
UBIQUITIN- SPECIFIC PROTEASE 12 (UBP12) and UBP13. Unexpectedly, we found that auto- ubiquitination of DA2 
does not influence its stability but determines its E3 ligase activity. We also demonstrate that impairing the protease 
activity of DA1 abolishes the growth- reducing effect of DA2. Last, we show that synthetic, constitutively activated 
DA1- ubiquitin fusion proteins overrule this complex balance of ubiquitination and deubiquitination and strongly 
restrict growth and promote endoreduplication. Our findings highlight a nonproteolytic function of K48- linked 
polyubiquitination and reveal a mechanism by which DA2 auto- ubiquitination levels, in concert with UBP12 and 
UBP13, precisely monitor the activity of DA1 and fine- tune plant organ size.

INTRODUCTION
After the synthesis and folding of proteins, their function and fate 
can be affected by a broad range of posttranslational modifications 
(PTMs), which offer a broad array of flexible fine- tuning in the pro-
teomic landscape. Although PTMs can be irreversible, such as cleav-
age by endo-  and exoproteases, resulting in the protein’s maturation 
(1, 2), relocalization (3), or degradation (4, 5), most of the PTMs are 
reversible, which allows a swift and dynamic tweaking of the pro-
teome and greatly avoids the energy- demanding synthesis of new 
proteins. Among the more than 200 PTMs, ubiquitination plays a 
fundamental role in various eukaryotic biological processes by modu-
lating protein stability, activity and localization, protein complex 
assembly, and DNA repair (6–10).

Ubiquitination is mediated by an enzymatic cascade, including 
ubiquitin- activating enzymes (E1), ubiquitin- conjugating enzymes 
(UBC and E2), and ubiquitin ligases (E3) (11). First, the 76–amino 
acid polypeptide ubiquitin is activated by an E1 in an adenosine 
5′- triphosphate (ATP)–dependent manner and transferred to an E2. 
Subsequently, the substrate- determining E3 ligase brings the E2 
in proximity of a target protein and facilitates the covalent binding 
of the ubiquitin molecule on a lysine residue. Monoubiquitinations 
can be further extended on one of the seven lysine residues of ubiq-
uitin (K6, K11, K27, K29, K33, K48, and K63) or on the N- terminal 
methionine by additional covalently linked ubiquitin molecules, 
hereby forming single or branched ubiquitin chains (12, 13). These 
various types of ubiquitination, such as monoubiquitination, 
multi- monoubiquitination, and polyubiquitination with different 
ubiquitin chain linkages, can trigger various effects on the modified 

proteins. For example, K48-  and K11- linked chains are typically 
associated with proteasomal degradation (14, 15); K63- linked chains 
are known to regulate proteasome- independent pathways, such as 
autophagy, signal transduction, and DNA repair (16–18). Besides 
homotypic chains, in which the ubiquitin molecules are consistently 
linked to the same acceptor site of the previous ubiquitin, hetero-
typic ubiquitin chains have been shown to direct proteolytic as well 
as nonproteolytic signaling (19). E2 enzymes play a crucial role in 
determining the linkage specificity of the polyubiquitin chain (19–
21). For instance, the human E2s Ube2C/UbcH10 and Ube2S (15, 
22) and the Arabidopsis homolog UBC22 (23) are able to catalyze 
K11- linked ubiquitination. An in vitro ubiquitination assay showed 
that AtUBC10 can conjugate both K48 and K63 linkages, while 
AtUBC35 mostly prefers K63 sites (24).

E3 ligases are the most diverse protein group of the ubiquitina-
tion cascade. While more than 600 genes are predicted to encode 
E3 ligases in the human genome and 70 genes in yeast, Arabidopsis 
encodes approximately 1400 (5, 25), indicating the prominent role 
of the ubiquitination machinery in plant proteostasis. E3 ligases 
can be subdivided into three groups: the homology to E6- AP C- 
terminal type, the really interesting new gene (RING)/U- box domain 
type, and the RING- between- RING (RBR) type (26). Most of the 
E3 ligases contain a RING domain, which is essential for their inter-
action with the E2~ubiquitin intermediates (5) and for their own 
auto- ubiquitination (27). Several studies in humans and Arabidopsis 
have demonstrated that E3 ligases regulate their own stability by 
auto- ubiquitination (28–30).

Ubiquitination is a dynamic and reversible modification. Deu-
biquitination enzymes (DUBs) can process ubiquitin precursors, 
recycle ubiquitin, or polyubiquitin chains and proofread ubiquitin con-
jugation (31). According to their protein domains and action mecha-
nisms, DUBs can be divided into seven subfamilies: the ubiquitin 
C- terminal hydrolases (UCHs), the ubiquitin- specific proteases (USPs/
UBPs), the ovarian tumor domain–containing proteases (OUTs), the 
Josephin domain–containing proteases (MJDs), zinc finger with UFM1- 
specific peptidase domain proteases (ZUFSPs), motif- interacting with 
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ubiquitin- containing novel DUB family (MINDY), and JAB1/MPN/
MOV34 metalloenzymes (JAMMs) (32, 33). In different species, the 
number of E3 ligases surpasses the variety of DUBs, but this differ-
ence is notably pronounced in plants. In humans and yeast, around 
100 and 20 DUBs, respectively, are described, whereas only 64 DUBs 
have been identified so far in Arabidopsis (34, 35), indicating that 
DUBs can target various substrates in different contexts. Studies on 
the role of DUBs in plants have substantially gained momentum in 
the past years, highlighting the impact of these enzymes on develop-
ment (36). For example, UBP6 and UBP7 deubiquitinate the transcrip-
tional coactivator NONEXPRESSOR OF PATHOGENESIS RELATED 
GENES 1, hereby increasing its stability and downstream responses 
(37). UBP14 interacts with ULTRAVIOLET- B INSENSITIVE4, a 
negative regulator of the anaphase- promoting complex/cyclosome 
(38), and stabilizes CYCLIN- DEPENDENT KINASE B1;1 to restrict 
endoreduplication (39). Plant growth is reduced in ubp15 mutants, 
whereas overexpression of UBP15 increases cell proliferation and 
leads to larger organs (40, 41). UBP12 and UBP13, which share more 
than 90% of sequence similarity and work redundantly (42), have 
recently been shown to be involved in several regulatory pathways. 
UBP12 and UBP13 deubiquitinate and stabilize several key players 
in development and hormone signaling (32). For example, UBP12 
and UBP13 promote jasmonate signaling by reducing the degradation 
of the transcription factor MYC2 (43), enhance brassinosteroid sig-
naling by reducing the turnover of BRASSINOSTEROID INSENSI-
TIVE 1 (BRI1) (44) and BRI1- EMS- SUPPRESSOR 1 (BES1) (45, 46), 
and regulate abscisic acid signaling by stabilizing VACUOLAR 
PROTEIN SORTING 23A (VPS23A) and its E3 ligase XB3 ortholog 
5 in Arabidopsis (XBAT35.2) (47). UBP12 and UBP13 are also cru-
cial for maintaining root meristem development by increasing the 
stability of ROOT MERISTEM GROWTH FACTOR 1 (RGF1) (48) 
and promote leaf senescence under nitrate starvation by reducing 
proteolysis of ORE- SARA1 (ORE1) (49). Other than stabilizing sub-
strates, UBP12 and UBP13 have been shown to regulate the negative 
growth regulators DA1, DA1- RELATED 1 (DAR1), and DAR2 (50). 
These proteases are activated upon ubiquitination by the E3 ligases 
BIG BROTHER (BB) and DA2 (51), leading to the cleavage of down-
stream regulators of cell proliferation and endoreduplication, such 
as UBP15 and several TEOSINTE BRANCHED 1, CYCLOIDEA 
AND PCF (TCP) proteins (40, 51, 52). This process can be counter-
acted by UBP12 and UBP13, which deubiquitinate and hence limit 
the activation of these proteases (50). As an additional layer of con-
trol, DA1 can cleave its activating E3 ligases, BB and DA2 (51).

In Arabidopsis, da2- 1, the T- DNA insertion loss- of- function mu-
tant of DA2, has been demonstrated to produce larger seeds, flowers, 
and higher plants (51, 53). In addition, in several crop species, such as 
rice, wheat, and maize, homologs of DA2 were found to regulate seed 
size (54–59). Despite its important role in plant yield, surprisingly 
little is known about the regulation of this E3 ligase. Here, we present 
that DA2 has a very high turnover and auto- ubiquitinates with K48- 
linked polyubiquitin chains, which is the primary proteasome- 
targeting signal. Unexpectedly, this auto- ubiquitination does not 
affect the stability of DA2 proteins, but modifies its enzymatic activity 
toward its substrate DA1, demonstrating a proteasome- independent 
role for K48 ubiquitin linkage. Furthermore, we found that DA2 
interacts with UBP12 and UBP13, which were previously identified 
to deubiquitinate and inactivate DA1 (50). UBP12 and UBP13 were 
found to counteract the auto- ubiquitination of DA2, hereby fine- tuning 
its catalytic activity. In addition, we demonstrate that impairing the 

protease activity of DA1 acts epistatic toward the phenotype of DA2 
overexpression lines, showing that DA2 restricts growth uniquely 
through DA1. Last, we could overrule this complex in vivo ubiquiti-
nation/deubiquitination balance in this growth- regulating pathway by 
generating a constitutively ubiquitin- activated DA1 that strongly 
restricts organ growth and promotes endoreduplication. Together, 
our findings indicate an unexpected role for K48 ubiquitin linkage as 
a PTM and provide insightful perspectives into the complex regula-
tion of plant organ size.

RESULTS
DA2 regulates the transition from cell proliferation to 
differentiation and endoreduplication
Previous research in Arabidopsis has shown that DA2 negatively 
regulates seed size by limiting cell proliferation in the maternal in-
teguments (53). To further investigate the role of DA2 in leaf growth, 
we phenotyped the loss- of- function mutant da2- 1 and plants over-
expressing DA2 from the 35S cauliflower mosaic virus promoter 
(35S::DA2). At 21 days after stratification (DAS), da2- 1 plants pro-
duced a larger rosette than Col- 0, while 35S::DA2 plants were reduced 
in growth (Fig. 1A). Leaf area measurements indicated that da2- 1 
mutants had larger leaves, whereas the leaves of 35S::DA2 plants were 
smaller (Fig. 1, A and B), which is consistent with previous observa-
tions (53). The final size of leaves is determined by two cellular pro-
cesses, cell proliferation and cell expansion (60). To further explore 
the cellular mechanisms that underlie the observed leaf phenotypes, 
we performed a cellular analysis on the abaxial pavement cells of the 
third true leaf at 21 DAS. We confirmed that isolated leaves of da2- 1 
plants were significantly larger, whereas those of 35S::DA2 were signifi-
cantly decreased in size (Fig. 1C). Furthermore, we observed a sig-
nificant increase in pavement cell number in da2- 1 leaves, whereas 
35S::DA2 leaves contained fewer cells (Fig. 1D). The pavement cell 
area remained unchanged in both genotypes (Fig. 1E).

Next, we analyzed the ploidy levels of leaf cells in Col- 0, da2- 1, 
and 35S::DA2. For this purpose, we harvested a time course of the 
first leaf pair of these lines from 9 DAS to 21 DAS, which covers all 
major developmental time points (60). At 9 DAS, the nuclei of all three 
lines exhibited a 2C or 4C content, demonstrating that most cells 
were still in the mitotic cell cycle (Fig. 1F). However, 35S::DA2 dis-
played a smaller proportion of nuclei with a 2C content and a larger 
proportion with 4C cells than Col- 0 (Fig. 1F). From 12 DAS onward, 
8C and 16C nuclei started to appear in all three lines, indicating the 
onset of endoreduplication. At 12 DAS, the 35S::DA2 line contained 
a smaller proportion of 4C cells and a larger proportion of 8C cells 
than Col- 0, and from 15 DAS onward, it exhibited a larger propor-
tion of 16C cells and a smaller proportion of 4C cells than Col- 0. In 
contrast, the da2- 1 mutant had slightly more 4C and fewer 8C nuclei 
compared to Col- 0 (Fig. 1F). In general, significantly higher ploidy 
levels could be observed in 35S::DA2 leaves, whereas slightly lower 
ploidy levels were found in da2- 1 leaves at an early developmental 
stage. In conclusion, these results show that DA2 negatively regu-
lates the mitotic cell cycle and promotes endoreduplication in leaves.

The E3 ligase DA2 auto- ubiquitinates on multiple lysines 
surrounding its RING domain with K48- linkage 
ubiquitin chains
To uncover the linkage type of ubiquitination and thus the potential 
biological effect of DA2 auto- ubiquitination, we expressed DA2 and 
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DA2C59S in Escherichia coli as fusion proteins with an N- terminal 
hexahistidine- maltose–binding protein (HIS- MBP) tag. The DA2C59S 
protein was mutagenized in its RING domain, leading to an abolished 
E3 ligase activity (53). In the presence of E1, E2 (human UbcH5b), 
and hemagglutinin (HA)–ubiquitin, we could observe polyubiquiti-
nation of HIS- MBP- DA2, but not of HIS- MBP- DA2C59S (Fig. 2A), 
indicating that auto- ubiquitination of DA2 was abolished in HIS- 
MBP- DA2C59S. We analyzed these ubiquitinated proteins with mass 
spectrometry (MS) to identify the ubiquitinated lysine residues of 
DA2, based on the GlyGly mark that remains after trypsin digest. We 

found that multiple lysines at the N terminus of DA2, within and 
surrounding the RING domain, were ubiquitinated (Fig.  2B and 
table S1).

Next, we performed an in  vitro auto- ubiquitination assay with 
C- terminally 6xHIS- tagged DA2 (DA2- HIS) and used chain- specific 
antibodies against K48-  or K63- linked polyubiquitins, which are the 
most common linkage types (13), to elucidate the polyubiquitin chain 
type. We found that DA2 auto- ubiquitinates with a preference of K48-  
to K63- linked polyubiquitin chains (Fig. 2C). Furthermore, we could 
confirm K48- linked polyubiquitin chains of in vitro auto- ubiquitinated 
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Fig. 1. DA2 negatively regulates leaf growth by limiting cell proliferation. (A) twenty- one- day- old plants of Col- 0, da2- 1, and 35S::DA2. Scale bars, 1 cm. (B) leaf area 
measurements of Col- 0, da2- 1, and 35S::DA2 at 21 dAS. Cot, cotyledons. N = 3 biological replicates with 10 plants per replicate. Asterisks in yellow or in orange indicate a 
significant difference of da2- 1 or 35S::DA2 with Col- 0, respectively, as determined by analysis of variance (AnOvA) with dunnett test, P < 0.05. (C) Average leaf 3 area of 
Col- 0, da2- 1, and 35S::DA2 at 21 dAS. N = 3 biological replicates with >8 plants per replicate. (D) Average leaf 3 pavement cell number of Col- 0, da2- 1, and 35S::DA2 at 
21 dAS. N = 3 biological replicates with three representative leaves per replicate. (E) Average pavement cell area of Col- 0, da2- 1, and 35S::DA2 leaves at 21 dAS. N = 3 bio-
logical replicates with three representative leaves per replicate. (F) Ploidy distribution of nuclear dnA in Col- 0, da2- 1, and 35S::DA2 leaf cells. N = 3 biological replicates 
with >3 representative leaves per replicate. in (C) to (e), asterisks indicate a significant difference of da2- 1 or 35S::DA2 with Col- 0 as determined by AnOvA with dunnett 
test, P < 0.05. in (F), a, b, c, and d indicate a significant difference in 2C, 4C, 8C, or 16C fractions, respectively, of 35S::DA2 with Col- 0 as determined by AnOvA with tukey 
test, P < 0.05. Bars represent the SeM.
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DA2- HIS by using HIS- ubiquitinK48, in which all lysines but K48 are 
mutated and thus allow for the formation of only K48- linked ubiq-
uitin chains (Fig. 2C). Because E2 enzymes contribute to the linkage 
type on ubiquitinated substrates (21), we performed a yeast two- 
hybrid screen to identify the physical interaction between DA2 and 
endogenous Arabidopsis E2 enzymes. The results showed that DA2 

could interact with 12 of the 35 tested E2s, including UBC8, UBC10, 
UBC11, UBC16, UBC17, UBC18, UBC26, UBC28, UBC29, UBC30, 
UBC35, and UBC36 (Fig. 2D and fig. S1). Subsequently, we gener-
ated recombinant glutathione S- transferase (GST)–tagged proteins 
of these E2 enzymes to perform in vitro auto- ubiquitination assays 
with DA2. We found that UBC8, UBC10, UBC11, UBC28, and 
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Fig. 2. DA2 interacts with several Arabidopsis subgroup VI E2 enzymes to confer ubiquitination. (A) in vitro auto- ubiquitination assay of hiS- MBP- dA2 and hiS- MBP- 
dA2C59S. (B) Schematic representation of ubiquitinated lysines (K) on dA2 identified by lC- MS; the sequence covered by MS/MS is indicated in capital letters. (C) Ubiquitin 
chain linkage of dA2- hiS auto- ubiquitination. hiS- UbiquitinK48 indicates ubiquitin in which all lysine residues except K48 are mutated. (D) interaction between Arabidopsis 
endogenous e2 enzymes and dA2 in a yeast two- hybrid screen. Ad, activating domain; Bd, binding domain; −lt, leucine/threonine dropout; −lth, leucine/threonine/
histidine dropout; 3At, 3- aminotriazole, 10 mM. (E) in vitro auto- ubiquitination assay of dA2 by different Arabidopsis e2 enzymes. in the α- hiS- hRP blot, red arrowheads 
indicate ubiquitinated dA2- hiS, and in the α- GSt blot the GSt- tagged e2s. α- P4d1 was used to detect ubiquitin. (F) dA2 ubiquitinates dA1 with Arabidopsis endogenous 
e2s in vitro. in the α- FlAG blot, red arrowheads indicate ubiquitinated hiS- FlAG- dA1h418A,h422A, and in the α- GSt blot the GSt- tagged e2s.
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UBC29, which are from the VI subfamily (61), mediate auto- 
ubiquitination of DA2 with K48- linked polyubiquitin chains (Fig. 2E). 
Given that the peptidase DA1 can be ubiquitinated by DA2, we then 
investigated whether the auto- ubiquitination of DA2 and the 
ubiquitination of DA1 by DA2 are mediated by the same E2 enzyme. 
To prevent the cleavage of DA2 by ubiquitin- activated DA1, the 
peptidase- deficient mutant of DA1 (HIS- FLAG- DA1H418A,H422A) was 
used (51). This in vitro ubiquitination assay showed that the ubiqui-
tination of DA1 can only be mediated by those five E2s that mediate 
auto- ubiquitination of DA2 (Fig. 2F). To conclude, we found that 
DA2 is auto- ubiquitinated with K48- linked polyubiquitin chains 
and that five Arabidopsis endogenous UBCs, i.e., UBC8, UBC10, 
UBC11, UBC28, and UBC29, mediate both the polyubiquitination 
of DA2 and the multiple monoubiquitinations of DA1 by DA2.

Auto- ubiquitination of DA2 does not influence its stability, 
but its E3 ligase activity
Because K48 polyubiquitin chains typically result in proteasomal 
degradation, we performed a ratiometric protein stability assay 
with free green fluorescent protein (GFP), GFP- DA2, and GFP- 
DA2C59S, coexpressed with free mCherry as a control, in Nicotiana 
benthamiana leaves. Although these constructs were controlled by 
a strong constitutive promoter, we consistently found very low 
levels of GFP- DA2, indicating a strong turnover of the protein 
(Fig.  3A). Unexpectedly, we could find no significant difference 
between the relative GFP/mCherry intensity of DA2 and DA2C59S 
(Fig. 3, A and B), which indicates that the auto- ubiquitination of 
DA2 does not influence its stability. To confirm these results, we 
used a tandem fluorescent protein timer, consisting of a rapid 
folding superfolder green fluorescent protein (sfGFP) connected 
to an mCherry, which has a much slower maturation time (62), as 
a reporter for DA2 turnover rates. The constructs of sfGFP- 
mCherry- DA2, sfGFP- mCherry- DA2C59S, and the free sfGFP- 
mCherry control were transformed in Arabidopsis cell suspension 
cultures. Similar to our previous results, the ratio of mCherry/
sfGFP in sfGFP- mCherry- DA2 and sfGFP- mCherry- DA2C59S was 
equal and much lower than that of the free sfGFP- mCherry control 
(Fig.  3C). Next, we checked the ubiquitination status of sfGFP- 
mCherry- DA2 and sfGFP- mCherry- DA2C59S in Arabidopsis pro-
toplasts. After purification of DA2 from the total protein extract, 
we found that DA2 and DA2C59S can be ubiquitinated in vivo and 
that, after a 6- hour treatment with the proteasome inhibitor bortezo-
mib (BTZ), ubiquitinated DA2 fusion proteins strongly accumulated 
(Fig. 3D). An additional detection with specific anti- K48 antibodies 
confirmed that DA2 and DA2C59S are modified with K48- linked 
polyubiquitin chains in vivo (Fig. 3D). Subsequently, we normalized 
the ubiquitinated fraction of the BTZ- treated sfGFP- mCherry- 
DA2 and sfGFP- mCherry- DA2C59S samples to the abundance of 
their respective unmodified bands (α- GFP). Here, we could observe 
a difference of approximately 15 to 20% in ubiquitination intensity 
between DA2 and DA2C59S, which can be indicative for the auto- 
ubiquitination activity of DA2 in vivo (Fig. 3D and fig. S3A). Last, 
we examined the DA2 and DA2C59S protein levels and expression 
patterns in Arabidopsis seedlings by generating translational β- 
glucuronidase (GUS) reporter fusion lines under the control of 
the endogenous DA2 promoter. We performed a histochemical 
GUS activity assay on pDA2::DA2- GUS plants, but we could not 
detect any signal (Fig. 3E). Similarly, we did not detect any GUS 
activity in seedlings expressing pDA2::DA2C59S- GUS (Fig.  3E), 

although we could detect the expression of both constructs at the tran-
script level (Fig. 3F). Therefore, we treated the seedlings for 24 hours 
with BTZ, after which we could detect similar intensities and pat-
terns of GUS activity in young leaves of pDA2::DA2- GUS and 
pDA2::DA2C59S- GUS seedlings (Fig.  3E). These data consistently 
show that DA2 protein levels are tightly regulated by the protea-
some but that its auto- ubiquitination activity does not contribute 
to its turnover.

Besides regulating protein stability, auto- ubiquitination has been 
reported to influence E3 ligase activity (63). To examine whether auto- 
ubiquitination of DA2 may affect its ability to ubiquitinate DA1, we 
followed the ubiquitination levels of DA1 over time, after adding equal 
amounts of ubiquitin and peptidase- deficient HIS- FLAG–tagged 
DA1H418A,H422A to DA2 proteins that were either in vitro auto- 
ubiquitinated for 4 hours (DA2UB) or un- ubiquitinated DA2. When 
using un- ubiquitinated DA2, we could observe an increase in the 
amount of ubiquitinated DA1H418A,H422A proteins, indicated by a steady 
increase in their molecular mass (Fig. 3G, right). When DA2 was already 
auto- ubiquitinated, much faster rates of DA1 ubiquitination were ob-
served after 15 and 30 min (Fig. 3G, left). However, at 45 and 60 min, 
coinciding the auto- ubiquitination of DA2, DA1 was more efficiently 
ubiquitinated in the reaction that initially contained un- ubiquitinated 
DA2 (Fig. 3G, right).

Next, we explored whether the ubiquitin chain type is crucial for 
this change in DA2 activity. For this, we performed the same experiment 
using lysine- deficient (Lys0) ubiquitin, which prevents the formation 
of K48- linked polyubiquitin chains on DA2. Unexpectedly, even after 
4 hours, we could only observe a small fraction of ubiquitinated DA1 
for both monoubiquitinated and un- ubiquitinated DA2 (Fig. 3H), sug-
gesting that monoubiquitinated DA2 is far less catalytically active than 
K48- polyubiquitinated DA2. To conclude, these results show that 
auto- ubiquitination of DA2 affects its E3 ligase activity and that K48- 
linked polyubiquitination chains are crucial for its catalytic efficiency.

UBP12 and UBP13 interact with DA2 and counteract 
its auto- ubiquitination
To further explore the molecular network around DA2, we performed 
an affinity purification coupled to an MS (AP- MS) experiment on 
GSRhino- DA2 fusion proteins, expressed in Arabidopsis cell suspen-
sion cultures. Label- free quantification and a comparison against a 
large control AP- MS dataset of unrelated bait proteins identified a 
significant enrichment (P < 0.01) of several proteasome subunits, 
which is in line with the high turnover of DA2 (table S2). In addition, 
we found a strong enrichment of UBP12 and UBP13 (Fig. 4A). To 
validate the interaction between DA2 and these UBPs, we performed 
additional coimmunoprecipitation (Co- IP) experiments. We co-
expressed mCherry- DA2 with GFP- UBP12, GFP- UBP13, or free GFP 
(negative control) from the same vector in Arabidopsis cell suspen-
sion cultures. Western blot analysis after purification with GFP- trap 
beads showed that mCherry- DA2 could be copurified with either 
GFP- UBP12 or GFP- UBP13 but not with free GFP (Fig. 4B). Next, 
we measured the transcript levels of DA2, UBP12, and UBP13 during 
development from leaf primordium initiation to maturity, showing 
that UBP12 and UBP13 are coexpressed with DA2 during leaf devel-
opment (fig. S2A). Additional transient expression of GFP- UBP12 
or GFP- UBP13 in N. benthamiana leaves demonstrated that these 
proteins colocalize with mCherry- DA2 or DA2- mCherry in the cyto-
plasm and in the nucleus (fig. S2B). To determine whether UBP12 
and UBP13 can interact directly with DA2, we performed in vitro 
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Fig. 3. Auto- ubiquitination of DA2 does not regulate its rapid turnover but modulates its E3 ligase activity. (A) Ratiometric fluorescence intensity of free GFP, GFP- 
dA2, GFP- dA2C59S, and the coexpressed free mCherry as a control in transiently transformed N. benthamiana epidermal cells. Scale bars, 200 μm. (B) Barplot of the mean 
GFP/mCherry intensity ratio in the transiently transformed N. benthamiana epidermal cells from (A). Bars represent the SeM; N = 5 biological replicates. ns, not significant 
(Student’s t test). (C) Barplot of relative mCherry/sfGFP intensity in sfGFP- mCherry- DA2, sfGFP- mCherry- DA2C59S, and the free sfGFP- mCherry transformed cells. Bars repre-
sent the SeM; N = 4 biological replicates. **P < 0.01 based on AnOvA with tukey test. (D) in vivo ubiquitination status of sfGFP- mCherry- dA2 and sfGFP- mCherry- dA2C59S 
proteins in Arabidopsis protoplasts with or without BtZ treatment. Below lane 3 and 4, relative ubiquitination intensities are shown. (E) histochemical staining of da2- 1 
seedlings expressing pDA2::DA2- GUS or pDA2::DA2C59S- GUS with or without BtZ treatment at 10 dAS. Scale bars, 1 mm. (F) Relative transcript expression level of DA2 in 
pDA2::DA2- GUS and pDA2::DA2C59S- GUS at 10 dAS. N = 3 biological replicates. (G) in vitro ubiquitination assay of hiS- FlAG- dA1h418A,h422A by already polyubiquitinated 
dA2- hiS (dA2UB- hiS) and unmodified dA2- hiS at time point 0. (H) in  vitro ubiquitination assay of hiS- FlAG- dA1h418A,422A by multiply- monoubiquitinated dA2- hiS 
(dA2UBlys0- hiS) and unmodified dA2- hiS at time point 0. in (G) and (h), the amount of ubiquitinated dA1 is calculated as the intensity ratio of ubiquitinated hiS- FlAG- 
dA1h418A,422A/the intensity of full- length hiS- FlAG- dA1h418A,422A.
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pull- down assays using recombinant GST- tagged UBP12, UBP13, 
and DA2 proteins as baits, with free GST as a negative control. These 
results showed that GST- UBP12 and GST- UBP13, but not the free 
GST or DA2- GST, pulled down HIS- MBP- DA2 (Fig.  4C), which 
demonstrates that UBP12 and UBP13 can directly interact with un- 
ubiquitinated DA2 and that DA2 does not form homodimers.

UBP12 and UBP13 are DUBs that have been shown to remove ubiq-
uitin from various proteins (32). Therefore, UBP12 and UBP13 might 
counteract the auto- ubiquitination of DA2. To test this hypothesis, 
we performed an in vitro ubiquitination assay to generate ubiquitinated 
DA2, followed by a deubiquitination step with UBP12 or UBP13 and 
their respective catalytic mutants, UBP12C208S and UBP13C207S (64). 
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Fig. 4. UBP12 and UBP13 interact with DA2 and counteract its auto- ubiquitination. (A) enrichment of UBP12 and UBP13 compared to the control (large AP- MS data-
set with unrelated baits) after AP- MS in Arabidopsis cells expressing 35S::GSRhino- DA2. (B) in vivo iP of mCherry- dA2 with free GFP, GFP- UBP12, or GFP- UBP13 in Arabidopsis 
cells. Free GFP was used as a negative control. (C) in vitro pull- down of hiS- MBP- dA2 with free GSt, GSt- UBP12, GSt- UBP13, or dA2- GSt. Free GSt was used as a negative 
control. (D) in vitro deubiquitination assay of auto- ubiquitinated dA2- hiS by GSt- UBP12, GSt- UBP12C208S, GSt- UBP13, or GSt- UBP13C207S. (E) in vivo deubiquitination as-
say of mCherry- dA2 by GFP- UBP12, GFP- UBP12C208S, GFP- UBP13, or GFP- UBP13C207S in Arabidopsis protoplasts. (F) Relative ubiquitination intensity of hiS- MBP- dA2 pro-
teins incubated with cell- free extracts of Col- 0, ubp12- 2, 35S::UBP12, and 35S::UBP13. N  =  3 biological replicates. *P  <  0.05 based on Student’s t test. (G) in  vitro 
deubiquitination assay of auto- ubiquitinated hiS- MBP- dA2 and ubiquitinated hiS- FlAG- dA1h418A,h422A by GSt- UBP12, GSt- UBP12C208S, GSt- UBP13, or GSt- UBP13C207S. in 
(d) and (G), red arrowheads in the α- GSt blot indicate the full- length GSt- tagged UBP proteins.
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We could observe that ubiquitinated DA2- HIS was strongly deubiqui-
tinated by GST- UBP12 and GST- UBP13, but not by their respective 
catalytic mutants (Fig. 4D). Next, we carried out an additional in vitro 
deubiquitination assay of DA2- HIS with GST- UBP3, GST- UBP15, and 
GST- UBP24, which are members from different UBP subfamilies (65). 
We found that neither GST- UBP3, GST- UBP15, nor GST- UBP24 had 
a deubiquitinating activity toward DA2 (fig. S2C), demonstrating the 
specificity of UBP12 and UBP13.

To demonstrate the ubiquitination and deubiquitination of DA2 
in vivo, we cotransfected Arabidopsis protoplasts with 35S::mCherry- 
DA2 and 35S::GFP- UBP12, 35S::GFP- UBP12C208S, 35S::GFP- UBP13, 
or 35S::GFP- UBP13C207S, which were treated with BTZ for 6 hours 
before harvest. After purification of DA2, we observed a strong 
polyubiquitination on DA2 in the presence of GFP- UBP12C208S and 
GFP- UBP13C207S, which was reduced in the presence of catalytically 
active GFP- UBP12 and GFP- UBP13 proteins (Fig. 4E). To further 
confirm these observations, we evaluated the effect of different 
in vivo expression levels of UBP12 and UBP13 on the ubiquitination 
status of DA2. To realize this, we incubated recombinant HIS- MBP- 
DA2 proteins with equal amounts of cell- free protein extracts of Col- 0, 
ubp12- 2, 35S::UBP12, and 35S::UBP13 seedlings, supplemented with 
the proteasomal inhibitor MG132. The ubp12- 2 mutant has reduced 
transcript levels of both UBP12 and UBP13, as high transcription levels 
of the 3′ primer region of UBP12 causes silencing of both UBP12 and 
UBP13 (64). After 2 hours, we could observe ubiquitinated HIS- MBP- DA2, 
shown as an increase of molecular weight, in all four reactions (fig. S3B). 
The relative intensity of ubiquitinated HIS- MBP- DA2 was similar in 
the presence of Col- 0 and ubp12- 2 extracts (Fig. 4F and fig. S3B). 
However, in the presence of 35S::UBP12 and 35S::UBP13 extracts, which 
contain higher levels of UBP12 or UBP13 proteins, respectively, this 
intensity was lower (Fig. 4F and fig. S3B).

Our previous work showed that UBP12 and UBP13 can deubiqui-
tinate DA1 (50), a ubiquitination substrate of DA2. To investigate 
whether UBP12 and UBP13 have a deubiquitinating preference 
toward DA1 or DA2, we performed an in vitro deubiquitination 
assay with HIS- FLAG- DA1H418A,H422A and HIS- MBP- DA2. Equal 
amounts of HIS- MBP- DA2 and HIS- FLAG- DA1H418A,H422A were in-
cubated with E1, human UbcH5b, ubiquitin, and ATP for 4 hours. 
Then, MLN7243, an E1 inhibitor, was added to terminate the 
ubiquitination reaction and GST- UBP12, GST- UBP12C208S, GST- 
UBP13, or GST- UBP13C207S was added to the reaction mix. After 
4 hours, we noticed that the ubiquitin- modified HIS- MBP- DA2 and 
HIS- FLAG- DA1H418A,H422A were both deubiquitinated by GST- UBP12 
and GST- UBP13, but not by GST- UBP12C208S or GST- UBP13C207S 
(Fig.  4G), indicating that UBP12 and UBP13 deubiquitinate both 
DA1 and DA2 with no obvious preference.

A synthetic constitutively activated DA1 can overrule the 
complex ubiquitination balance and restrict growth
The activity of DA1 is regulated by a strict balance between ubiqui-
tination and deubiquitination, which renders in vivo studies of DA1 
very complicated. To overrule this complex regulatory network, we 
aimed to generate a constitutively activated DA1 protein form. Previous 
research showed that mutating the consistently ubiquitinated lysines 
of DA1 results in the ubiquitination of alternative lysine residues, still 
leading to its activation (51). This observation shows a certain degree 
of flexibility toward the position of ubiquitin on DA1, suggesting that 
the presence of ubiquitin molecules in the proximity of DA1 might 
be sufficient to switch on its protease activity. To explore this, we 

generated DA1- ubiquitin fusion constructs, ranging from one to 
four ubiquitin molecules (DA1- UBI1–4) at the C terminus of DA1 
(Fig. 5A). Keeping in mind that UBP12 and UBP13 can deubiquitinate 
DA1, we mutated the double glycine motif at the C terminus of the 
ubiquitin molecules to valines (UBIG75V,G76V) to prevent endogenous 
cleavage by deubiquitination enzymes (Fig. 5A). We transformed 
these constructs in Arabidopsis and selected single- locus homozygous 
lines that overexpressed these protein fusions (fig. S4A). Unexpectedly, 
we found that most transgenic lines were strongly reduced in growth 
(fig. S4B). Because a single ubiquitin molecule fused to DA1 (DA1- 
UBI1) appeared to be sufficient to trigger a strong phenotype, we 
focused our next experiments on this construct.

Then, we tested whether DA1- UBI1 proteins were constitutively ac-
tivated. For this purpose, we produced recombinant HIS- FLAG- DA1- 
UBI1, HIS- FLAG- DA1H418A,H422A- UBI1, and MBP- UBP15- GST and 
MBP- TCP22- GST proteins as substrates. As a positive and neg-
ative control, we used DA2- ubiquinated HIS- FLAG- DA1 and HIS- 
FLAG- DA1H418A,H422A, respectively. An in vitro cleavage assay showed 
that HIS- FLAG- DA1 ubiquitinated by DA2 can strongly cleave MBP- 
UBP15- GST (Fig. 5B) and MBP- TCP22- GST (Fig. 5C), whereas 
the catalytic mutant shows no cleavage activity (Fig. 5, B and C). We 
also observed cleaved protein fragments at the same molecular 
weight in the HIS- FLAG- DA1- UBI1 samples, but not with HIS- FLAG- 
DA1H418A,H422A- UBI1 (Fig. 5, B and C), demonstrating that a C- terminal 
fusion of ubiquitin can activate the peptidase activity of DA1.

To gain more insights into the effects of DA1- UBI1 on growth, 
we phenotypically characterized two independent transgenic lines, 
35S::DA1- UBI1 #1 and 35S::DA1- UBI1 #2, in more detail. Whereas 
the da1- 1 mutant, which encodes a mutated DA1R358K protein that 
has been demonstrated to be strongly reduced in its peptidase activity 
(51), produced larger leaves (Fig. 5D), the rosettes and leaf areas of 
both 35S::DA1- UBI1 lines were reduced (Fig. 5, D and E). In addition, 
we phenotypically analyzed three independent 35S::DA1 and 35S::GFP- 
DA1 transgenic lines that showed an equal or higher DA1 expression 
level as both 35S::DA1- UBI1 lines (fig. S5A). These results showed that 
untagged DA1 overexpression lines were not different in size com-
pared to Col- 0 control plants (fig. S5, B to D). In contrast, all 35S::GFP- 
DA1 overexpression plants were reduced in growth (fig. S5, E to G), 
albeit not as marked as the 35S::DA1- UBI1 lines.

Next, a cellular analysis on 35S::DA1- UBI1 leaves revealed that 
the reduction in leaf area was caused by a strong reduction in pave-
ment cell number, combined with a slight reduction in average 
pavement cell area (Fig. 5, F and G). We further measured the nuclear 
DNA content in leaves throughout development and found that the 
ploidy levels were strongly increased in both 35S::DA1- UBI1 lines 
compared to Col- 0 (Fig. 5H). In our previous study (66), we mea-
sured the ploidy levels of 35S::GFP- DA1 leaves, but no differences in 
ploidy levels were observed. To unravel the growth- reducing effect 
of GFP- DA1, we produced recombinant HIS- GFP- DA1 proteins and 
performed a cleavage assay as described before. Unexpectedly, the 
HIS- GFP- DA1 proteins also showed cleavage activity toward UBP15 
and TCP22 (fig. S6, A and B). Furthermore, we generated a double- 
tagged HIS- GFP- DA1- UBI1 recombinant protein and performed a 
similar cleavage assay, but no constitutive cleavage activity could be 
observed with this fusion protein (fig.  S6, A and B). Together, by 
generating DA1- UBI protein fusions, we could generate constitutive 
catalytically active DA1 proteoforms that can overrule the complex 
underlying ubiquitination/deubiquitination mechanisms that strictly 
regulate the levels of activated DA1.
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The catalytically impairing da1- 1 mutation acts epistatically 
to 35S::DA2 to determine leaf size, cell proliferation, 
and endoreduplication
Because E3 ligases can have multiple substrates, it is reasonable to 
assume that DA2 can also modify other potential growth regulators 
by ubiquitination, besides DA1. If the growth- reducing effect of DA2 
would partially go through other pathways than DA1, blocking the 

activity of DA1 would not completely restore the reduced growth 
phenotype of 35S::DA2 plants (Fig. 1). For this purpose, we trans-
formed Col- 0 and da1- 1 plants with 35S::DA2 and selected single- 
locus homozygous lines that displayed similar expression levels 
(fig. S7A). We also included the previously published 35S::DA2 line 
(35S::DA2) (53) in our experiments as a positive control. We could 
observe a consistent reduced rosette area of the independent 35S::DA2 

Col-0 da1-1

35S::DA1-UBI1 #1 35S::DA1-UBI1 #2

Activated DA1

Inactive DA1

DA1-UBI1

DA1-UBI2

DA1-UBI3

DA1-UBI4

CBA

D E F G

H

Fig. 5. Synthetic DA1- ubiquitin fusion proteins are constitutively activated and restrict growth. (A) Schematic representation of the dA1- ubiquitin fusion proteins. 
(B) in  vitro cleavage of MBP- UBP15- GSt by hiS- MBP- dA2–mediated ubiquitinated hiS- FlAG- dA1 or hiS- FlAG- dA1h418A,h422A and hiS- FlAG- dA1- UBi1 or hiS- FlAG- 
dA1h418A,h422A- UBi1 in the absence of hiS- MBP- dA2. (C) in  vitro cleavage of MBP- tCP22- GSt by hiS- MBP- dA2–mediated ubiquitinated hiS- FlAG- dA1 or hiS- FlAG- 
dA1h418A,h422A and hiS- FlAG- dA1- UBi1 or hiS- FlAG- dA1h418A,h422A- UBi1 in the absence of hiS- MBP- dA2. in (B) and (C), red arrowheads in α- GSt blots indicate cleavage 
products. (D) twenty- one- day- old plants of Col- 0, da1- 1, 35S::DA1- UBI1 #1, and 35S::DA1- UBI1 #2. Scale bars, 1 cm. (E) Average leaf 3 area of Col- 0, 35S::DA1- UBI1 #1, and 
35S::DA1- UBI1 #2 at 21 dAS. N = 3 biological repeats with >9 plants per repeat. (F) Average leaf 3 pavement cell number of Col- 0, 35S::DA1- UBI1 #1, and 35S::DA1- UBI1 #2 at 
21 dAS. N = 3 biological repeats with three representative leaves per repeat. (G) Average leaf 3 pavement cell area of Col- 0, 35S::DA1- UBI1 #1, and 35S::DA1- UBI1 #2 at 21 
dAS. N = 3 biological replicates with three representative leaves per replicate. (H) Ploidy distribution of nuclear dnA in Col- 0, 35S::DA1- UBI1 #1, and 35S::DA1- UBI1 #2 leaf 
cells. N = 3 biological repeats with three representative leaves per repeat. in (e) and (F), asterisks indicate a significant difference of 35S::DA1- UBI1 #1 or 35S::DA1- UBI1 #2 
with Col- 0 as determined by AnOvA with dunnett test, P < 0.05. in (h), the letters a, b, c, and d indicate a significant difference in 2C, 4C, 8C, and 16C, respectively, of 
35S::DA1- UBI1 #1 or 35S::DA1- UBI1 #2 to Col- 0 as determined by AnOvA (dunnett test, P < 0.05). Bars represent the SeM.
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overexpression lines (35S::DA2/Col- 0 #9 and #14) (Fig. 6A). One 
line that expressed very high levels of DA2 led to stunted growth 
(fig. S7, A and B). As described before, the da1- 1 plants produced 
significantly larger leaves (Fig. 6, A and B). Unexpectedly, the phe-
notype of 35S::DA2 was completely abolished in the da1- 1 back-
ground (Fig. 6, A and B), although the transcripts levels of DA2 were 
similar to those in Col- 0 (fig. S7A). An additional cellular analysis 
showed a strong decrease in pavement cell number in all 35S::DA2 
lines, whereas the leaves of da1- 1 and both 35S::DA2/da1- 1 lines 
contained equally more cells than all 35S::DA2 lines and the Col- 0 
control (Fig. 6C). Neither 35S::DA2/da1- 1 nor 35S::DA2/Col- 0 plants 
showed significant changes in average pavement cell area (Fig. 6D), 
but the increase of nuclear DNA content in the cells of 35S::DA2 
plants was suppressed in the 35S::DA2/da1- 1 lines (Fig. 6E). These 
results indicate that DA2 restricts leaf growth and endoreduplication 
by regulating the catalytic activity of DA1. Together, we demonstrated 
that DA2 needs functional DA1 proteins to repress growth and 
increase endoreduplication.

DISCUSSION
DA2 regulates organ size through the peptidase DA1
The E3 ligase DA2 plays a crucial role in regulating seed size in a 
broad variety of plant species (51, 53–59). In this work, we identified 
several underlying biochemical mechanisms that regulate the activi-
ty of DA2 and further elucidate its growth- regulating effect through 
the peptidase DA1 in Arabidopsis leaves. Transcriptional reporters 
(53), quantitative reverse transcription polymerase chain reaction 
(qRT- PCR) data during leaf development (fig. S2A), and endogenous 
DA2- promoter–driven translational GUS reporters demonstrated 
that DA2 is under very tight proteasomal control in leaf regions 
where cells are actively dividing (Fig. 3E). We found that DA2 nega-
tively regulates leaf growth by limiting cell proliferation. The loss- 
of- function mutant of DA2, da2- 1, formed larger leaves with increased 
pavement cells, while high ectopic expression of DA2 led to the for-
mation of smaller leaves with fewer pavement cells and markedly 
enhanced ploidy levels (Fig. 1).

Considering the importance of ubiquitination in the posttrans-
lational regulation of proteins, E3 ligases often have various sub-
strates. For instance, the Arabidopsis E3 ligase CONSTITUTIVE 
PHOTOMORPHOGENIC 1 (COP1), together with SUPPRESSOR 
OF PHYA- 105 (SPA), targets various substrates, including ELON-
GATED HYPOCOTYL 5, LONG HYPOCOTYL IN FAR- RED, 
CONSTANS, and photoreceptors PHYTOCHROME (PHY) A, PHYB, 
CRYPTOCHROME (CRY) 1, and CRY2 in light signaling (67). 
COP1/SPA also targets ABA INSENSITIVE 1, bzr1–1D Suppres-
sor 1, MYC2, and GIBBERELLIC ACID INSENSITIVE, hereby 
regulating phytohormone signaling (68). Similarly, several targets 
of the homolog of DA2 in rice, OsGW2, have been identified to 
regulate rice grain size, such as WIDE GRAIN 1 and EXPANSIN- 
LIKE 1 (57, 58). However, our genetic analysis showed that the 
smaller leaf size, the reduction in cell proliferation, and the increase in 
endoreduplication levels in 35S::DA2 are completely abolished in the 
da1- 1 background (Fig.  6). The da1- 1 mutant encodes a mutated 
DA1R358K protein, which has been demonstrated to be strongly re-
duced in its peptidase activity (51). Mutant da1- 1 plants produce 
larger leaves that contain more cells (66, 69, 70), which is phenocopied 
by da1ko_dar1- 1 double mutants in leaves, but not by the single 
mutants (69). Therefore, this mutation exerts a dominant- negative 

action toward DA1 and its related proteins (69). Because we showed 
that the da1- 1 phenotype was completely epistatic to that of 35S::DA2 
plants in the double transgenic lines, the growth- regulating effect of 
DA2 on cell proliferation and endoreduplication in leaves requires 
fully functional DA1 proteins.

K48- linkage auto- ubiquitination regulates the enzymatic 
activity of DA2
Besides the ability of RING- type E3 ligases to ubiquitinate sub-
strates, auto- ubiquitination is also a general trait of these proteins. 
Here, we found that DA2 auto- ubiquitinates several lysine residues 
at its N- terminal part, within and surrounding its RING domain 
(Fig.  2B), resulting in K48- linked polyubiquitin chains (Fig.  2C). 
Previous research showed that E2s play a key role in determining 
the ubiquitination chain type and that ubiquitin chain building is 
achieved by priming and chain elongation, which can require different 
E2 enzymes (20, 21). For example, the VI subgroup members can 
add the first ubiquitin to substrates and perform chain elongation. 
In contrast, chain- building E2s can only add ubiquitin to substrates, 
which have been primed, indicating that chain- building E2s can 
determine the chain type (21). UBC8 is a versatile enzyme that can 
mediate the formation of K11-  (21), K48- , and K63- linked ubiq-
uitin chains or other even branched linkage types (71), while UBC35 
and UBC36 mediate primarily K63- linked chains (72). Among the 
35 AtUBCs that we screened, 12 could associate with DA2 (Fig. 2D). 
However, only five UBCs (UBC8, UBC10, UBC11, UBC28, and 
UBC29) belonging to VI subfamily could facilitate K48- linked auto- 
ubiquitination of DA2 and DA2- mediated ubiquitination of DA1 
(Fig. 2, E and F). It is possible that without priming, the interacting 
chain- building E2s (UBC16, UBC17, UBC18, UBC30, UBC35, and 
UBC36; Fig. 2D) cannot ubiquitinate DA1 or DA2 in our in vitro 
screen (Fig. 2, E and F), but they might still play a role in the regula-
tion of DA2 in combination with other E2 enzymes in vivo. The VI 
subfamily of E2 enzymes shows various expression patterns in vivo 
(73). For example, UBC8 and UBC10 are highly expressed in all or-
gans, but most predominantly in leaves, flowers, or roots. On the 
other hand, UBC11 shows the highest expression in petals, UBC28 
displays significant higher expression levels in rosette leaves, while 
UBC29 is very lowly expressed in rosette leaves (73). It is likely that 
these and the other E2 enzymes interact with DA2 in a cell type–or 
tissue- specific manner, potentially resulting in additional ubiquitin 
chain types.

Next, we investigated the molecular consequences of DA2 auto- 
ubiquitination. Auto- ubiquitination has been found to influence the 
turnover of E3 ligases (74). For example, the E3 ligases AtRING1 
and BB were previously shown to be partially stabilized by mutating 
their RING domain (30, 75) and COP1 could be destabilized by 
promoting its auto- ubiquitination (76). Here, we found that the 
DA2 protein is very unstable in vivo (Fig. 3, A to E) but can be 
stabilized by the proteasome inhibitor BTZ (Fig. 3, D and E). In 
addition, DA2 auto- ubiquitination generates K48- linked ubiquitin 
chains (Fig. 2C) and several proteasome subunits were identified as 
interacting proteins (table  S2), strongly suggesting that the auto- 
ubiquitination of DA2 leads to proteasomal degradation. Unexpect-
edly, abolishing the enzymatic activity and hence auto- ubiquitination 
of DA2 by mutating its RING domain did not lead to its stabilization 
in different in vivo contexts (Fig. 3, A to E). Because RING- type 
E3s can also be ubiquitinated by other E3s and subsequently 
degraded by the 26S proteasome (74, 77), it is likely that the strong 
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Fig. 6. da1- 1 acts epistatic to 35S::DA2 to determine leaf size, cell proliferation, and endoreduplication. (A) twenty- one- day- old plants of Col- 0, 35S::DA2, two ad-
ditional independent DA2 overexpression lines in the Col- 0 background (35S::DA2/Col- 0 #9 and #14), da1- 1, and DA2 overexpression lines in the da1- 1 background 
(35S::DA2/da1- 1 #9 and #10). Scale bars, 1 cm. (B) Average leaf area of the first leaf pair at 21 dAS. N = 3 biological repeats with >9 plants per repeat. (C) Average pavement 
cell number of the first leaf pair at 21 dAS. N = 3 biological replicates with three representative leaves per replicate. (D) Average pavement cell area of the first leaf pair at 
21 dAS. N = 3 biological replicates with three representative leaves per replicate. (E) Ploidy distribution of nuclear dnA of leaf cells at 21 dAS. N = 3 biological replicates 
with three representative leaves per replicate. in (B) to (d), different letters above the bars indicate significantly different groups as determined by AnOvA followed by 
tukey’s multiple comparison test, P < 0.05. in (e), different letters above the bars indicate significantly different groups in 8C or 16C as determined by AnOvA followed by 
tukey’s multiple comparison test, P < 0.05. Bars represent the SeM.
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turnover of DA2 is tightly controlled by other unknown E3 ligases 
that mark DA2 for proteasomal degradation.

Apart from regulating protein stability, auto- ubiquitination can 
influence the activity of E3 ligases. Previous studies in mammalian 
cells have shown that auto- ubiquitination enhances the E3 ligase 
activity by facilitating the assembly with E2~ubiquitin (63, 78, 79). 
However, in Drosophila melanogaster, the ligase activity of INHIBI-
TORS OF APOPTOSIS PROTEIN 1 (DIAP1), which inactivates pro-
apoptotic regulators, was found to be attenuated by auto- ubiquitination 
with polymerized ubiquitin chains (80). A possible explanation is that 
polyubiquitin chains in DIAP1 interrupt the interaction between 
DIAP1 and its substrate, because monoubiquitin modifications did 
not influence its E3 ligase activity (80). Even if K48- type polyubiqui-
tin chains commonly target a protein for 26S proteasomal degrada-
tion, few proteasome- independent functions of K48 polyubiquitin 
chains have previously been described. For example, short K48- linked 
polyubiquitination represses the activity of the budding yeast tran-
scription factor Met4p, but does not lead to its destabilization (81, 
82). Here, we observed that auto- ubiquitination of DA2 regulates its 
activity without altering its stability. Auto- ubiquitination of DA2 
with Lys0 ubiquitin, which prevents further chain building, compro-
mises its activity to multiply monoubiquitinate DA1 (Fig. 3H). On 
the other hand, K48- linked polyubiquitination of DA2 enhances its 

activity compared to un- ubiquitinated DA2 (Fig. 3G). We could 
observe a faster ubiquitination rate of DA1 in the first time points 
when 4- hour auto- ubiquitinated DA2 was used, compared to un- 
ubiquitinated DA2 (Fig. 3G).We could observe a sudden increase in 
ubiquitination rate in samples where DA2 was auto- ubiquitinated for 
1 hour (Fig. 3G). These observations suggest a dosage- dependent ef-
fect of the auto- ubiquitination status of DA2 on its activity (Fig. 7A). 
A potential reason can be that very long ubiquitin chains on DA2 
might eventually interfere with the interaction between DA2 and 
DA1 or the E2 enzyme. Similar regulatory mechanisms were observed 
for the ubiquitination of H2A by RING1B in mammalian cells. To 
monoubiquitinate H2A, RING1B requires self- ubiquitination, 
consisting of K6, K27, K48, mixed, and multiple branched chains. 
However, when Lys0 ubiquitin was used and no chains could be 
formed, no monoubiquitination of H2A could be detected (83, 84).

UBP12 and UBP13 regulate growth by limiting the activity of 
DA2 and DA1
Ubiquitination is a very diverse and reversible PTM, which is fine- 
tuned by different deubiquitination enzymes (32). Over the past years, 
it has become clear that DUBs play an important role in plant growth 
and development (33). Our affinity purification experiment, using 
DA2 as a bait, revealed a strong interaction with UBP12 and UBP13, 

A

B

Fig. 7. Schematic overview: Auto- ubiquitination levels of DA2 regulate the protease activity of DA1. (A) Ubiquitin chain type and length alter the enzymatic activ-
ity of dA2 toward dA1. (B) UBP12 and UBP13 restrict the mode of action of the ubiquitin- activated dA1 protease by limiting the activity of dA2 and by directly deubiqui-
tinating dA1.
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which could also bind DA2 in its un- ubiquitinated form in  vitro 
(Fig. 4, A to C). UBP12 and UBP13 have been found to participate 
in various plant developmental processes, including plant immunity, 
phytohormone signaling, nutrient response, and growth, by deubiqui-
tinating various ubiquitinated proteins and preventing their protea-
somal degradation (43–49, 85–88). Our experiments show that UBP12 
and UBP13 specifically eliminate polyubiquitin chains from DA2 
(Fig. 4, D to F, and figs. S2C and S3B). In addition, our previous work 
has demonstrated that UBP12 and UBP13 also deubiquitinate DA1, 
DAR1, and DAR2, which are substrates of DA2, hereby limiting 
their peptidase activity (50). Because polyubiquitination of DA2 ini-
tially enhances its ubiquitination activity toward DA1, deubiquitination 
of DA2 by UBP12 and UBP13 can serve as an additional brake to con-
trol the levels of ubiquitinated, and hence activated, DA1 (Fig. 7B). So 
far, the peptidase activity of DA1 and its related proteins, DAR1 and 
DAR2, can be attenuated by several diverse molecular mechanisms. 
First, ubiquitinated DA1, DAR1, and DAR2 proteins can cleave their 
ubiquitinating E3 ligases in a negative feedback loop (51). Second, 
UBP12 and UBP13 can directly counteract the ubiquitination of DA1, 
DAR1, and DAR2, reducing their activity (50). Third, DA1 can be 
phosphorylated by BRI1, resulting in the formation of high–molecular 
weight complexes that are inactive, regardless of their ubiquitination 
status (70). Fourth, the E3 ligases BB (30) and DA2, which ubiquitinate 
DA1, are characterized by a high turnover. Fifth, DAR3 inhibits the 
activity of DA1 to repress endoreduplication (89). Last, by directly 
deubiquitinating DA2 and hereby limiting its ubiquitination activity 
toward DA1, UBP12 and UBP13 further limit the ubiquitination of 
DA1 and its related proteins (Fig. 7B). Previously, we demonstrated 
that strong overexpression of UBP12 and UBP13 leads to smaller 
plants that contain smaller cells and have a reduced nuclear DNA 
content (50), similar to da1ko_dar1- 1_dar2- 1 mutants (52). On the 
other hand, when the expression of UBP12 or UBP13 is driven by a 
milder UBQ10 promoter, which can finally lead to lower levels of 
ubiquitinated DA1, leaf size is enlarged (49). Combined, these regula-
tory layers that limit the activity of DA1 strongly suggest that keeping 
a precise balance of ubiquitinated DA1 is vital for plant development.

Protein fusions can trigger the proteolytic activity of DA1
PTMs, such as phosphorylation, ubiquitination, and lipidation, 
fundamentally affect a protein’s function. Therefore, methods that 
create artificial mimics of PTMs provide a strong tool to further 
understand the function of proteins. For several PTMs, methods 
exist to artificially mimic the modifications. For example, PIN- 
FORMED 1 (PIN1) is phosphorylated at Ser337 and/or Thr340, lead-
ing to an apical localization of PIN1. Converting these serine and 
threonine residues to aspartic acid mimics phosphorylation of 
PIN1 (90), resulting in a constitutive, PINOID- independent apical 
targeting of PIN1. In mammalians, the proto- oncogene Ras plays a 
key role in cell growth and needs to be lipid- modified to be bio-
logically active (91). By adding chemically synthesized lipidated 
peptides to the C terminus of Ras, the protein becomes function-
ally active (92). Because the activity of DA1 is strictly regulated on 
several levels, we aimed to generate a ubiquitination mimic of DA1 
that is constitutively activated, hereby overruling all levels of (de)
ubiquitination control. DA1 has been demonstrated to be multi- 
monoubiquitinated at its C- terminal domain, near its peptidase 
active site. However, when these lysines are mutated, ubiquitination 
on alternative lysines can also lead to its activation (51). Strong 
overexpression of untagged DA1, DAR1, or DAR2 can rescue the 

triple mutant da1ko_dar1- 1_dar2- 1 phenotype but does not lead to 
smaller plants in Arabidopsis (52, 66), most likely because the activity 
of these proteins is strictly regulated. By fusing DUB- insensitive 
ubiquitin molecules (UBIG75V, G76V) to the C terminus of DA1 (DA1- 
UBIn), we could trigger its protease activity toward several sub-
strates in vitro in the absence of DA2 (Fig. 5, B and C). In addition, 
overexpression of these different DA1- UBIn fusion proteins in 
Arabidopsis not only led to a severe reduction in growth and cell 
division but also caused a strong increase in endoreduplication 
(Fig. 5, D to H). This observation is in line with previous studies, 
demonstrating that monoubiquitination can be mimicked by ubiq-
uitin fusions at a terminus of a protein of interest (93–95). Although 
it is generally known that tagging a protein of interest with the bulky 
GFP moiety can alter its localization and protein- protein inter-
actions or interfere with its function, we were taken aback that our 
biochemical assays demonstrated that DA1 was activated by the N- 
terminal GFP fusion and could cleave substrates in the absence of E3- 
mediated ubiquitination. However, recombinant HIS- GFP- DA1- UBI1 
proteins did not show such cleavage activity. This demonstrates that, 
whenever possible, the molecular characteristics and behavior of 
tagged proteins should be assessed carefully.

On multiple levels, the DA1 pathway and brassinosteroid signaling 
are tightly interconnected (10). BRASSINAZOLE- RESISTANT 1, a 
positive transcriptional regulator of brassinosteroid signaling, represses 
the transcription of CUP- SHAPED COTYLEDON 2 (CUC2) and CUC3 
(96), which on their turn positively regulate the expression of DA1 
(97). In addition, BRI1 can negatively regulate the activity of DA1 
through phosphorylation (70). On top of this, UBP12 and UBP13 have 
been shown to stabilize BES1 (45, 46) and BRI1 (44), and the double 
transgenic lines BRI1OE_bb and BRI1OE_da1- 1 synergistically en-
hance leaf size (98). Therefore, it will be interesting to explore the 
contributions to organ size in higher- order mutants of both pathways. 
Although over the past years, many studies have stepwise elucidated 
the growth- regulating DA1 pathway, the molecular consequences for 
DA1 caused by monoubiquitination, leading to its activation, remain 
however elusive. A potential explanation is that monoubiquitination 
could modulate the activity of DA1 by altering its protein structure. 
For instance, monoubiquitination of MUCOSA- ASSOCIATED LYM-
PHOID TISSUE LYMPHOMA TRANSLOCATION 1 (MALT1), a 
key regulator of the nuclear factor κB (NF- κB) signaling pathway, 
promotes its dimerization and hence protease activity (95). The 
multiple monoubiquitination could, for example, induce steric inter-
ference that alters the protein structure of DA1, shifts an auto- inhibitory 
domain, and hence exposes its active site. Potentially, this can be 
mimicked by ubiquitin fusions or even by adding a bulky GFP tag. 
Therefore, future structural biology studies by means of x- ray crystal-
lography could be used to explore the effect of ubiquitination on the 
protein structure of DA1 or artificial DA1- UBI and other fusion 
proteins, giving more insights into this exciting growth- regulating 
pathway.

MATERIALS AND METHODS
Plant material and growth conditions
The Arabidopsis accession Columbia (Col- 0) was used for the 
generation of all transgenic lines and as the corresponding wild- type 
control. All plants were grown on plates containing half- strength 
Murashige and Skoog medium (MS) medium (99) containing 1% 
sucrose with a density of one plant per 4 cm2 at 21°C under a 16- hour 
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day/8- hour night regime in a light intensity of approximately 75 
photosynthetic active radiation. For all experiments, the seeds were 
stratified in the dark for two nights at 4°C before being placed in the 
respective growth rooms. Each quantitative experiment was performed 
in at least three independent biological repeats.

Plasmid construction
The 1960–base pair promoter sequence of DA2 and the coding 
sequence of DA1 were amplified and cloned by Gibson Assembly 
(NEB, E5510S) in the Golden Gate vectors pGGA000. The coding 
sequences of Ubiquitin, DA2, DA1, UBP12, and UBP13 were similarly 
assembled in the Golden Gate vector pGGC0000. The coding sequence 
of ubiquitin was also amplified with reverse primers that con-
tained mutations to change the two C- terminal glycines to valines 
(UBIG75V,G76V), hereby abolishing cleavage by deubiquitination 
enzymes and cloned into pGGB000, pGGC000, pGGD000, and 
pGGE000. In addition, the coding sequences of DA1, DA2, UBP12, 
UBP13, UBP3, UBP15, UBP24, UBC5, UBC7, UBC8, UBC11, 
UBC16, UBC18, UBC26, UBC27, UBC28, UBC29, UBC35, and 
UBC36 were cloned in the Gateway vector pDonor221. The DA2C59S, 
DA1H418A,H422A, UBP12C208S, and UBP13C207S mutations were intro-
duced by site- directed mutagenesis PCR.

The pDA2::DA2- GUS and pDA2::DA2C59S- GUS expression vectors 
were assembled using the GoldenGateway method (100). First, the 
coding sequences were assembled using Golden Gate in pEN- L1- 
AG- L2, which was then recombined using Gateway in the destination 
vector pFAST- R01. Additional 35S::DA2 constructs were generated 
via Golden Gate into the destination vector pFASTR- AG. For 
the colocalization experiments, the coding sequences of DA2 
were cloned in the Gateway destination vector pK7WGR2 and 
those of UBP12 and UBP13 in pK7WGF2 to generate N- terminal 
red fluorescent protein (RFP) and GFP fusion constructs, respec-
tively. DA2 and DA2C59S were cloned in the Gateway- compatible 
pDEST- HIS- MBP destination vector to generate HIS- MBP- DA2 
and HIS- MBP- DA2C59S. UBP3, UBP12, UBP13, UBP12C208S, UB-
P13C207S, UBP15, UBP24, UBC8, UBC10, UBC11, UBC16, UBC17, 
UBC18 UBC26, UBC28, UBC29, UBC30, UBC35, and UBC36 
constructs were subcloned in pDEST15 to generate GST- UBP3, 
GST- UBP12, GST- UBP13, GST- UBP15, GST- UBP24, GST- UBC8, 
GST- UBC10, GST- UBC11, GST- UBC16, GST- UBC17, GST- UBC18, 
GST- UBC26, GST- UBC28, GST- UBC29, GST- UBC30, GST- UBC35, 
and GST- UBC36 fusion proteins. The GST- UBC10 construct was 
provided by M. Bevan (JIC, Norwich, UK). The HIS- FLAG- DA1 and 
HIS- FLAG- DA1H418A,H422A constructs were assembled in a Golden 
Gate–compatible protein expression vector pDEST- RC- AG using a 
Golden Gate reaction. For the yeast two- hybrid assay, DA2 and GUS 
were cloned in pGADT7- GG using Golden Gate. UBC5, UBC7, UBC16, 
and UB27 were cloned into pGBT9, and the other E2 enzymes in 
pGBT9 were provided by A. Goossens (VIB- UGent, Belgium).

To generate a single vector that encoded the bait and prey pro-
teins for in vivo immune precipitation experiments, we generated 
with Golden Gate a constitutively expressed N- terminal mCherry 
fusion of DA2, followed by a pGG- F- A- AarI- SacB- AarI- G- G module 
after the 35S terminator in the pGGK- A- G destination vector. After 
a digest with AarI, we inserted additional expression modules of 
either free GFP or N- terminal GFP fusions of UBP12 or UBP13, 
driven by a 35S promotor. Similarly, we generated ratiometric 
constructs that encoded both a free mCherry combined with 
free GFP, GFP- DA2, or GFP- DA2C59S, all expressed by the p35S. In 

addition, we generated an N- terminal tandem fluorescent timer con-
sisting of an sfGFP and mCherry protein, separated by a small linker 
as described by Zhang et al. (101). With this tandem fluorescent pro-
tein timer, we generated 35S::sfGFP- mCherry, 35S::sfGFP- mCherry- 
DA2, and 35S::sfGFP- mCherry- DA2C59S constructs. HA- ubiquitin 
fusions were cloned in a pGGK- A- G destination vector, driven by a 
35S promotor.

Overexpression constructs of DA1 with up to four ubiquitin 
molecules were generated using the GoldenGateway method (100). 
First, the coding sequences were assembled using Golden Gate in 
pEN- L1- AG- L2, which was then recombined using Gateway in pFAST-
 G02. The HIS- FLAG- DA1- UBI1 and HIS- FLAG- DA1H418A,H422A- UBI1 
constructs were assembled in a Golden Gate–compatible protein 
expression vector pDEST- RC- AG using a Golden Gate reaction. All 
general plasmids can be requested from https://gatewayvectors.vib.
be, and the primers are listed in table S3.

Transgenic plant generation
All Arabidopsis plants were transformed by floral dip using 
Agrobacterium tumefaciens (PMP90 C58C1). The pDA2::DA2- GUS 
and pDA2::DA2C59S- GUS plasmids were transformed into da2- 1 
mutants, the 35S::DA2 construct into Col- 0, and the da1- 1 mutant. 
35S::DA1- UBI1, 35S::DA1- UBI2, 35S::DA1- UBI3, and 35S::DA1- UBI4 
constructs were transformed in Col- 0 plants. For all experiments, 
we selected homozygous single- locus insertion lines.

Leaf measurements and cellular analysis
Leaves were dissected from the rosette and placed on a square plate 
containing 1% agar. The leaves were imaged, and their area was analyzed 
with ImageJ v1.45 [RRID:SCR_003070, National Institutes of Health 
(NIH); http://rsb.info.nih.gov/ij/]. For the cellular analysis, leaf samples 
were cleared overnight in 70% ethanol, stored in lactic acid, and 
mounted on a microscope slide. The total leaf blade area of cleared 
leaves was measured for at least eight representative leaves under a 
dark- field binocular microscope (MZ16, Leica). Three leaves whose 
size were the closest to the average leaf area of each line were chosen 
for further analysis. Abaxial epidermal cells in the center of the leaf 
blade, between the midvein and leaf edge, were drawn using a mi-
croscope equipped with differential interference contrast optics 
(DM LB with 403 and 633 objectives, Leica) and a drawing tube. 
Photographs of leaves and scanned cell drawings were used to mea-
sure leaf and individual cell area, respectively, as described be-
fore (102).

Flow cytometry
The first leaf pair was harvested from 9 to 21 DAS with a 3- day inter-
val and frozen in liquid nitrogen. At least three leaves per time point 
of each biological repeat were chopped with a razor blade in 200 μl 
of Cystain UV Precise P Nuclei Extraction buffer (Sysmex), then 
800 μl of Cystain UV Precise P Staining buffer (Sysmex) was added, 
and the solution was filtered through a 50- mm filter. Nuclei were 
analyzed with the Cyflow MB flow cytometer (Partec) and the FloMax 
software (RRID:SCR_014437).

Recombinant protein production and quantification
All expression vectors were transformed into competent BL21 (DE3) 
E. coli cells. The specific conditions for protein production are listed 
in table S4. HIS- MBP- DA2, MBP- TCP22- GST, and MBP- UBP15- GST 
were purified from the bacterial lysate with amylose resin agarose 

https://gatewayvectors.vib.be
https://gatewayvectors.vib.be
http://rsb.info.nih.gov/ij/
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beads (BioLabs, E8021S), DA2- GST, GST- UBP3, GST- UBP12, 
GST- UBP13, GST- UBP15, GST- UBP24, GST- UBC8, GST- UBC10, 
GST- UBC11, GST- UBC16, GST- UBC17, GST- UBC18, GST- UBC26, 
GST- UBC28, GST- UBC29, GST- UBC30, GST- UBC35, and GST- 
UBC36 with glutathione Sepharose 4B beads (GE Healthcare, 
17075601). DA2- HIS, HIS- FLAG- DA1, HIS- FLAG-  DA1H418A,H422A, 
HIS- FLAG- DA1- UBI1, HIS- GFP- DA1, and HIS- GFP- DA1- UBI1 
were purified with Ni- NTA agarose beads (QIAGEN, 30210).

Purified proteins were loaded on 4 to 15% Mini- PROTEAN 
TGX Precast Protein Gels (Bio- Rad, 4561083DC) and stained with 
Instant Blue (Sigma- Aldrich, ISB1L- 1 L), and the full- length proteins 
were quantified using a bovine serum albumin (BSA) standard 
curve in ImageLab (V.6.0.1; Bio- Rad, RRID:SCR_014210).

In vitro ubiquitination and deubiquitination assays
The ubiquitination of DA2 or DA1 was carried out in 30 μl of 
ubiquitination buffer [50 mM tris- HCl (pH 7.4), 5 mM MgCl2, 2 mM 
ATP, 2 mM dithiothreitol (DTT)] in the presence of 20 μg of ubiq-
uitin [recombinant human ubiquitin protein, R&D Systems, U- 100H; 
recombinant human HA- ubiquitin protein, R&D Systems, U- 110; 
recombinant human ubiquitin mutant (no lysine) protein, R&D 
Systems, UM- NOK], 100 ng of E1 (UBE1, R&D Systems, E- 305), 
500 ng of E2 (UbcH5b/UBE2D2, R&D Systems, E2- 622 or recombinant 
Arabidopsis E2 enzymes), 200 ng of recombinant DA2, and, if appli-
cable, 200 ng of DA1. Before the deubiquitination step, the E1 in-
hibitor MLN7324 (Chemietek, CT- M7243) was added to terminate 
the ubiquitination reaction. Subsequently, 200 ng of full- length GST- 
tagged UBP proteins were added to the samples for 4 hours. The 
samples were loaded on 4 to 15% Mini- PROTEAN TGX Precast 
Protein Gels (Bio- Rad, 4561083DC). The gels were transferred to a 
polyvinylidene difluoride membrane using Trans- blot turbo transfer 
packs (Bio- Rad, 170- 4156), and the membranes were incubated 
overnight in a 5% skimmed milk (Difco, 232100), 1× Tris- buffered 
saline with 0.1% Triton- X (TBST) solution. After blocking, GST- tagged 
proteins were detected with anti- GST horseradish peroxidase (HRP) 
conjugate (1:3000; Sigma- Aldrich, GERPN1236, RRID:AB_2827942), 
MBP- tagged proteins with anti- MBP monoclonal antibody (1:10,000; 
NEB, E8030S, RRID:AB_1559728), HIS- tagged proteins with 
anti- HIS–HRP (1:2500; GenScript, A00612) or anti- HIS (1:2000; In-
vitrogen, R93025), FLAG- tagged proteins with anti- Flag (1:2000; 
Sigma- Aldrich, F3165), and HA- tagged proteins with anti- HA–HRP 
(1:5000; Abcam, ab1190). For the general detection of ubiquitin, 
anti- P4D1 (1:2000; Santa Cruz Biotechnology, SC- 8017) was used, 
and to determine the ubiquitin linkage type, we used anti- K48 
(1:1000 in 5% BSA, Cell Signaling Technology, catalog no. 8081) and 
anti- K63 (1:1000; Sigma- Aldrich, catalog no. 05- 1308). The α- K48 
and α- K63 blots were always detected with the same exposure time. 
As secondary antibodies, rabbit immunoglobulin G (IgG) HRP- linked 
antibody (1:2000; Sigma- Aldrich, NA934v, RRID:AB_2722659) 
and mouse IgG HRP- linked antibody (1:5000; Sigma- Aldrich, 
NA931v, RRID:AB_2827944) were used. The protein blots were 
visualized using the chemiluminescence assay kit (Thermo Fisher 
Scientific, catalog no.32106) in a ChemiDoc imaging system (Bio- 
Rad) and further processed with ImageLab (v.6.0.1; Bio- Rad, 
RRID:SCR_014210).

In vitro E3 ligase ubiquitination efficiency assay
DA2- HIS was incubated with E1, E2, and ubiquitination buffer, includ-
ing ATP, in the presence or absence of ubiquitin [recombinant human 

ubiquitin Protein, R&D Systems, U- 100H; recombinant human ubiquitin 
mutant (no lysine) protein, R&D Systems, UM- NOK] to generate 
ubiquitination- modified DA2 or unmodified DA2. After 4  hours, 
additional ubiquitin and equal amounts of HIS- FLAG- DA1H418A,H422A 
were added, which we considered as time point 0. Samples were 
harvested during a time course, and the reaction was stopped by 
adding 5× SDS sample buffer. The ubiquitination levels of DA2- 
HIS and HIS- FLAG- DA1H418A,H422A were further detected by 
Western blot.

Yeast two- hybrid assay
Constructs were transformed into the yeast strain PJ69- 4A with the 
Frozen- EZ Yeast Transformation II Kit (Zymo Research, T2001) 
according to the manufacturer’s instructions. Yeast cultures were 
handled, and interaction assays were performed as described in the 
Yeast Protocols Handbook (https://takara.co.kr/file/manual/pdf/
PT3024- 1.pdf).

Transient expression in N. benthamiana and 
fluorescence microscopy
A 3- ml culture of Agrobacterium (PMP90 C58C1) containing 
35S::RFP- DA2, 35S::GFP- UBP12, 35S::GFP- UBP13 constructs or P19 
was grown overnight (28°C) in YEB medium with the appropriate 
antibiotics. The next day, 1 ml of this culture was inoculated in a 
9- ml YEB, 10 mM MES, and 20 μM acetosyringone (Aldrich, 
D134406) solution with the appropriate antibiotics and incubated 
overnight at 28°C. Then, the bacteria were washed twice in a 100 mM 
MgCl2, 10 mM MES, and 20 μM acetosyringone buffer, and the 
OD600 (optical density at 600 nm) was adjusted to 1 for all cultures 
and further incubated for 2 hours at 28°C. Then, equal mixtures of 
the constructs were infiltrated in leaves of 4- week- old N. benthamiana 
plants. After three nights, leaf disks were imaged with a Zeiss LSM 
710 confocal inverted microscope (RRID:SCR_018063, Zeiss) to im-
age the RFP (lasers: 561 nm: 3.0%, beam splitters: Main Beam Splitter 
(MBS): MBS 488/561, pinhole: 100 μm, digital gain: 1.00, Master gain: 
925) and GFP fusion proteins (lasers: 488 nm: 2.0%, beam split-
ters: MBS_InVis: Plate, pinhole: 100 μm, digital gain: 0.75, Master 
gain: 956). The image overlay was generated using the Zen 2009 
software (6.0 SP2, Carl Zeiss). For the study of subcellular local-
ization of DA2, UBP12, and UBP13, images were taken by an SP8X 
confocal microscope (Leica) with a ×40/1.10 water objective. GFP 
and RFP were excited at 488 and 594 nm and acquired at 500 to 
530 nm and at 600 to 650 nm, respectively. Images were collected 
using Las- X software (v3.5.7.23225).

Protein stability assays
To measure protein turnover in N. benthamiana, free GFP, GFP- DA2, 
or GFP- DA2C59S was expressed together with the mCherry reference 
protein from the same vector. These vectors were transformed into 
Agrobacterium (PMP90 C58C1), and leaves were infiltrated as 
described above. The free GFP control construct was always infiltrated 
on the same leaf at the same region. After 2 days, the fluorescence 
was imaged at three locations per leaf using a Leica fluorescence 
binocular stereoscope (M165- FC, Leica) equipped with a camera 
(DFC- 7000T, Leica), and the ratio of GFP/mCherry of each construct 
was calculated in ImageJ v1.45 ((RRID:SCR_003070, NIH; http://rsb.
info.nih.gov/ij/). In total, at least three biological replicates were 
performed. sfGFP- mCherry- DA2, sfGFP- mCherry- DA2C59S, and 
the free sfGFP- mCherry control were transformed in suspension 

https://takara.co.kr/file/manual/pdf/PT3024-1.pdf
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cells as described before (103). Cell suspensions were pipetted in a 
black, optically clear- bottom, 96- well plate (PerkinElmer, 6005225), 
and the fluorescence was measured in a CLARIOstar Plus (BMG 
Labtech) (sfGFP: excitation 470- 15, emission 530- 20; mCherry: 
excitation 572- 15, emission 630- 20).

Histochemical GUS staining
At 9 DAS, pDA2::DA2- GUS and pDA2::DA2C59S- GUS seedlings were 
moved to liquid half- strength MS medium. BTZ was added to the 
medium to a final working concentration of 40 μM, and the same 
amount of dimethyl sulfoxide (DMSO) was added to the control 
group. After 24 hours of treatment, the seedlings were incubated in 
80% acetone for 20 min, transferred to an X- Gluc staining solution 
[500 mM phosphate buffer (pH 7.0), 0.5 mM K3Fe(CN)6 (potassium 
ferricyanide), 0.5 mM K4Fe(CN)6 (potassium ferrocyanide), 1 mM 
X- Gluc (Fermentas, R0852), 0.5% dimethylformamide, 1 mM EDTA, 
and 0.5% Triton X- 100], and incubated overnight at 37°C. Then, the 
samples were cleared overnight in 70% ethanol, stored in lactic acid, 
mounted on a microscope slide, and imaged using a dark- field binocular 
microscope (MZ16, Leica).

LC- MS/MS analysis of ubiquitinated DA2
For the detection of ubiquitinated lysines, 10 μg of ubiquitinated 
HIS- MBP- DA2 was submitted for liquid chromatography–tandem 
mass spectrometry (LC- MS/MS). The run was searched using the 
MaxQuant algorithm (version 2.0.3.0) with mainly default search 
settings, including a false discovery rate set at 1% on propensity 
score matching (PSM), peptide, and protein level. GlyGly on lysine 
residues was set to variable. Missed cleavages were set to maximum 
3. The detailed MS/MS results can be found in table S1.

Isolation of DA2 protein complexes by AP- MS
Transgenic Arabidopsis thaliana cell suspension cultures expressing 
GSrhino- DA2 from the constitutive 35S cauliflower mosaic virus 
promoter were generated as previously described (103, 104). Cells 
were treated with 50 μM MG132 for 6  hours and flash- frozen in 
liquid nitrogen, 3 days after subculturing in fresh Murashige and 
Skoog basal salts with minimal organics (MSMO) medium. Protein 
interactions were stabilized by in vitro cross- linking with dithiobis 
succinimidyl propionate (DSP; Thermo Fisher Scientific, Pierce), and 
protein complexes were isolated in triplicate by protein G–based 
AP- MS, as previously described (105, 106). Briefly, cells were ground 
in liquid nitrogen and proteins were extracted in extraction buffer 
[50 mM Hepes (pH 7.5), 15 mM MgCl2, 150 mM NaCl, 15 mM p- 
nitrophenyl phosphate, 60 mM β- glycerophosphate, 0.1% NP- 40, 
0.1 mM Na3VO4, 1 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 
1 μM E64, EDTA- free Ultra cOmplete tablet (Roche), and 5% ethylene 
glycol]. To stabilize transient protein interactions, the proteins were 
cross- linked for 45 min with 3 mM DSP during protein solubiliza-
tion at 4°C on an orbital shaker. Before the centrifugation of protein 
extracts, nonreacted DSP was quenched with 1 ml of 1 M tris- HCl 
buffer (pH 7.5). After centrifugation, protein complexes were trapped 
by incubating 25 mg of total protein extract for 2 hours with 50 μl of 
magnetic IgG bead suspension [prepared in- house as described by 
Hamperl et al. (107)]. The beads were washed three times with 500 μl 
of extraction buffer and once with 500 μl of extraction buffer with-
out detergent. Next, the proteins were eluted by incubating the washed 
IgG beads three times with 150 μl of 0.2 M glycine/HCl (pH 2.5) 
at 4°C. The pooled eluate was neutralized with 100 μl (NH4)2CO3. 

Proteins were reduced for 30 min in 5 mM tris(2- carboxyethyl)phos-
phine (TCEP) at 37°C, alkylated for 30 min in 10 mM iodoacet-
amide at room temperature, and digested overnight with 1 μg of 
trypsin/Lys- C at 37°C. Peptides were acidified to 1% (v/v) trifluo-
roacetic acid, desalted on C18 Omix tips (Agilent, catalog no. 
A57003100), dried in a SpeedVac, and stored at −20°C until MS 
analysis. The peptide samples were analyzed on a Q Exactive (Ther-
mo Fisher Scientific), and copurified proteins were identified with 
Mascot (version 2.5.1, Matrix Science) using standard procedures 
(104, 105). Briefly, the raw data were searched against the TAIRplus 
database [35839 entries, (104)]. Variable modifications were set to 
methionine oxidation and acetylation of protein N termini. Fixed 
modifications were set to carbamidomethylation of cysteines. Pre-
cursor mass tolerance was set to 10 parts per million (with Mascot’s 
C13 option set to 1) and the fragment mass tolerance to 20 milli mass 
unit (mmu). Peptide charges were set to 2+ and 3+ and the instrument 
to ESI- QUAD. Protease was set to trypsin/P, allowing for two missed 
cleavages. Significance threshold was set to P < 0.01, and ion score 
cutoff to <0.01 (table S2A). After identification, the obtained pro-
tein list was filtered versus a large dataset of pull- downs with non-
related baits, assembled similarly as described (table S2B) (104). 
The identified proteins were retained by means of semiquantitative 
analysis using the average normalized spectral abundance factors 
(NSAFs) of the identified proteins in the bait pull- downs versus the 
average NSAF of the same identified protein in the large dataset. In 
the same way, the list of identified proteins was additionally filtered 
versus a dataset containing only DSP cross- linked samples. Proteins 
identified with one peptide in at least two experiments, showing high 
(at least 10- fold) and significant {−log10[P value(t test)] ≥8} enrich-
ment compared to the calculated average NSAF values from the large 
dataset of pull- downs as well as the DSP cross- linked dataset, were 
retained. All protein identification details can be found in table S2.

In vivo Co- IP
Vectors that simultaneously carried constructs of free GFP, GFP- UBP12, 
or GFP- UBP13 with mCherry- DA2 were transformed in cell suspension 
cultures, and the protein extraction was performed as described by 
Van Leene et al. (103). Proteins were extracted and purified with GFP- Trap 
Agarose beads (ChromoTek, RRID:AB_2631357), and the purified fractions 
were subjected to Western blot. After blocking, GFP- tagged proteins 
were detected with anti- GFP antibody (1:1000; Abcam, ab290, 
RRID:AB_303395) and mCherry- tagged proteins with anti- RFP anti-
body (1:1000; ChromoTek, RFP antibody [6G6], RRID:AB_2631395) 
and subsequently with a secondary rabbit IgG HRP- linked antibody 
(1:2000; Sigma- Aldrich, NA934v, RRID:AB_2722659) or secondary 
mouse IgG HRP- linked antibody (1:5000; Sigma- Aldrich, NA931v, 
RRID:AB_2827944), respectively. The protein blots were visualized as 
described in the previous section.

In vitro pull- down
For the in  vitro pull- down assays of DA2 by UBP12 or UBP13, 
around 2 μg of GST- UBP12, GST- UBP13, or GST proteins was incu-
bated with 5 μg of HIS- MBP- DA2 protein in 1 ml of pull- down buffer 
[10% glycerol, 1% Triton X- 100, 150 mM NaCl, 50 mM Hepes (pH 7.5), 
and 1× cOmplete protease inhibitor cocktail (Roche, 11697498001)]. 
These reactions were incubated with 15 μl of GST beads (glutathi-
one Sepharose 4B agarose) while gently shaking at 4°C for 1 hour. 
The beads were washed six times, and the proteins were eluted with 
35 μl of GST elution buffer [50 mM tris- HCl (pH 8.0), 10 mM 
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reduced glutathione, and 10% glycerol] for 30 min at 4°C. The eluted 
samples were heated for 10 min at 95°C after the addition of 5× sam-
ple buffer. The immunoprecipitated proteins were separated by SDS–
polyacrylamide gel electrophoresis and detected with anti- GST HRP 
conjugate (1:3000; Sigma- Aldrich, GERPN1236, RRID:AB_2827942) 
and MBP- tagged proteins with anti- MBP monoclonal antibody 
(1:10,000; NEB, E8030S, RRID:AB_1559728) and subsequently 
with a secondary mouse IgG HRP- linked antibody (1:5000; Sigma- 
Aldrich, NA931v, RRID:AB_2827944). The protein blots were visu-
alized as described in the previous section.

Cell- free ubiquitination assay
Proteins were freshly extracted from 8- day- old seedlings of Col- 0, 
ubp12- 2, 35S::UBP12, and 35S::UBP13 using a 0.5 M sucrose, 1 mM 
MgCl2, 10 mM EDTA (pH 8.0), 5 mM DTT, and 50 mM tris- MES 
(pH 8.0) extraction buffer without protease inhibitors (1 μl of buffer 
was added per milligram of plant material). Subsequently, 600 μg of 
cell- free extract was added per 200 ng of HIS- MBP- DA2 proteins, 
and MG132 was supplemented to a final concentration of 50 μM. For 
each time point, an equal amount (30 μl) of reaction mix was taken 
and the reaction was stopped by the addition of SDS sample buffer. 
The samples were blotted and detected as described above. The inten-
sities of ubiquitinated HIS- MBP- DA2 were measured in ImageJ. To 
quantify the ubiquitination, relative ubiquitination intensities were 
calculated as ubiquitination intensities at 2 hours compared to the 
background signal at 0 hours.

In vivo ubiquitination assay in Arabidopsis protoplasts
Protoplasts of 14- day- old seedlings of Arabidopsis were isolated 
as described by Zhai et al. (108). Expression vector plasmids of 
35S::HA- ubiquitin, 35S::sfGFP- mCherry- DA2, 35S::sfGFP- mCherry- 
DA2C59S, 35S::mCherry- DA2, 35S::GFP- UBP12, 35S::GFP- UBP12C208S, 
35S::GFP- UBP13, and 35S::GFP- UBP13C207S were prepared with a 
QIAGEN Plasmid Maxi Kit (QIAGEN, 12163) according to the manu-
facturer’s instructions. In total, 200 μl of plasmids at the concentra-
tion of 1000 ng/μl were transfected into protoplasts. These protoplasts 
were incubated overnight at 21°C. Then, BTZ was added to the 
medium to a final working concentration of 5 μM, and the same 
amount of DMSO was added to the control group. After 6 hours of 
treatment, the protoplasts were harvested and the proteins were 
extracted as described before. After purification with GFP- Trap aga-
rose beads (ChromoTek, RRID:AB_2631357) or ChromoTek RFP- 
Trap Magnetic Agarose beads (ChromoTek, RRID:AB_2631363), 
the purified DA2 proteins were further analyzed by Western blot. 
The intensities of BTZ- treated ubiquitinated sfGFP- mCherry- DA2 
and sfGFP- mCherry- DA2C59S were measured in ImageJ. To quantify 
the ubiquitination, relative ubiquitination intensities in the α- HA, 
α- P4D1, and α- K48 blots were normalized to the abundance of the 
respective unmodified protein in the α- GFP blot.

In vitro DA1- mediated cleavage assays
HIS- FLAG- DA1UB and HIS- FLAG- DA1H418A,H422A UB were generated 
in vitro using HIS- MBP- DA2 as E3 ligases. Nine hundred nanograms of 
HIS- FLAG- DA1, HIS- FLAG- DA1UB, HIS- FLAG- DA1H418A,H422A UB, 
HIS- FLAG- DA1- UBI1, HIS- FLAG- DA1H418A,H422A- UBI1, HIS- 
GFP- DA1, or HIS- GFP- DA1- UBI1 was added to 200 ng of MBP- 
UBP15- GST or MBP- TCP22- GST in a 60- μl reaction in ubiquitination 
buffer. Reactions were carried out for 6 hours at 30°C and terminated 
by the addition of SDS sample buffer.

RNA extraction, cDNA preparation, and qRT- PCR
Total RNA was extracted from flash- frozen seedlings. To eliminate 
the residual genomic DNA present in the preparation, the RNA was 
treated by RQ1 ribonuclease- free deoxyribonuclease according to 
the manufacturer’s instructions (Promega, M6101) and purified with 
the RNeasy Mini Kit (QIAGEN, 74904). Complementary DNA (cDNA) 
was made with a QScript cDNA supermix kit (Quantabio, 95048- 
100) according to the manufacturer’s instructions. qRT- PCR was 
done on LightCycler 480 (Roche) in 384- well plates with LightCycler 
480 SYBR Green I Master Mix (Roche) according to the manufacturer’s 
instructions. Primers were designed with Primer3 (RRID:SCR_003139, 
http://primer3.ut.ee). Data analysis was performed using the ΔΔCT 
method (109), taking the primer efficiency into account. The expression 
values were normalized using three reference genes (AT1G13320, 
AT2G32170, and AT2G28390) according to the GeNorm algorithm 
(110). The qRT- PCR primers are listed table S3.

Statistical analysis
Statistical parameters are indicated in the legends of each figure. The 
details and output of each statistical test are provided together with 
the source data in the corresponding source data files. A P value of 
less than 0.05 was considered significant. All statistical analysis and 
graphs were performed in GraphPad Prism 9. 4 (www.graphpad.
com, RRID:SCR_002798).

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
legends for tables S1 to S4
legend for source data

Other Supplementary Material for this manuscript includes the following:
tables S1 to S4
Source data
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