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Abstract
Protein activity, abundance, and stability can be regulated by post-translational modi!cation including ubiquitination. Ubiquitination is 
conserved among eukaryotes and plays a central role in modulating cellular function; yet, we lack comprehensive catalogs of proteins 
that are modi!ed by ubiquitin in plants. In this study, we describe an antibody-based approach to enrich ubiquitinated peptides 
coupled with isobaric labeling to enable quanti!cation of up to 18-multiplexed samples. This approach identi!ed 17,940 ubiquitinated 
lysine sites arising from 6,453 proteins from Arabidopsis (Arabidopsis thaliana) primary roots, seedlings, and rosette leaves. Gene 
ontology analysis indicated that ubiquitinated proteins are associated with numerous biological processes including hormone 
signaling, plant defense, protein homeostasis, and metabolism. We determined ubiquitinated lysine residues that directly regulate 
the stability of three transcription factors, CRYPTOCHROME-INTERACTING BASIC-HELIX-LOOP-HELIX 1 (CIB1), CIB1 LIKE PROTEIN 2 
(CIL2), and SENSITIVE TO PROTON RHIZOTOXICITY1 (STOP1) using in vivo degradation assays. Furthermore, codon mutation of CIB1 
to create a K166R conversion to prevent ubiquitination, via CRISPR/Cas9-derived adenosine base editing, led to an early "owering 
phenotype and increased expression of FLOWERING LOCUS T (FT). These comprehensive site-level ubiquitinome pro!les provide a 
wealth of data for future functional studies related to modulation of biological processes mediated by this post-translational 
modi!cation in plants.
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Introduction
Ubiquitin is a well-established post-translational protein modi!-
cation (PTM) that impacts nearly all aspects of plant biology 
(Vierstra 2009). Covalent attachment of ubiquitin to substrate pro-
teins occurs in a step-wise fashion involving E1 (ubiquitin activat-
ing), E2 (ubiquitin conjugating), and E3 (ubiquitin ligase) enzymes 
(Kraft et al. 2005; Sadanandom et al. 2012). The attachment of 
ubiquitin to protein substrates can result in many functional out-
comes, including protein degradation or changes in subcellular lo-
calization. While ubiquitin is typically attached to lysine residues, 
it can also be covalently linked to cysteine, serine, threonine, and 
the amino terminus of target proteins (Abu Hatoum et al. 1998; 
Ciechanover 2004; Cadwell and Coscoy 2005; Kravtsova-Ivantsiv 
and Ciechanover 2012; Gilkerson et al. 2015). In addition to posi-
tional complexity there is also oligomeric complexity whereby 
ubiquitin attachments to substrates can occur in various numbers 
of monomers (Romero-Barrios and Vert 2018). In Arabidopsis, over 
1,500 annotated genes are linked to ubiquitin pathways suggesting 
that the biological processes involving this PTM are extensive 
(Vierstra 2012). While ubiquitin 26S proteasome (UPS) mediated 

protein degradation has been demonstrated for most plant hor-
mones (Kelley and Estelle 2012; Tal et al. 2020; Wang et al. 2022), 
very little is known about the corresponding ubiquitin attach-
ment(s) underlying such regulated proteolysis.

Given the importance of ubiquitin in modulating protein func-
tion a range of approaches have been used to identify ubiquiti-
nated proteins in plants. One approach has been to use 
ubiquitin-associated domains or ubiquitin interaction motifs to 
af!nity purify proteins with ubiquitin conjugates (Maor et al. 
2007; Manzano et al. 2008; Igawa et al. 2009). Saracco et al. 
(2009) developed a transgenic Arabidopsis line containing a 
6xHis-UBQ tagged ubiquitin line, which has been used in combi-
nation with an additional enrichment step based on the 
HHR23A ubiquitin binding region (Saracco et al. 2009) or tandem 
ubiquitin binding entities (Kim et al. 2013; Aguilar-Hernández 
et al. 2017; Ma et al. 2021) to purify ubiquitinated proteins. 
These methods are powerful for identifying ubiquitinated pro-
teins but are unable to comprehensively identify the exact amino 
acid attached to ubiquitin because the enrichment occurs at the 
protein level. In other eukaryotic systems, the gold standard 
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approach uses antibodies that recognize the di-glycine (diGly) 
remnant of ubiquitin and the ubiquitin-like protein related to 
ubiquitin protein 1/neuronal precursor cell-expressed develop-
mentally downregulated protein 8 (RUB1/NEDD8), which remains 
following trypsin digestion, to enrich ubiquitin modi!ed peptides 
(Kim et al. 2011; Fulzele and Bennett 2018). This diGly antibody en-
richment approach has been used on several plant species; yet, 
the number of identi!ed ubiquitin sites lags behind nonplant 
studies where >10,000 sites are routinely identi!ed (Li et al. 
2015; Xie et al. 2015; Zhang et al. 2017; Chen et al. 2018; Wang 
et al. 2019b; He et al. 2020; Udeshi et al. 2020; Grubb et al. 2021; 
Berger et al. 2022). Thus, a combined fractional diagonal chroma-
tography (COFRADIC) approach was developed to identify exact 
ubiquitin sites and expand our known repertoire of ubiquitinated 
Arabidopsis proteins (Walton et al. 2016). While COFRADIC has 
enabled the identi!cation of the largest number of ubiquitin sites 
(3,009) in Arabidopsis it requires complex in vitro chemical 
modi!cation and sample processing steps, making it dif!cult to 
carry out.

Here, we report a diGly based method, using commercially 
available antibodies, for quantitative pro!ling of ubiquitinomes 
in plants. Our approach utilizes an isobaric tag-based mass spec-
trometry labeling method that enables sample multiplexing and 
relative quanti!cation of changes in ubiquitin levels at speci!c 
amino acid sites. Isobaric labeling has an advantage over data de-
pendent acquisition (DDA) label-free proteomics approaches in 
that it does not suffer from missing values between samples, 
which is a challenge for quantitative studies comparing differen-
ces between samples. Using these methods, we report an exten-
sive catalog of ubiquitin attachment sites from Arabidopsis 
primary root, seedling, and rosette leaves. The identi!ed ubiquiti-
nation sites occur on proteins from diverse functional categories 
and include many well-known 26S ubiquitin proteasome sub-
strates for which the speci!c modi!ed site was unknown. The 
ubiquitination sites identi!ed in this study provide a rich resource 
for future mechanistic studies investigating protein function and 
deepen our understanding of the Arabidopsis proteome.

Results and discussion
Detection and quanti!cation of 
ubiquitin-modi!ed proteins in Arabidopsis
Despite widespread interest in protein ubiquitination, the ability 
to robustly carry out large-scale ubiquitinome analyses remains 
a challenge. Thus, we sought to expand the catalog of known ubiq-
uitination sites on plant proteins. Toward this aim, we tested sev-
eral steps in diGly-based ubiquitinome pro!ling. Alkylation of 
cysteines is a critical step in proteomic sample preparation and 
is commonly done using iodoacetamide (IAM). Alkylation condi-
tions are known to impact the frequency of “off target” alkylation 
of residues other than cysteine. Of particular concern is dialkyla-
tion of lysine that mimics the mass shift of diGly-modi!ed lysine 
(K-ϵ-GG footprint of K + 114), which was initially reported during in 
gel peptide digestion (Nielsen et al. 2008). Often chloroacetamide 
(CAA) is a recommended alternative alkylating reagent. However, 
several benchmarking studies have found no consistent advant-
age to using CAA for in solution digestion protocols (Udeshi 
et al. 2012; Hains and Robinson 2017; Müller and Winter 2017). 
Additionally, Hains and Robinson (2017) reported high levels of 
methionine oxidation using CAA relative to IAM. Thus, we sought 
to compare IAM and CAA off-target alkylation using our typical 
phenol-!lter aided sample preparation (FASP) protein extraction 

and digestion protocol (Song et al. 2018). For this, extracted pro-
teins were split into six equal aliquots. Three aliquots were alky-
lated using IAM while the other three were alkylated using CAA. 
No signi!cant difference in dialkylation between IAM and CAA 
was observed for any residue (Student’s t-test, P < 0.05) (Fig. 1A). 
In particular, lysine dialkylation was 0.045% for IAM and 0.051% 
for CAA (Fig. 1A). Thus, we used IAM for further experiments.

We also tested the capacity of the anti-diGly lysine antibody 
with the peptides from 10-day-old Arabidopsis (Arabidopsis thali-
ana) seedlings. We applied different amount of input peptides (1, 
1.5, 2, 3, and 4 mg) to perform the IP experiments with a !xed 
amount (0.16 mg) of pan anti-diGly remanent antibody conju-
gated to agarose beads (PTM Biolabs). One-third of the enriched 
peptides from each sample were analyzed using a 120 min 1-di-
mensional reversed phase liquid chromatography gradient to de-
liver the peptides for tandem mass spectrometry (1D-LC-MS/MS). 
From these test experiments analyzed using an Orbitrap Exploris 
480 mass spectrometer, we identi!ed 1,504.5 to 3,347.5 diGly sites 
(Fig. 1B), while the diGly peptide enrichment ef!ciency was from 
31.2% to 50.2% (Fig. 1C). These enrichment titrations suggest 
that a reduced amount, relative to manufactures recommenda-
tion, of diGly antibody can be successfully used.

From the 1D-LC-MS/MS runs, we noticed there was a high in-
tensity peak in the total ion current chromatogram (TIC) between 
the retention time of 60 to 80 min (Supplementary Fig. S1A). 
Instructing the mass spectrometer to “ignore” high abundance 
analytes using an exclusion list can increase identi!cation of 
low abundance peptides. Thus, we created an exclusion list com-
prised of the most abundant peptides identi!ed in this retention 
time window (Supplementary Fig. S1B). However, excluding pre-
cursors corresponding to these abundant peptides from MS/MS 
analysis did not result in an increase in ubiquitin sites identi!ca-
tion (Supplementary Fig. S1C and D). Thus, we did not use an ex-
clusion list for further experiments.

While label-free approaches are useful for identifying diGly 
sites, isobaric chemical tags for sample multiplexing offer several 
advantages for quantifying post-translational modi!cations 
(PTMs). Current isobaric tags enable comparisons of up to 18 sam-
ples in a single mass spectrometry analysis. As a result, isobaric 
tag multiplexing improves throughput and signi!cantly mini-
mizes the number of missing peptides quanti!ed across all exper-
imental conditions, which is a major drawback of DDA based 
label-free analyses. Furthermore, multiplexing facilitates a de-
crease in the starting material needed, from each sample, for 
PTM enrichment. Thus, we tested the compatibility of isobaric la-
beling using tandem mass tags (TMT) (McAlister et al. 2012) with 
diGly enrichment. In order to investigate the in"uence of protea-
some inhibition as well as ability to detect quantitative differen-
ces in ubiquitination, we treated 10-day old Col-0 primary roots 
with a mock or 100 µM of the 26S proteosome inhibitor bortezo-
mib (BTZ: Gladman et al. 2016) for 3 h. First, we explored TMT la-
beling followed by diGly enrichment (“TMT -> Enrich” in Fig. 1D). 
However, despite large-scale enrichment and 2-dimensional (2D) 
LC-MS/MS this method only recovered 10 potential diGly sites 
(Supplementary Table S1). This is likely due to TMT labeling the 
primary amine of the diGly remnant, thereby inhibiting enrich-
ment using the diGly antibody, as has been suggested (Rose 
et al. 2016; Udeshi et al. 2020).

Next, we tested an alternative approach where we enriched 
with anti-diGly antibodies and then TMT labeled the immunopre-
cipitated peptides (“Enrich -> TMT” in Fig. 1D). Excitingly, 
2D-LC-MS/MS on a Q Exactive Plus mass spectrometer resulted 
in quanti!cation of 2,944 diGly-modi!ed lysine residues (Fig. 1E
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and Supplementary Table S1). The original TMT labels used here 
allowed for multiplexing of up to 11 samples, but a newer 
TMTpro version was recently developed that can multiplex up to 
18 samples. Additionally, TMTpro labels have altered chemical 
properties and are more hydrophobic compared to TMT 11-plex. 
Thus, we also tested the newer TMTpro labels for compatibility us-
ing an aliquot of the same peptides from the original TMT analysis 
for diGly enrichment. We were able to quantify a similar (2,853) 
number of diGly sites using TMTpro multiplexing (Fig. 1E and 
Supplementary Table S1). Furthermore, the “Enrich -> TMT” 

method was highly reproducible with average Pearson correlation 
values between biological replicates of 0.972 and 0.995 for the TMT 
and TMTpro analyses, respectively. Finally, we performed DDA 
label-free analysis of the 100 µM BTZ treated roots to compare 
depth of coverage with TMT multiplexed samples. This large-scale 
2D-LC-MS/MS label-free analysis, also on the Q Exactive Plus, re-
sulted in the identi!cation of 3,955 diGly-modi!ed lysine residues. 
Thus, TMT multiplexing greatly improves throughput while limit-
ing missing values, without dramatically impacting depth of ubiq-
uitin site coverage. Together, these results demonstrate the ability 
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Figure 1. Benchmarking Arabidopsis ubiquitinome pro!ling methodology. A) Percentage of MS2 spectra containing “off target” modi!cation on the 
speci!ed amino acid following alkylation with either IAM or CAA. Data represent means ± standard deviation (SD) from 3 independent replicates. No 
statistical differences were observed (Student’s t-test, P < 0.05) B) and C) Results of the antibody to input peptides ratio. Data represent means ± SD of 
diGly (UBQ) sites detected by each run B) or diGly peptides enrichment ef!ciency C) from 2 independent replicates. D) Schematic of work"ows tested for 
quantitative pro!ling of diGly modi!ed lysine residues. E) Overlap in the diGly sites detected using the Label Free and Enrich -> TMT work"ows. The 
Enrich -> TMT approach was tested using both TMT and TMTpro reagents.
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to analyze plant ubiquitinome using reagents that enable multi-
plexing, which facilitates large-scale quantitative studies.

Arabidopsis root, seedling, and leaf 
ubiquitinomes
To expand the scope of the ubiquitinome, we performed addition-
al analysis of seedling and leaf tissues. Speci!cally, we performed 
label-free 2D-LC-MS/MS pro!ling on 100 µM BTZ treated 
10-day-old seedling and 3-week-old rosette leaves using an 
Orbitrap Exploris 480 mass spectrometer. From these samples 
we identi!ed 10,093 and 8,286 diGly sites from the seedling and 
leaf tissue, respectively (Fig. 2A and Supplementary Table S2). 
This demonstrates the utility of this protocol to work across a 
broad spectrum of vegetative tissues.

To gain insight into the composition of the ubiquitinome we 
merged the results of all 1D and 2D ubiquitinome experiments 
we carried out. In total, we identi!ed 17,940 diGly-modi!ed lysine 
residues sites arising from 6,453 proteins (Fig. 2A and 
Supplementary Fig. S2 and Table S2). On average, each ubiquiti-
nated protein contained ∼2.8 diGly sites. Altogether these data 
represent a notable increase in the coverage of the Arabidopsis 
ubiquitinome (Supplementary Table S3).

We used PANTHER to determine enrichment of gene ontology 
(GO) categories among these 6,453 ubiquitinated proteins (Mi 
et al. 2019). This analysis uncovered 1,078 enriched GO terms 

spanning a wide range of biological processes including (de)ubiqui-
tination, transcription, translation, cell wall biogenesis, transport, 
and lipid metabolism (Fig. 2B and Supplementary Table S4). 
Additionally, GO terms associated with plant development, 
growth, and defense were enriched among the ubiquitinated pro-
teins. As a !nal example, several terms associated with phytohor-
mone pathways including abscisic acid, auxin, brassinosteroid, 
ethylene, jasmonic acid, and salicylic acid were enriched. This 
GO analysis highlights the extensive biological functions, which 
are potentially impacted by ubiquitination and is consistent with 
the UPS playing a key role in nearly all aspects of plant biology 
(Vierstra 2009; Kelley and Estelle 2012; Kelley 2018).

Identi!cation of potential UPS substrates
The attachment of ubiquitin to proteins is known to result in many 
different functional outcomes including altering protein stability 
by the UPS. Thus, to identify potential UPS substrates we examined 
quantitative changes in protein abundance and diGly-modi!ed ly-
sine levels following treatment of primary roots with 100 µM BTZ. 
For this, we selected Arabidopsis roots because they serve as a key 
organ for investigating regulation of gene expression and protein 
turnover via the 26S proteasome has been implicated in regulating 
root growth and development (Santner and Estelle 2010; 
Vissenberg et al. 2020). We quanti!ed protein abundance by 
TMTPro labeling an aliquot of each sample that was used for 
diGly enrichment and analyzed these “input” samples by 
2D-LC-MS/MS (Supplementary Table S5). We !rst used these 
data to further examine if our diGly sites may be alkylation arti-
facts (Nielsen et al. 2008). Despite collecting ∼2 times as many 
MS/MS spectra, in these nonenriched input samples compared to 
the diGly enriched root samples, we only identi!ed 17 sites with 
a mass shift matching that of a diGly-modi!ed lysine (K-ϵ-GG foot-
print of K + 114) (Supplementary Table S6). This is an agreement 
with the IAM and CAA tests done above (Fig. 1A). Collectively, these 
experiments demonstrate an extremely low potential false discov-
ery of diGly-modi!ed lysines due to alkylation artifacts and robust 
identi!cation of in vivo ubiquitin modi!ed sites in our dataset.

Ultimately, we found that 1,336 diGly sites on 691 proteins ac-
cumulate following BTZ treatment (Supplementary Table S1). 
Additionally, we identi!ed 213 proteins increased in abundance 
following BTZ treatment as potential UPS substrates (Fig. 3A and 
Supplementary Table S5). To obtain a high-con!dence list of 
UPS substrates, we compared these data with the list of diGly 
modi!ed proteins and found evidence for 104 proteins as being 
both diGly modi!ed and exhibiting an increase in protein level fol-
lowing BTZ treatment (Fig. 3A). We examined the PANTHER pro-
tein class annotations for these 104 high-con!dence UPS 
candidate proteins and found they are comprised of proteins in-
volved in processes in including transcription and translation, de-
fense, cytoskeleton, and transport (Fig. 3B).

While many of these 104 proteins are previously unreported 
UPS substrates, several proteins, which are well-established with-
in ubiquitin mediated proteolysis pathways, were observed, in-
cluding CELL DIVISION CYCLE 48 (CDC48) (Mérai et al. 2014), the 
transcription factors (TFs) MYC3 (Chico et al. 2020), and AUXIN 
RESPONSE FACTOR 2 (ARF2) (Walton et al. 2016), the ubiquitin 
conjugating enzyme UBC34 (Ahn et al. 2018), and the E3 ligase 
ABI3-INTERACTING PROTEIN 2 (AIP2) (Zhang 2005). These !nd-
ings con!rm previous studies and expand the repertoire of puta-
tive 26S proteasome substrates.

We also observed that 343 proteins decreased in abundance 
following BTZ treatment and that 86 of these proteins were 

A

B

Figure 2. Proteomic analysis of Arabidopsis root, seedling, and leaf 
ubiquitinomes. A) Summary of the Arabidopsis ubiquitinome (i.e. 
identi!ed ubiquitin sites and ubiquitin proteins). B) The top 20 most 
signi!cantly enriched biological process GO terms of ubiquitinated 
proteins.
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detected as being ubiquitinated in the root (Fig. 3A). Irrespective of 
changes in cognate protein abundance, we found that 433 diGly 
sites decrease following BTZ treatment (Supplementary 
Table S1). These proteins that were observed to be ubiquitinated 
but decreased upon BTZ treatment could be degraded by lysoso-
mal proteolysis, via either lysosomes or autophagy pathways. 
Alternatively, these proteins could be degraded by speci!c pro-
teases in a selective manner. These degradation processes have 
been shown to increase following 26S proteosome inhibition 
(Pandey et al. 2007; Laussmann et al. 2011; Marshall et al. 2015).

Motif analysis of ubiquitinated peptides identi!es 
an enriched QK motif
Detailed biochemical studies of ubiquitination domains associ-
ated with protein degradation (termed “degrons”) and bioinfor-
matic motif analyses have identi!ed a number of conserved 
amino acid motifs associated with ubiquitination (Varshavsky 
1991; Dreher et al. 2006; Kim et al. 2011; Winkler et al. 2017). 
Using our catalog of localized diGly sites, we performed a motif 
analysis with motifeR to identify novel enriched motif(s) 

associated with ubiquitination within a 14 amino acid window. 
Among the full catalog of ubiquitinated sites (Supplementary 
Table S2), 27 signi!cantly enriched motifs were detected. 
Notably, D, E, A, and G residues were the most prevalent amino 
acids surrounding the ubiquitinated lysine (Supplementary Fig. 
S3 and Table S7). A previous analysis from rice identi!ed several 
enriched motifs among ubiquitinated peptides, including the 
EKub and GKUb motifs (Chen et al. 2018).

Next, we focused on the root samples to examine if there were 
any motifs present in surrounding the BTZ stabilized sites but not 
in the control samples (Supplementary Table S1). Among the 
diGly sites that were not increased following BTZ, we found an 
EKUb motif, as well as several other motifs lacking any compre-
hensive properties (Supplementary Fig. S4). We then examined 
the 1,336 diGly sites that increase in response to BTZ and uncov-
ered a previously unreported QKUb motif, which was not enriched 
in the minus BTZ control samples (Fig. 4A). GO enrichment anal-
yses of QKUb motif containing proteins determined that these pro-
teins are involved in responses to plant growth regulators (auxin 
and karrikin), gene expression, and other biological processes 
(Fig. 4B and Supplementary Table S8). Additionally, proteins, 

A

B

Figure 3. Identi!cation of potential UPS substrates. A) Overlap between proteins that change in abundance following BTZ treatment with proteins that 
are diGly modi!ed. B) PANTHER protein class annotations for the 104 proteins that increase in abundance following BTZ treatment and are diGly 
modi!ed.
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which have the QKUb motif, are signi!cantly enriched for TF mo-
lecular functions (Fig. 4B).

Ubiquitination of TFs is prevalent in roots and 
impacts protein stability
TFs were prominent among the classes of proteins detected as 
being ubiquitinated (Supplementary Table S2). A closer look at 
the modi!ed TFs reveals that we identi!ed 40 different TF families 
with ubiquitinated proteins (Fig. 5A). A number of these families 
contain many TFs that are ubiquitinated, for example the 
AP2-EREBP, AuxIAA, bHLH, homeobox, and NAC families each 
contain >40 ubiquitination sites. Notably, many of these TFs 
have been well established as UPS substrates, but the site(s) of 
ubiquitinated have not been previously identi!ed (Kelley and 
Estelle 2012; Kelley 2018). Of particular interest are previously un-
reported ubiquitination sites on twelve Auxin/Indole-3-Acetic 
Acid (Aux/IAA) proteins (INDOLE-3-ACETIC ACID INDUCIBLE: 
IAA2–4, IAA7–9, IAA13, IAA16, IAA17, IAA26–28), four AUXIN 
RESPONSE FACTOR (ARFs) (ARF1, ARF2, ARF5, ARF7), six 
JASMONATE-ZIM-DOMAIN PROTEIN (JAZ) proteins (JAZ2–4, 
JAZ6, JAZ11, JAZ12), and three sites on ETHYLENE INSENSTIVE 3 
(EIN3) (Fig. 5A and Supplementary Table S2). These !ndings pin-
point in vivo sites of ubiquitination for many well-studied TFs in-
volved in hormone signaling and will certainly facilitate future 
biochemical studies on these TFs.

Given the key roles many TFs play in driving growth, develop-
ment, and environmental responses we examined the functional 
consequence of their ubiquitination. We selected several TFs 
that had a single identi!ed ubiquitination site and were available 
as full-length clones from the Arabidopsis Biological Resource 
Center (ABRC). We reasoned that the observed ubiquitination of 
these TFs may be linked to protein stability. In order to test this 
idea, we performed mutagenesis analyses and monitored protein 
stability using established luciferase based degradation assays 
(Gilkerson et al. 2016). For mutagenesis assays, lysine residues 
are typically mutated to arginine (so called K-to-R mutants) to 
block ubiquitination at that particular amino acid residue 
(Gilkerson et al. 2015). Using this approach, WT and K > R mutated 
TFs were expressed as LUCIFERASE (LUC) fusions in Nicotiana 

benthamiana and measured for protein abundance over time fol-
lowing cycloheximide (CHX) treatment. Three of the TFs we tested 
displayed an increase in the K > R mutated protein compared to the 
WT version of the TF level in these assays (Fig. 5B to D). This in-
cludes K166 on CRYPTOCHROME-INTERACTING BASIC-HELIX- 
LOOP-HELIX 1 (CIB1; AT4G34530), K180 on CIB1 LIKE PROTEIN 2 
(CIL2; AT3G23690), and K271 on SENSITIVE TO PROTON 
RHIZOTOXICITY 1 (STOP1; AT1G34370). These results support 
the hypothesis that these lysine residues are required for ubiquitin 
mediated protein turnover.

Blocking ubiquitination of K166 on CIB1 promotes 
early "owering in short day conditions
CIB1 is a bHLH family TF, which physically interacts with 
CRYPTOCHROME 2 (CRY2) to positively regulate FLOWERING 
LOCUS T (FT) and promote "owering, in Arabidopsis (Liu et al. 
2008). A previous study reported that CIB1 protein could be de-
graded by 26S proteasome, but the amino acid site(s) of ubiquiti-
nation were not known (Liu et al. 2013). In this study, we 
detected K166 as an ubiquitin site on CIB1 in root, seedling, and 
leaf tissues (Supplementary Table S2). Given that mutating K166 
to R in"uences the stability of CIB1 in N. benthamiana (Fig. 5B), 
we decided to study this further using an in planta approach. 
For this, we employed CRISPR/Cas9 adenosine base editing of 
the endogenous CIB1 locus to convert K166 to R166. Base editing 
has been used to create PTM nulls in mammalian systems and 
has been proposed in plants (Kong et al. 2021; Pramanik et al. 
2021; Sankar et al. 2022). This approach has the potential to 
streamline functional characterization, eliminate transgene posi-
tion effects, and minimize the need to extensively screen numer-
ous transgenic lines to identify those with similar expression 
levels. We generated a base edited CIB1 K166 > R allele using a 
modi!ed rice ABE8e (rABE8e), which was previously been shown 
to be a high-ef!ciency adenine base editor (Wei et al. 2021). To mu-
tate lysine 166 to arginine in CIB1, we designed a guide RNA to 
change the corresponding codon AAA to AGA or AGG at positions 
675 and/or 676 base pairs in the CIB1 gene. Wild-type Col-0 was 
transformed with the AtABE8e-NG-cib1 construct containing the 
adenine base editor and corresponding CIB1 guide RNAs. 

A B

Figure 4. Ubiquitin motif analysis of BTZ increased diGly sites. A) Analysis of the 14 amino acid window surrounding the 1,336 diGly sites induced by 
BTZ identi!ed an enriched QKUb motif. B) GO enrichment analyses of QKUb motif containing proteins. Supplementary Table S7 contains the full list of all 
identi!ed enriched motifs surrounding ubiquitinated lysine residues.
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Sequence analysis of T2 plants indicated that the targeted codon 
was base edited from AAA (K) to AGG (R) (Fig. 6A) at a 3.6% fre-
quency (1/28 independent T2 lines). We designated this base 
edited line cib1-3.

A previous study reported that CIB1 overexpression lines exhib-
ited early "owering (Liu et al. 2008). Thus, we measured the "ow-
ering time of WT and cib1-3 grown under long day (16 h day, 8 h 
night) and short day (8 h day, 16 h night) conditions. Under long 
day conditions, both WT and cib1-3 "owered at ∼25 days 
(Supplementary Fig. S5A). Previously, it was shown that overex-
pression of CIB1 results in early "owering under long day condi-
tions (Liu et al. 2008). This discrepancy in observed "owering 
time may be due to overexpression of CIB1 compared to express-
ing a stabilized form of CIB1 from the endogenous promoter. 
However, under short day conditions cib1-3 "owered signi!cantly 
earlier than WT (Fig. 6B and C). To further explain the early "ower-
ing phenotype of cib1-3, we tested the expression level of FT in WT 
and cib1-3 leaves. Consistent with the early "owering phenotype, 
FT expression levels were signi!cantly higher in cib1-3 than WT 

(P < 0.05) under short day conditions (Fig. 6D). In addition, the lev-
els of CIB1 mRNA were not changed in cib1-3 compared to WT 
(Fig. 6E). These results suggest that the K116R mutation in cib1-3 
leads to increased protein levels of CIB1, but not mRNA, which 
in turn activates FT mRNA and leads to "owering. In contrast, 
the expression levels of both FT and CIB1 were normal in WT 
and cib1-3 under long day conditions (Supplementary Fig. S5B 
and C). These results demonstrate that the ubiquitin-mediated 
regulation of CIB1 at K166 may play a role in "owering time.

Final conclusions and outlook
This quantitative proteomics study provides a streamlined IP-MS/ 
MS work"ow for the identi!cation of ubiquitination sites on plant 
proteins and a wealth of biochemical data for future functional 
follow-up assays. For example, the functional roles of the identi-
!ed ubiquitination events using mutagenized proteins in planta 
can be tested using transgenic or CRISPR/Cas9-mediated base ed-
iting approaches. Additionally, it will be of great interest to 

A B

C

D

Figure 5. Analysis of TF ubiquitination. A) Number of ubiquitinated proteins (Left) and sites (Right) per TF family. B) to D) Testing the role of UBQ 
attachment on protein stability in vivo. Degradation assays on wild-type and K > R mutated proteins. Data are means of 3 independent replicates ± 
standard error for normalized RLU based on luciferase activity.
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identify the substrate-E3 ligase interactions underlying these 
modi!cations as many E3 ubiquitin ligases in Arabidopsis are still 
without known substrates (Vierstra 2012; Kelley 2018; Lee et al. 
2018). As future quantitative catalogs are expanded across tissues 
and environmental responses, we can begin to examine spatial 
and context-speci!c events that are associated with ubiquitina-
tion in planta.

Materials and methods
Growth and treatment conditions of Arabidopsis 
roots
Arabidopsis (A. thaliana) Col-0 seeds were surfaced sterilized in 
50% bleach with 0.1% Tween-20 for 10 min and rinsed !ve times 
with sterile water before plating on 0.5× Murashige and Skoog 
(MS) media supplemented with 1% sucrose and 0.8% agarose over-
laid with presterilized 110-μm nylon mesh. Col-0 seedlings were 
grown for 10 days in a growth chamber under 150 µmol m−2 s−1 

long-day conditions (16 h light, 8 h dark) at 23 °C. Ten-day-old 
Col-0 seedlings were treated with either mock solution (equal 

volume of DMSO solvent control) or 100 µM BTZ for 3 h. 
Following treatments, ∼3 g of pooled root or whole seedling tissue 
was harvested per replicate, immediately frozen into liquid nitro-
gen, and stored at −80 C. Three independent biological replicates 
were used per treatment.

Rosette leaves from 3-week-old Arabidopsis Col-0 grown under 
long day conditions at 23 °C were excised from the plant and over-
laid on 100 µM BTZ dissolved in 0.5 × MS for 2 h in petri dishes. 
After the BTZ treatment, the leaf tissue was quickly blotted on 
Kimwipes to remove excess solution and snap frozen in liquid ni-
trogen. Leaf tissue was stored at −80 °C prior to protein extraction.

Protein extraction and proteomics analyses
Protein extraction and digestion were done using the Phenol-FASP 
method (Song et al. 2018, 2020). For this, Arabidopsis root tissue 
was ground for 15 min under liquid nitrogen using a mortar and 
pestle. Next, 5 volumes of Tris buffered phenol pH 8 (buffer:tissue, 
v:w) was added to each sample tube, which was vortexed for 1 min. 
The samples were then vortexed for 1 more minute with 5 volumes 
(buffer:tissue, v:w) of extraction buffer (50 mM Tris pH 7.5, 1 mM 

EDTA pH 8, 0.9 M sucrose, 1× phosphatase inhibitors, 10 mM 

N-ethylmaleimide, and then centrifuged at 13,000×g for 10 min 
at 4 °C. The phenol phase was transferred to a new tube and a sec-
ond phenol extraction was performed on the aqueous phase. The 
two phenol phase extractions were combined and 5 volumes of 
prechilled methanol with 0.1 M ammonium acetate was added 
and mixed well, then kept at −80 °C for 1 h prior to centrifugation 
at 4,500×g for 10 min at 4 °C. Precipitation with 0.1 M ammonium 
acetate in methanol was performed twice with incubation at 
−20 °C for 30 min. The sample was resuspended in 70% methanol 
and kept at −20 °C for 30 min prior to centrifuging at 4,500×g, for 
10 min at 4 °C. The supernatant was discarded, and the pellet 
was placed in a vacuum concentrator till near dry. Two volumes 
(buffer:pellet, v:v) of protein extraction buffer (8 M urea, 50 mM 

Tris pH 7, 5 mM tris(2-carboxyethyl)phosphine (TCEP), 1× phos-
phatase inhibitors, and 10 mM N-ethylmaleimide) was added to 
the pellet. The samples were then probe sonicated to aid in resus-
pension of the pellet. The protein concentration was then deter-
mined using the Bradford assay (Thermo Scienti!c).

Filter aided sample preparation
The solubilized protein (∼2.5 mg in 0.5 mL) was mixed with 3.5 mL 
urea solution (8 M urea, 100 mM Tris pH 8, 1× phosphatase inhibitors, 
and 10 mM N-ethylmaleimide), added to an Amicon Ultracel–30 K 
centrifugal !lter, and centrifuged at 4,000×g for 40–60 min. This 
step was repeated once. Then, 4 mL of urea solution with 2 mM 

TCEP was added to the !lter unit and centrifuged at 4,000×g for 
20–40 min. Next, 2 mL IAM solution (50 mM IAM in urea solution) 
was added and incubated without mixing at room temperature for 
30 min in the dark prior to centrifuging at 4,000×g for 20–40 min. 
Two mL of urea solution was added to the !lter unit, which was 
then centrifuged at 4,000×g for 20–40 min. This step was repeated 
once. Two milliliter of 0.05 M NH4HCO3 with 1× phosphatase inhib-
itors and 10 mM N-Ethylmaleimide was added to the !lter unit and 
centrifuged at 4,000×g for 20–40 min. This step was repeated once. 
Then, 2 mL of 0.05 M NH4HCO3 solution with trypsin (enzyme to pro-
tein ratio 1:100) was added. Samples were incubated at 37 °C over-
night. Undigested protein was estimated using Bradford assays, 
then trypsin (1 μg/μL) was added to a ratio of 1:100 and an equal vol-
ume of Lys-C (0.1 μg/μL) were added to the sample and incubated for 
an additional 4 h at 37 °C. The !lter unit was added to a new collec-
tion tube and centrifuged at 4,000×g for 20–40 min. One milliliter of 
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Figure 6. Blocking ubiquitination of CIB1 K166 promotes "owering. A) 
Sanger sequencing chromatograms of WT and cib1-3. B) 96-day old WT 
and cib1-3 plants grown under SD conditions. C) Time to "owering of WT 
(n = 47) and cib1-3 (n = 51). Inset shows the area under curve (AUC) of 
"owering time. D and E) Relative expression level of FT and CIB1 in WT 
and cib1-3 (*, P < 0.05) (DeLong et al. 1988). Data represent means ± SD 
from 3 independent biological replicates where each replicate is a single 
plant.
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0.05 M NH4HCO3 was added and centrifuged at 4,000×g for 20– 
40 min. The samples were acidi!ed to pH 2–3 with 100% formic 
acid and centrifuged at 21,000×g for 20 min. Finally, samples were 
desalted using 100 mg or 500 mg Sep-Pak C18 cartridges (Waters). 
Eluted peptides were dried using a vacuum centrifuge (Thermo) 
and resuspended in 0.1% formic acid. Peptide amount was quanti-
!ed using the Pierce BCA Protein assay kit.

Di-glycine lysine peptide enrichment
Peptides containing a diGly lysine remnant were enriched using 
anti-diGly lysine antibody conjugated agarose beads (PTM BIO, 
Cat# PTM-1104). In each experiment below, anti-diGly lysine anti-
body conjugated agarose beads were prewashed 3 times using 
0.5 mL ice-cold phosphate buffered saline (PBS). Then, C18 de-
salted peptides (see amount below) resuspended to a !nal concen-
tration of 5 mg/mL in IP/Wash buffer were combined with PBS 
prewashed anti-diGly lysine antibody-conjugated agarose beads 
(see below for amount) and rotated overnight at 4 °C. The next 
day, the sample was centrifuged at 500 g for 1 min and the super-
natant was removed. The beads were then washed 3 times by add-
ing 0.5 mL IP/Wash buffer (100 mM NaCl, 1 mM EDTA, 20 mM 

Tris-HCl, pH8), mixed by inverting for 30 s, and then centrifuging 
at 500×g for 1 min. After the last wash step, 0.5 mL of 0.1% tri-
"uoroacetic acid (TFA) was added, which was followed by 1 min 
gentle rotation at room temperature to elute the bound peptides. 
The eluted peptides were collected by centrifugation at 1,000×g 
for 1 min at room temperature, and then transferred to a new 
tube. The elution steps were repeated two more times. Note that 
for the last elution step, the beads were rotated in 0.1% TFA for 
5 min instead 1 min. The eluted peptides from each step were com-
bined together, vacuum centrifuged to dry, and stored at −80 °C

For the root “2D-label free” experiment (Fig. 1D and E), 20 mg 
C18 desalted peptides and 1.6 mg anti-diGly lysine antibody con-
jugated agarose beads (PTM BIO, Cat# PTM-1104, Lot# 
TAIA29B01) were used. Speci!cally, the 20 mg peptides were re-
suspended with 3.6 mL IP/Wash buffer and then 600 µL of the re-
suspended peptides were aliquoted to individual 1.5 mL tubes. 
Next, 66.6 µL of PBS prewashed anti-diGly lysine antibody conju-
gated agarose beads were added to each tube and rotated over-
night at 4 °C. The beads were washed, and peptides eluted as 
described above. Eluted peptides were stored at −80 °C.

For the root “Enrich -> TMT” experiments (Fig. 1D and E), 2 mg 
of C18 desalted peptides per IP were resuspended with 400 µL IP/ 
Wash buffer, combined with 0.16 mg of PBS prewashed 
anti-diGly lysine antibody conjugated agarose beads (PTM BIO, 
Cat# PTM-1104, Lot# TAIA29B01) and, rotated overnight at 4 °C. 
The beads were washed, and peptides eluted as described above. 
Eluted peptides were stored at −80 °C until TMT labeling.

For the root “TMT -> Enrich” test (Fig. 1D), 18 mg of pooled TMT 
labeled peptides were desalted using 500 mg Sep-Pak C18 cartridges 
(waters) and enriched using 1.2 mg of anti-diGly lysine antibody 
(PTM BIO, Cat# PTM-1104, Lot# TAIA29B01) as described above.

The antibody-input peptides ratio tests experiment with seed-
ling tissue were performed with 0.16 mg anti-diGly lysine anti-
body (PTM BIO, Cat# PTM-1104, and Lot# TAM0214B01) and the 
different amount of peptides list in Fig. 1B and C. One third of 
the enriched peptides from each sample were analyzed by 
1D-LC-MS/MS for the ratio test. The remaining two thirds of the 
peptides from each enrichment were pooled and analyzed by 
2D-LC-MS/MS. For the 3-week-old rosette leaf tissue ubiquitinome 
0.8 mg anti-diGly lysine antibody (PTM BIO, Cat# PTM-1104, Lot# 
TAM0214B01) was used to enriched from 20 mg peptides.

TMT labeling
TMT10plex label reagents (ThermoFisher, Lot #TC264166) and 
TMTpro 16plex (ThermoFisher, Lot #UH290430) label reagents 
were used to label the anti diGly lysine antibody enriched peptides 
according to a modi!ed labeling method (Song et al. 2020). The 
diGly enriched samples were labeled as follows. All peptides 
that were recovered following diGly enrichment, from each sam-
ple, were resuspended with 20 µL of 0.2 M HEPES buffer pH 8.5 
(Alfa Aesar Cat# J63218) and then mixed with 0.08 mg TMT or 
TMTpro reagent that was resuspended in 8 µL dry acetonitrile 
(Millipore cat# AX0143-7). After 2-h incubation at room tempera-
ture, 1.6 µL of 5% hydroxylamine were added to each tube and 
vortexed. The samples were incubated at room temperature for 
15 min to quench the labeling reaction. Next, the 9 samples 
were mixed together and stored at −80 °C.

For the TMTpro protein abundance runs, 10 µg of C18 desalted 
peptides were resuspended in 20 µL of 0.2 M HEPES buffer pH 8.5 
and then mixed with 0.08 mg TMT reagent that was resuspended 
in 8 µL dry acetonitrile. After 2-h incubation at room temperature, 
1.6 µL of 5% hydroxylamine were added to each tube and vor-
texed. The samples were incubated at room temperature for 
15 min to quench the labeling reaction. Next, the samples were 
mixed together and stored at −80 °C.

LC/MS-MS of root samples
An Agilent 1,260 quaternary HPLC was used to deliver a "ow rate 
of ∼300 or 600 nL per minute for 100 or 200 internal diameter (ID) 
packed nanospray emitter tips respectively, via a splitter. All col-
umns were packed in house using a Next Advance pressure cell 
and the nanospray tips were fabricated using fused silica capillary 
that was pulled to a sharp tip using a laser puller (Sutter P-2000).

2D-label free LC-MS/MS of root peptides
All of the diGly enriched peptides were loaded onto 10 cm capil-
lary columns packed with 5 μM Zorbax SB-C18 (Agilent), which 
was connected using a zero dead volume 1 μm !lter (Upchurch, 
M548) to a 5 cm long strong cation exchange (SCX) column packed 
with 5 μm polysulfoethyl (PolyLC). The SCX column was then con-
nected to a 20 cm long nanospray tip (100 μm ID) packed with 
2.5 μM C18 (Waters). The 3 sections were joined and mounted on 
a custom electrospray source for on-line nested peptide elution. 
Peptides were eluted from the loading column unto the SCX col-
umn using a 0% to 80% acetonitrile gradient over 60 min. 
Peptides were then fractionated from the SCX column using a ser-
ies of salt steps. The following ammonium acetate salt steps were 
used: 25, 45, 60, 70, 80, 90, 100, 300, 500, and 1000 mM. For these 
analyses, buffers A (99.9% H2O, 0.1% formic acid), B (99.9% ACN, 
0.1% formic acid), C (100 mM ammonium acetate, 2% formic 
acid), and D (1 M ammonium acetate, 2% formic acid) were uti-
lized. For each salt step, a 150-minute gradient program com-
prised of a 0 to 5 min increase to the speci!ed ammonium 
acetate concentration, 5 to 10 min hold, 10 to 14 min at 100% buf-
fer A, 15 to 100 min 5% to 30% buffer B, 100–121 min 30% to 45% 
buffer B, 120 to 140 min 45% to 80% buffer B, 140 to 144 min 80% 
buffer B, and 145 to 150 min buffer A was employed.

Eluted peptides were analyzed using a Thermo Scienti!c 
Q-Exactive Plus high-resolution quadrupole Orbitrap mass spec-
trometer, which was directly coupled to the HPLC. DDA was ob-
tained using Xcalibur 4.0 software in positive ion mode with a 
spray voltage of 2.00 kV and a capillary temperature of 275 °C 
and an RF of 60. MS1 spectra were measured at a resolution of 
70,000, an automatic gain control (AGC) of 3e6 with a maximum 
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ion time of 100 ms and a mass range of 400–2000 m/z. Up to 15 MS2 
were triggered at a resolution of 17,500 with a !xed !rst mass of 
120 m/z. An AGC of 1e5 with a maximum ion time of 50 ms, an iso-
lation window of 1.3 m/z, and normalized collision energy of 28 
were used for this run. Charge exclusion was set to unassigned, 
1, 5 to 8, and >8. MS1 that triggered MS2 scans were dynamically 
excluded for 25 s.

“Enrich -> TMT” 2d-TMT LC-MS/MS of root peptides
All of the TMT labeled diGly lysine enriched peptides were loaded 
onto 10 cm capillary columns packed with 5 μM Zorbax SB-C18 
(Agilent), which was connected using a zero dead volume 1 μm !l-
ter (Upchurch, M548) to a 5 cm long SCX column packed with 5 μm 
PolySulfoethyl (PolyLC). The SCX column was then connected to a 
20 cm nanospray tip (200 μm ID) packed with 2.5 μM C18 (Waters). 
The 3 sections were joined and mounted on a custom electrospray 
source for on-line nested peptide elution. Peptides were eluted 
from the loading column unto the SCX column using a 0% to 
80% acetonitrile gradient over 60 min. Peptides were then fractio-
nated from the SCX column using these ammonium acetate salt 
steps: 35, 70, 100 and 1000 mM.

Eluted peptides were analyzed using a Thermo Scienti!c 
Q-Exactive Plus high-resolution quadrupole Orbitrap mass spec-
trometer, which was directly coupled to the HPLC. DDA was ob-
tained using Xcalibur 4.0 software in positive ion mode with a 
spray voltage of 2.00 kV and a capillary temperature of 275 °C 
and an RF of 60. MS1 spectra were measured at a resolution of 
70,000, an AGC of 3e6 with a maximum ion time of 100 ms and a 
mass range of 400–2000 m/z. Up to 15 MS2 were triggered at a res-
olution of 35,000 with a !xed !rst mass of 120 m/z. An AGC of 1e5 
with a maximum ion time of 50 ms, an isolation window of 1.3 m/z, 
and a normalized collision energy of 33 were used for this analysis. 
Charge exclusion was set to unassigned, 1, 5 to 8, and >8. MS1 that 
triggered MS2 scans were dynamically excluded for 25 s.

“Enrich -> TMTpro” 2d-TMTpro LC-MS/MS of root 
peptides
All of the TMTpro labeled diglycine lysine enriched peptides were 
loaded onto 10 cm capillary columns packed with 5 μM Zorbax 
SB-C18 (Agilent), which was connected using a zero dead volume 
1 μm !lter (Upchurch, M548) to a 5 cm long SCX column packed 
with 5 μm polysulfoethyl (PolyLC). The SCX column was then con-
nected to a 20 cm nanospray tip (100 μm ID) packed with 2.5 μM 
C18 (Waters). The 3 sections were joined and mounted on a custom 
electrospray source for on-line nested peptide elution. Peptides 
were eluted from the loading column unto the SCX column using 
a 0% to 80% acetonitrile gradient over 60 min. Peptides were then 
fractionated from the SCX column using a series of salt steps. 
The following ammonium acetate salt steps were used: 30, 60, 
80, 90, 95, 100, 200, and 1000 mM. Eluted peptides were analyzed 
using a Thermo Scienti!c Q-Exactive Plus high-resolution quadru-
pole Orbitrap mass spectrometer using acquisition settings de-
scribed in “Enrich -> TMT” 2D-TMT LC-MS/MS” except a 
normalized collision energy of 31 were used for this analysis.

TMTpro protein abundance analysis of root peptides
Ten µg of the pooled TMTpro labeled peptides were loaded onto 
10 cm capillary column packed with 5 μM Zorbax SB-C18 
(Agilent), which was connected using a zero dead volume 1 μm !l-
ter (Upchurch, M548) to a 5 cm long SCX column packed with 5 μm 
polysulfoethyl (PolyLC). The SCX column was then connected to a 
20 cm nanospray tip (100 μm ID) packed with 2.5 μM C18 (Waters). 

The 3 sections were joined and mounted on a custom electrospray 
source for on-line nested peptide elution. Peptides were eluted 
from the loading column unto the SCX column using a 0% to 
80% acetonitrile gradient over 60 min. Peptides were then fractio-
nated from the SCX column using a series of salt steps. The follow-
ing ammonium acetate salt steps were used: 30, 60, 70, 75, 80, 82.5, 
85, 87.5, 90, 92.5, 95, 97.5, 100, 125, 150, 200, and 1000 mM.

Eluted peptides were analyzed using a Thermo Scienti!c 
Q-Exactive Plus high-resolution quadrupole Orbitrap mass spec-
trometer, which was directly coupled to the HPLC. DDA was ob-
tained using Xcalibur 4.0 software in positive ion mode with a 
spray voltage of 2.2 kV and a capillary temperature of 275 °C 
and an RF of 60. MS1 spectra were measured at a resolution of 
70,000, an AGC of 3e6 with a maximum ion time of 100 ms and a 
mass range of 400–2000 m/z. Up to 15 MS2 were triggered at a res-
olution of 17,500 or 35,000 was used for two replicate runs respec-
tively. Note that the TMTpro labels used here have 1 Da spacing 
between reporter ion, which enables acquisition with the 17,500 
resolution setting. A !xed !rst mass of 120 m/z. An AGC of 1e5 
with a maximum ion time of 50 ms, an isolation window of 
1.3 m/z, and a normalized collision energy of 31 were used. 
Charge exclusion was set to unassigned, 1, 5 to 8, and >8. MS1 
that triggered MS2 scans were dynamically excluded for 25 s.

LC/MS-MS of seedling and leaf samples
Off-line basic-reversed phase fractionation for 2D fractionation 
experiments were performed using a Thermo Scienti!c UltiMate 
3000 UHPLC setup for loss-less nano-fractionion based on an ap-
proach described by Kulak et al. (2017). Peptides were loaded on 
a CoAnn Technologies HpH column that is 25 cm long, with a 200 
μm ID, and packed with 3 μm C18 (300A). Peptides were separated 
at a "ow-rate of 1.25 µL min−1 for 120 min using 10 mM ammonium 
hydroxide in optima H2O as solution A and 80% acetonitrile in 
10 mM ammonium hydroxide as solution B, and the following gra-
dient: from 6% to 37% B in 60 min, from 37% to 56% B in 20 min, and 
a !nal wash at 99% B through the next 5 min. Fractions were col-
lected every 60 s and concatenated into eight fractions. Each frac-
tion was subsequently analyzed as follows

A Thermo Vanquish Neo UHPLC was used to deliver peptides to 
Thermo Scienti!c Orbitrap Exploris 480 mass spectrometer. The 
Vanquish Neo was operated in “heated trap-and-elute, backward 
"ush” mode. Peptides were desalted and concentrated on a 
PepMap Neo trap column (300 µM i.d.×5 mm, 5 µm C18, 100 Å 
µ-Precolumn, Thermo Scienti!c) at a "ow rate of 10 µL min−1. 
Peptide separation was performed on a 110 cm micro-pillar array 
column (µ-PAC Neo, Thermo Scienti!c) with a "ow rate of ∼300 nL 
min−1 over a 120 min reverse phase active gradient (80% ACN in 
0.1% FA from 8% to 28% over 112 min, from 28% to 48% in 
8 min) followed by a column/trap wash at 80% ACN for 10 min. 
Eluted peptides were analyzed using a Thermo Scienti!c 
Orbitrap Exploris 480 mass spectrometer, directly coupled to the 
UHPLC through an Easy Spray Ion source (Thermo Scienti!c). 
DDA was obtained using Xcalibur 4.0 software in positive ion 
mode with a spray voltage of 1.9 kV, a capillary temperature of 
280 °C. MS1 spectra were measured at a resolution of 120,000, 
an AGC of 3e6 with auto maximum ion time, and a mass range 
of 375–1450 m/z. Top 40 MS2 were captured at a resolution of 
15,000. A !xed !rst mass of 120 m/z. An AGC of 5e4 with maxi-
mum ion time set to automatic, normalized collision energy of 
29, and an isolation window of 2 m/z were used. Charge inclusion 
was set to 2–5. MS1 that triggered MS2 scans were dynamically ex-
cluded for 30 s. Additionally, a m/z and z exclusion table during 
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RT 60 to 80 min was used to !lter speci!c peptides on “precursors 
exclusion” experiments (Supplementary Fig. S1).

Database search and FDR !ltering
All of the raw data were analyzed together using MaxQuant ver-
sion 1.6.7.0. Spectra were searched against Arabidopsis TAIR10 ge-
nome, which was complemented with reverse decoy sequences 
and common contaminants by MaxQuant. Carbamidomethyl cys-
teine was set as a !xed modi!cation while methionine oxidation 
and protein N-terminal acetylation were set as variable modi!ca-
tions. In experiments where we searched for diGly sites 
“GlyGly(K)” was set as a variable modi!cation. Digestion parame-
ters were set to “speci!c” and “Trypsin/P;LysC.” For the TMT ex-
periments, the sample type was set to “Reporter Ion MS2” with 
“10plex TMT” or “TMTpro16plex” selected for both lysine and 
N-termini. Up to two missed cleavages were allowed. A false dis-
covery rate <0.01 at both the peptide spectral match and protein 
identi!cation level was required. The “second peptide” option 
was used to identify co-fragmented peptides. The “match be-
tween runs” feature of MaxQuant was not utilized. We retained 
tryptic K-ϵ-GG cleavage sites as trypsin cleaves these sites, which 
are effectively enriched using anti-diGly lysine antibodies (Sun 
et al. 2023).

Statistical analyses of proteomics data
Statistical analyses on the protein abundance and ubiquitination 
data were performed using TMT-NEAT Analysis Pipeline version 
1.3 (https://github.com/nmclark2/TMT-Analysis-Pipeline) (Clark 
et al. 2021). First, the MaxQuant output table was trimmed to 
only include the columns needed for statistical analysis and the 
columns were re-labeled using the provided sample information. 
Contaminants and reverse hits were removed at this stage. Prior 
to normalization, the two technical replicates for the abundance 
run were combined. Next, data were normalized using the sample 
loading normalization method (Plubell et al. 2017). Finally, statis-
tical analysis was performed on the normalized values using 
PoissonSeq (Li et al. 2012). All resulting P- and q-values are re-
tained and reported in Supplementary Tables S1 and S3 so that 
readers can use their preferred cutoff for selecting proteins and 
PTM sites that change after treatment for follow up studies. For 
our analyses, we classi!ed protein groups (FC >1.1 and P-value 
<0.05) and PTMs (FC >1.1 and q-value <0.1) as differentially 
accumulating.

Functional annotations and enrichment
GO overrepresentation tests were performed using PANTHER (Mi 
et al. 2019) with all proteins containing a diGly site as the input 
and all A. thaliana genes in the database as the reference 
(Fig. 1D). The test type selected was “Fisher” with FDR correction. 
GO terms with a FDR < 0.05 are considered enriched. Potential UPS 
substrates were categorized using PANTHER protein class annota-
tions (Fig. 2B). TFs were annotated based obtained from (Yilmaz 
et al. 2009) and (Pruneda-Paz et al. 2014).

Motif analyses
Motif enrichment was performed in R using the motifeR package 
(Wang et al. 2019a). We used default settings including a 14 amino 
acid window size, 20 as the minimum number of sites, and a 
P-value of 0.000001 for the analysis. Lysine was set as the central 
residue and the TAIR10 proteome was used as the background 
reference. Sequence logo was constructed using Logolas R package 
and plotted using ggseqlogo R package (Wagih 2017; Dey et al. 

2018). Analyses were performed in R version 3.6.2. GO enrichment 
analysis was performed using ClueGO app v2.5.7 on Cytoscape 
v3.8.0 (Shannon et al. 2003; Bindea et al. 2009).

Reverse transcription quantitative PCR
Homozygous cib1-3 T4 plants and WT control (segregated from the 
same cib1-3 T2 heterozygote plant) grown in both long day (16 h 
light at 22 °C, 8 h dark at 20 °C) and short day (8 h lights at 22 °C, 
16 h dark at 20 °C) conditions were used for RNA extraction. All 
above ground tissue (55 days old for short day or 20 days old for 
long day conditions) was collected at ZT4. Total RNA was ex-
tracted with Trizol (Invitrogen) and Direct-zol RNA MiniPrep kit 
(Zymo Research). cDNA was synthesized with LunaScript RT 
SuperMix Kit (NEB). Quantitative PCR was done with the following 
program: 3 min at 95 °C, followed by 39 cycles of 10 s at 95 °C, 10 s 
at 60 °C, and 30 s at 72 °C with a CFX96TM Real-Time system 
(Bio-Rad). The ΔΔCt method was used to analyze the gene expres-
sion data. Primers are listed in Supplementary Table S9.

Plasmid construction and plant transformation
Full-length cDNA clones in pENTR/D-Topo were obtained from 
the ABRC for the following TFs: CIB1/AT4G34530 
(TOPO-U14-E03), CIL2/AT3G23690 (TOPO-U07-C08), and STOP1/ 
AT1G34370 (TOPO-U16-C08). Primers used are described in 
Supplementary Table S9. Lysine sites of interest were mutated 
to arginine (K > R) using the Q5 Site-Directed Mutagenesis Kit 
(New England Biolabs, E0554) as described by the manufacturer. 
Primers for site directed mutagenesis were designed with 
NEBaseChanger and are listed in Supplementary Table S9. 
Positive clones with the desired mutations were con!rmed by re-
striction enzyme digest and Sanger sequencing. Both WT and K > 
R pENTR/D-Topo clones were subsequently cloned into a modi!ed 
p35S-LUC destination vector named “pDO18” using LR Clonase 
(Thermo Fisher Scienti!c). pDO18 was generated by amplifying 
the Fire"y luciferase coding sequence from pBGL7.0 and inserted 
into the SpeI restriction sites in the pCMS44 vector, which is de-
rived from p2BGW7. pCMS44 was created by mutating p2BGW7 
using the Q5 site-directed mutagenesis kit and primers 
Q5SDM_7/16/2018_F and Q5SDM_7/16/2018_R to contain XhoI 
and KpnI restriction sites between the attR2 and T35S sequences. 
The wild-type and mutated K > R TF clones in the pDO18 backbone 
were veri!ed by restriction digest and transformed into 
Agrobacterium strain GV3101.

The plasmid (AtABE8e-NG) used for cib1 base editing was con-
structed by two steps of Gibson assembly, !rst step, the fragment 
of ProAtU6-29 was cloned from Arabidopsis genome (Col-0) with 
forward primer SGY502 and reverse primer SGY503, then Gibson 
assembly with the fragment of rABE8e (NG) (Wei et al. 2021) back-
bone harvested from the enzyme digestion fragment with HindIII 
and BsaI to generate the intermediate plasmid pABE8eNG- 
AtU6-29, which replaced the OsU6 promoter with the promoter 
of AtU6-29. The second step, to replace the hygromycin resistance 
gene (HygR) with phosphinothricin acetyltransferase gene (Bar), 
the fragment of Bar was PCR ampli!ed from plasmid pGWB602 
with forward primer SGY506 and reverse primer SGY507, then 
Gibson assembly with the fragment of plasmid backbone ampli-
!ed from pABE8eNG-AtU6-29 with forward primer SGY504 and re-
verse primer SGY505. gRNA primer SGY514 and SGY515 for cib1 
base editing was inserted into BsaI site of plasmid to generate 
AtABE8e-NG-cib1, which was transformed into Agrobacterium 
strain GV3101. The transgenic Arabidopsis for cib1 base editing 
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were generated by "oral dip with Arabidopsis Col-0 (Clough and 
Bent 1998).

N. benthamiana in!ltration and CHX treatment
Agrobacterium containing construct of interest was grown over-
night in YEB medium supplemented with appropriate antibiotics 
at 28 °C. Cell pellets were resuspended and then in!ltrated into N. 
benthamiana leaves. Plants were grown under light for 48 h and leaf 
discs were obtained from the in!ltrated region of the leaves. The 
leaf discs were incubated in liquid MS medium containing 1% su-
crose in the presence of 200 μM CHX or DMSO (control) for 30 and 
60 min. The start of the !rst measurement following CHX treatment 
was designated time 0. Pooled leaf discs (∼ 60 mg) were blotted on a 
paper tower and "ash frozen in liquid nitrogen, ground into powder 
and dissolved in 200 μL 1× cell culture lysis reagent (Promega), fol-
lowed by centrifugation for 15 min at 4 °C. 10 μL of the clear superna-
tant was used for LUC detection. The LUC activities were measured 
with the Luciferase Assay System (Promega) on a microplate reader. 
The relative light units (RLU) for each sample were analyzed as pre-
viously described (Gilkerson et al. 2016).

Analysis of "owering time
Homozygous cib1-3 T4 plants and WT control (segregated from the 
same cib1-3 T2 heterozygote plant) grown in both long day (16 h 
light at 22 °C, 8 h dark at 20 °C) and short day (8 h lights at 22 °C, 
16 h dark at 20 °C) conditions. The "owering time was recorded 
for each single plant by scoring for presence of "oral meristem 
every day starting from 20 days after planting for long day condi-
tions and 40 days after planting for short day conditions. 
Statistical differences in "owering time between cib1-3 and WT 
were determined by comparing area under the curve (AUC). 
DeLong’s test was performed to obtain Z-statistic score for AUC. 
Additionally, P-value of the Z-statistic score from AUC was ob-
tained using (https://www.socscistatistics.com/pvalues/normal 
distribution.aspx) (DeLong et al. 1988).

Accession numbers
Accession numbers are listed in Supplementary Tables S1, S2, and 
S9.
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