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Definition
Plants are constantly exposed to dynamic environmental conditions due to their sessile nature, which
compels their cells to evolve and acquire the ability to change and survive from their endogenous
status rapidly. The internal signal transduction ultimately induces modulation of cellular proteins in
response to external stimuli (e.g., light or temperature stress). These post translational modiﬁcations
(PTMs) impact protein’s location, stability and activity, eventually triggering a faster response.
Ubiquitylation is one of the most prevalent PTMs, which was originally identiﬁed as a modulator of
cellular protein turnover and homeostasis.

1. The Ubiquitylation Machinery and Code
Ubiquitylation describes the process of the conjugation of Ub to substrates, which is sequentially
catalyzed by a Ub—activating enzyme (E1), a Ub -conjugating enzyme (E2) and a Ub ligase (E3) [1].
Typically, it forms an iso-peptide bond between the C- terminus of Ub and an ε-amino group of a lysine
residue of a substrate but it also can be targeted to other amino acids like Cys, Ser and Thr residues
or a protein’s N-terminus methionine

[4].

[2][3]

Glutamic acid (E), aspartic acid (D) and Alanine (A; neutral) were

highly enriched around the Kub sites, however, the basophilic residues histidine (H), arginine (R) and
lysine (K) were found to be excluded from the adjacent positions

[5][6][7].

The ﬂexibility of conjugation

dictates the diversity of ubiquitylation. Ub can be attached to a protein at one residue (mono-ub) or
multiple residues (multi-ub), more Ub molecules might be added by E2s/E3s and form polymeric chains
(poly-Ub, Figure 1) through selective conjugation to its seven lysine residues (K6, K11, K27, K29, K33, K48
and K63) as well as its N-terminal methionine (M1)

[8].

This results in distinct structures and functions.

Figure 1. The protein ubiquitylation cascade and its components. Free Ub (Ub) molecules are activated
through 3 sequential reactions catalyzed by a Ub-activating enzyme (E1), Ub-conjugating enzyme (E2)
and Ub ligase (E3) in an ATP-dependent manner. Based on the transferring mode of Ub Figure 2, the E3s
(writer of ubiquitylation) are classed into HECT, RBR, RING, U-box and Cullin-RING E3 ligases. Ub linkage
can form into mono-, multimono- (multi-) or poly- ubiquitylation. Ubiquitylation sites are recognized by the
proteins carrying Ub binding domains (UBDs, reader of ubiquitylation, including the cap of proteasome)
and then direct the targets to be recycled by the deubiquitylases (DUBs, eraser, USP/UBP, UCH, JAMM,
OTU and MJD in plants) or 26S proteasome-mediated degradation. HECT, homologous to E6-associated
protein C-terminus; RBR, RING-in-between-RING; U-box, a modiﬁed RING motif without the full
complement of Zn2+-binding ligands; USP/UBP, ubiquitin-speciﬁc proteases/ubiquitin-speciﬁc processing
enzymes;
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ubiquitin
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hydrolases;
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Figure 2. The classic methods of ubiquitylome in plant. (A), a single enrichment step approach using
UBA (Ub-associated) motif
motif

[10]

[9]

. (B), tandem aﬃnity puriﬁcation (TAP) approach using poly His-tag-UBQ (Ub)

. (C), two-step aﬃnity tandem Ub-binding entities (TUBE)

Lys-ε-Gly-Gly (K-ε-GG) speciﬁc antibody
chromatography) pipeline

[13]

[12]

[11]

. (D), Aﬃnity chromatography using

. (E), the Ub COFRADIC (combined fractional diagonal

.

The essential Ub are usually encoded redundantly in the eukaryotic genome with mono-Ub unit fusing to
ribosomal or organized as poly-Ub units in a tandem linear
Arabidopsis, 12 functional Ub have been identiﬁed

[15].

[14]

. These Ub proteins contain 1–7 Ub units. In

These fused- or poly-Ub are initially processed into

a single Ub molecule by deubiquitylases (DUBs) before being conjugated to its substrates. The DUBs are
also responsible for recycling Ub from the substrates (Figure 1). In plants, there are ﬁve diﬀerent DUB
families
beings

[16]

[17]

. Approximately 50 DUBs have been identiﬁed in Arabidopsis [16] and 100 of these in human

.

Ubiquitylation and deubiquitylation are tightly regulated in vivo. First, the ATP dependent E1 enzyme
captures the Ub through its active-site Cys residue and forms a thioester bond between the C terminus of
Ub; then the Ub is transferred onto a Cys residue of E2

[18]

. E1 and E2 are relatively conserved in

eukaryotes. However, the E3 ligases are diverse among organisms and in diﬀerent biological processes,
where they can selectively recruit speciﬁc targets. In humans, there are about 9 E1s and 40 E2s
600 E3s

[17]

[1]

and

. These enzymes are more complex in plants. Arabidopsis has 2 E1s and 47 E2s, while

approximately 1500 potential E3s; Rice has 6 E1s, 49 E2s and more than 1300 E3s

[19][20]

. E3 ligases are

characterized as ubiquitylation writers with diﬀerent domains, such as HECT(homologous to E6-associated
protein C-terminus), RING, UBOX(a modiﬁed RING motif without the full complement of Zn2+-binding
ligands), RBR(RING-in-between-RING) and so forth

[21]

. The ubiquitylated protein can be read by proteins

with Ub- binding domains (UBDs, such as Ub-interacting motif (UIMs) and proteasomal receptor) and then
be directed to the downstream biological process. Finally, the DUBs or the regulatory cap of the
proteasome will erase the Ub from the substrates, thereafter, the free Ub can be recycled [22][23]. The
whole cycle constitutes a powerful ubiquitylation language and performs essential signaling functions in
all eukaryotes (Figure 1).

2. Methods of Ubiquitylation Detection and Application in Plant
Ubiquitylome
The low site-speciﬁc stoichiometry, short lifespan, reversible modiﬁcation, condition-speciﬁc expression
and complex Ub conjugation architectures bring considerable obstacles in developing deep and accurate
catalogs of ubiquitylation. Despite these challenges, greater improvement has been achieved in the
identiﬁcation and veriﬁcation methods in recent years, especially in plants.
Based on the binding properties between UBDs protein and ubiquitin, three classic methods have been
developed to purify the ubiquitylated proteins, including the single-step enrichment, Tandem Aﬃnity
Puriﬁcation (TAP) protocol and two-step aﬃnity tandem Ub binding entities (TUBEs, Figure 2A–C). The
single-step enrichment was established to purify the ubiquitylated proteins using aﬃnity matrices through
UBDs and the monoclonal anti-ubiquitin antibodies, directly

[9].

This method has successfully identiﬁed

hundreds of ubiquitylated proteins but many false positives were also identiﬁed due to non-speciﬁc
binding under the nondenaturing conditions. TAP protocol greatly avoid this shortcoming, with an initial
production of a stable Arabidopsis transgenic line expressing poly-UBQ gene encoding Ub monomers Nterminally tagged with hexahistidine and then puriﬁed with sequential Ub-aﬃnity and strong denaturing
nickel chelate-aﬃnity chromatography

[10]

. Saracco et al. (2009) reported that although only 54 non-

redundant targets expressed by 90 possible isoforms were identiﬁed by mass spectrometry due to the
high stringency of TAP, the accuracy was highly improved. Two-step aﬃnity took advantage of the same
Arabidopsis transgenic line of TAP, adopting TUBEs developed by Lopitz-Otsoa et al.

[24]

, which drastically

improved the puriﬁcation stringency and yielded about 950 ubiquitylation substrates in the whole
Arabidopsis seedlings

[25]

.

The above methods brought great leap for ubiquitylation identiﬁcation in plants but have not revealed the
exact modiﬁed site, through site-directed mutagenesis of the lysine residues, therefore, few ubiquitylated
sites have been veriﬁed

[25]

. For the lysine ubiquitylation, when the modiﬁed protein is digested by

trypsin, the remains becomes a speciﬁc C-terminal remnant of Lys-ε-Gly-Gly (K-ε-GG, DiGly). Searching
spectra for the typical DiGly footprint, Maor et al. (2007) successfully identiﬁed 85 precise DiGly footprints
on 56 proteins in Arabidopsis

[9]

. The development of antibodies that recognize DiGly remnant was the

ﬁrst breakthrough that made the proteome-wide investigation of the exact ubiquitylation sites by LCMS/MS possible (Figure 2D)

[12]

. Through aﬃnity chromatography with K-ε-GG speciﬁc antibody, the tryptic

ubiquitylated peptides were eﬃciently enriched, thereafter, analyzed by high quality MS/MS, which paved
a way for real ubquitylome and as a result, thousands of proteins were identiﬁed in diﬀerent species
[5][26][27]

. K-ε-GG antibody can also unbiasedly recognize the epitope on the Ub itself and provide the

information for poly-linkage sites. However, the K-ε-GG antibody cannot capture modiﬁcations occurring
at the N-terminal or other residues, moreover, neither can it diﬀerentiate the tryptic cleavage of other
small related protein modiﬁers
Ub

combined

fractional

[28],

such as small Ub-related modiﬁer (SUMO).

diagonal

chromatography

complementary alternative to the K-ε-GG antibody

[29]

(COFRADIC)

method

was

established

as

a

. This protocol ﬁrst blocks all primary amines

(lysines and N termini) via chemical acetylation and removes Ubs with a plant speciﬁc DUB USP2cc, then
attaches a chemical handle to these free primary amines, subsequently isolating peptides via two
consecutive reverse-phase HPLC (RP-HPLC) runs. Afterwards, the handle is removed by ArgC that cleaves
the sequence after arginine. As USP2cc speciﬁcally recognizes the last ﬁve amino acids

[30],

COFRADIC

can successfully avoid the false positive with other Ub-like modiﬁcations. USP2cc only recognizes Ub
independent of other aﬀected residues, allowing the identiﬁcation of ubiquitylation on other residues in
addition to lysine. Walton et al. (2016) used COFRADIC to identify 16 proteins with N-terminal
ubiquitylation in Arabidopsis (Figure 2E) [13]. However, due to the biochemistry-associated bias, COFRADIC
generates peptides that are probably too long or too short to be identiﬁed by MS/MS and that are diﬃcult
for branched Ub chains detection. Therefore, combining the K-ε-GG antibody aﬃnity and the COFRADIC
method may provide a deeper insight into ubquitylome.
When a Ub is added to the N-terminal methionine (M) of another Ub, it forms a linear poly-Ub chains that

is not detectable by all the above methods. This is because the KGG- antibody does not recognize the
characteristic GGMQIFVK peptides while other N-terminally tagged Ub constructs prevent linear poly-Ub
chain assembly (e.g., TAP). Kliza et al. (2017) established a new method of identifying linear poly-Ubmodiﬁed proteins, in which a lysine-less internally streptavidin tagged Ub (INT-Ub.7KR) was ﬁrst
constructed, followed by stable isotope labeling of amino acids in cell culture (SILAC)-based mass
spectrometry

[31].

Using this method, several known linear poly-Ub targets were successfully validated in

T-REx HEK293T cells, which provided an eﬀective strategy for liner poly-Ub detection. This method could
be modiﬁed and be applied in plant proteomics research in the future.
Thanks to the remarkable development of the LC-MS/MS for proteome analysis with high sensitivity and
resolution, it is now possible to quickly identify and quantify ubiquitylated proteins in high throughput.
Precise relative quantiﬁcation of ubiquitylated peptides and sites is a big challenge. SILAC has been
successfully used for comparison of ubiquitylation dynamics in animal cells. However, its application is
rather diﬃcult in plants due to the low eﬃciency of the in vivo protein labelling. The optimized label-free
methods have been proven to be eﬀective in some plants such as petunias, rice and maize

[5][6][7]

,

although the accuracy and repeatability require further improvements. In plants, comparative proteome,
the advanced tag label methods, for example, isobaric tags for relative and absolute quantitation (iTRAQ)
or tandem mass tag (TMT), have been widely used but the K-ε-GG antibody cannot recognize the di-Gly
remnant when its N-terminus is derivatized with iTRAQ or TMT. Rose et al. (2016) labelled the
ubiquitylated proteins with TMT10 after elution with K-ε-GG antibody and 9000 ubiquitylated peptides
were quantiﬁed using up to 7 mg labelled sample

[32].

To improve the sensitivity and throughput, Namrata

et al. (2016) recently developed a rapid and multiplexed protocol termed UbiFast, in which the K-ε-GG
antibody is ﬁrst labelled with TMT and then used to isolate the ubiquitylated peptides. UbiFast facilitated
quantiﬁcation of 10,000 ubiquitylation sites from only 500 μ g peptides, which makes large scale
comparative ubquitylome more accurate and sensitive

[33]

.
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