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A B S T R A C T

As one type of deubiquitinases (DUBs), ubiquitin-specific proteases (UBPs) play an extensive and significant role
in plant life involving the regulation of plant development and stress responses. However, comprehensive studies
are still needed to determine the functional mechanisms, which are largely unclear. Here, we summarized recent
progress of plant UBPs’ functional partners, particularly the molecular mechanisms by which UBPs work with
their partners. We believe that functional analyses of UBPs and their partners will provide new insights into
protein deubiquitination and lead to a better understanding of the physiological roles of UBPs in plants.

1. Introduction

All organisms have evolved a sophisticated armory of proteins for
the regulation of critical cellular signaling events. Many cellular pro-
cesses are tightly controlled by the post-translational modifications
(PTMs) of target proteins, and as one type of PTM, protein ubiquiti-
nation is involved in many physiological events including DNA repair,
cell-cycle control, stress response, immune response, endocytosis, and
vesicle trafficking (Clague et al., 2012; Isono and Nagel, 2014; Pickart,
2004; Vierstra, 2009; Zhou et al., 2017). Generally, ubiquitination, the
covalent attachment of the small protein modifier ubiquitin to a sub-
strate protein (Chou et al., 2017), and deubiquitination, the removal of
ubiquitin, often antagonistically regulate the ubiquitination level of
target proteins, and are strictly controlled at multiple steps during
cellular processes (Katz et al., 2010; Neutzner and Neutzner, 2012;
Vierstra, 2009; Wilkinson, 2000).

When being ubiquitinated, ubiquitin C-terminus Gly and the ε-
amino group of Lys of the target protein form a conjugation through an
isopeptide between them. The ubiquitin molecules by themselves or in
conjugation with proteins are also ligated to additional Ub residues to
produce branched polyubiquitin chain assemblies (Hershko and
Ciechanover, 1998). In a hierarchical cascade, the covalent attachment
of Ub to proteins is catalyzed by the action of a series of ubiquitinating
enzymes (UBEs): Ub-activating enzyme (E1), Ub-conjugating enzyme
(E2), and Ub ligase (E3) (Hershko and Ciechanover, 1998). The fate of
ubiquitinated proteins mainly depends on the length and linkage type
of the Ub moiety. On the one hand, a protein with four or more Ub

moieties linked via K29 or K48 is generally targeted for degradation by
the 26S proteasome; on the other hand, ubiquitination via K63- linkage
is thought to be involved in the regulation of target protein activity in
signaling (de Poot et al., 2017). In addition to the above two cases, a
number of plasma membrane proteins, and proteins involved in in-
tracellular sorting and trafficking are attached to only one Ub moiety
(Hershko and Ciechanover, 1998; Pickart, 2004; Vierstra, 2009). On the
contrary, another event of comparative importance related to Ub is
protein deubiquitination which is carried out by deubiquitinases/deu-
biquitinating enzymes (DUBs). DUBs is a large protein family divided
into five groups based on characteristic catalytic domains: the ubi-
quitin-specific protease (USP/UBP), the ubiquitin C-terminal hydrolase
(UCH), the ovarian tumor domain protease (OTU), the Machado–Jo-
seph Disease protein domain protease (MJD), and the JAMM (JAB1/
MPN/Mov34) motif protease (JAMM) (Komander et al., 2009; Reyes-
Turcu et al., 2009). Except for the JAMM, which are zinc-dependent
metalloproteases, all DUB belong to cysteine proteases (Komander
et al., 2009; Nijman et al., 2005; Reyes-Turcu et al., 2009). Generally,
DUBs recognize substrates anchored with monoubiquitin and poly-
ubiquitin chain assemblies, and selectively cleave them (Katz et al.,
2010; Neutzner and Neutzner, 2012; Sahtoe and Sixma, 2015; Soboleva
and Baker, 2004; Wilkinson, 2000; Wolberger, 2014). Factually, protein
ubiquitination which is essential for many cellular processes is dyna-
mically regulated both by UBEs and DUBs (Fig. 1). In plants, UBPs form
the largest subfamily of DUBs. For example, in Arabidopsis thaliana,
there are 27 putative UBP members, accounting more than half of the
total DUBs (Liu et al., 2008; Yan et al., 2000). All UBP proteins
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characteristically contain a specific UCH domain, with two short but
well-conserved motifs, called cysteine (Cys) and histidine (His) boxes,
which are the key parts of two triads of catalytic sites (Cys in the cy-
steine box, and His and Asp/Asn in the Histidine box) (Varshavsky,
1998; Yan et al., 2000). Recently, many cellular processes have found to
be controlled by some UBP members, demonstrating an important role
of UBPs in plant life. Here we briefly reviewed the recent progress on
plant functional partners of UBPs that would be beneficial for the il-
lustration of UBP roles in plants development and stress responses,
aiming to touch upon the research trend of plant UBPs in the future.

1.1. UBPs in plants

During the plant life cycle, growth and development are strictly
controlled by many factors to cope with multiple abiotic or biotic
stresses. Recent data have shown that UBPs might function in the whole
life cycle of plants (Fig. 2). Based on a comparison of similar sequences
of Arabidopsis UCH domains (specific in UBP proteins, also called UBP
domains, including both conserved Cys- and His-boxes), a total of 23
UBP genes were identified in the Physcomitrella patens moss genome, 18
in Selaginella moellendorffii lycophyte genome, 25 in the Oryza sativa
monocot genome, and 14 in three green algae genomes (Fig. 3).

In Arabidopsis thaliana, based on sequence similarity and genomic
organization, especially referring to the typical Cys- and His-box sig-
nature motifs, 27 UBP proteins are clustered into 14 sub-families
(Wilkinson, 1997; Yan et al., 2000). For most UBP members, the basic
structures of UBP genes are established in early land plants and con-
served within subfamilies. In addition, most members within a sub-
family have common non-UBP protein motif compositions or conserved
amino acids, whereas members of different subfamilies show variations
in protein domains (Table 1). The unique protein motif compositions of
each subfamily differentiate the subfamily classifications and, more
importantly, provide evidence for functional divergence among UBP
subfamilies. Most members of the same subfamily have common pro-
tein motif compositions. However, beyond the three highly conserved
catalytic residues, all UBPs share low sequence similarities and possess
variant domain compositions, which imply diversity in their localiza-
tion, substrate specificity and physiological function (Amerik and
Hochstrasser, 2004; Clague et al., 2012; Isono and Nagel, 2014; Nijman

et al., 2005). UBP-like activities are capable of cleaving ubiquitin at-
tached to the target proteins via a peptide or an iso-peptide linkage,
even without ATP support (Sullivan et al., 1990). Both Cys- and His-
boxes are required for the deubiquitinating activities of UBPs, although
the Cys-box is more conserved than the His-box (Doelling et al., 2001;
Yan et al., 2000). Additionally, some less conserved motifs also exist in
plant UBPs, including MATH, zinc-fingers (two types: Zf-MYND or Zf-
UBP), Domain present in ubiquitin-specific proteases (DUSP), UBQ, Ub
associated domains (UBA) and Ub-like domains (UBL) (Liu et al., 2008;
Yan et al., 2000) (Table 1). These motifs might be involved in differ-
entiating the specific functions of different members, promising plant
UBPs the potential to participate in a broad range of cellular processes.

1.2. Plant UBP functional partners

It has long been acknowledged that some ubiquitin ligases (E3) rely
on scaffolds and adaptors to deliver substrates to the catalytically active
macromolecular complex. Similarly, as deubiquitinases (DUBs), UBPs
may also acquire their substrates by binding the target protein in a
conjugate or by associating with other partners in macromolecular
complexes found to bind ubiquitin directly (Atanassov et al., 2011).
Especially, in yeasts or animals, many UBPs have been shown to as-
sociate physically with E3, and function together to regulate ubiquitin-
related pathway (de Poot et al., 2017; Sowa et al., 2009; Wolberger,
2014). The substrate specificity of UBP proteins in yeasts and animals
has been determined by a variety of methods, while few are reported in
plants (Loch and Strickler, 2012; de Poot et al., 2017; Sahtoe and
Sixma, 2015; Sowa et al., 2009; Wolberger, 2014).

To date, Several plant UBP members (mostly from research results
of Arabidopsis thaliana) have been elucidated, shedding light on their
important roles in plant life. However, the detailed biological roles of
most UBPs remain unknown. To identify substrates or functional part-
ners is the key step in exploring UBP molecular function. Here we
summarized the functional partners of UBPs with a view to exploring
more details of molecular mechanisms of plant UBPs. Among the plant
UBP partners, some are biological substrates, some are activity reg-
ulators of UBPs, and some are ones with the unknown relationship with
UBPs (Table 2). The followings chosen for discussion here are UBPs
whose functional partners have been identified.

Fig. 1. Protein ubiquitination, deubiquitination
and basic physiological functions. The UBEs (E1,
E2, E3) and DUBs function antagonistically to con-
trol the ubiquitination state of target protein and
subsequently regulate different cellular processes.
During the process, the ubiquitin molecule is added
to or removed from the target protein as a recyclable
tag which is also vital to the ubiquitin pool home-
ostasis.
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1.2.1. UBP6
The Arabidopsis UBP6 is a DUB that has been implicated in cana-

vanine stress response and regulation of seedling early growth (Byeong
et al., 2005; Moon et al., 2009). UBP6 interacts with CaM proteins and
is possibly involved in the Ca2+-mediated protein degradation by the
26S proteasome in plants (Byeong et al., 2005). Similarly, human
USP14 (homolog of the Arabidopsis UBP6) is also found to be asso-
ciated with the 26S proteasome, indicating a role in protein degradation
(Leggett et al., 2002).

● CaM protein: Ca2+ acts as a secondary messenger that regulates
multiple cellular processes triggered by external stimuli (Mcainsh
and Hetherington, 1998; Reddy et al., 2001; Trewavas and Malhó,
1998). As one Ca2+ sensor, calmodulin (CaM) widely exists among
all eukaryotes. Although there is no catalytic activity itself, the CaM
transduces various Ca2+-mediated signals to its effector proteins,
CaM-binding proteins (CaMBPs) (Bender and Snedden, 2013;
Hoeflich and Ikura, 2002; Poovaiah et al., 2013; Schulz et al., 2013;
Snedden and Fromm, 2010). It has been shown that UBP6 binds
directly to CaM, raising the possibility of UBP6-CaM cooperation in
Ub-dependent protein degradation and/or stabilization in plants
(Byeong et al., 2005). Does UBP6 target CaM to degradation di-
rectly? Or, does the UBP6 act as an effector of CaM to deliver Ca2+

related signaling? In fact, it is rarely reported about the DUB-Ca2+

signaling functional cross. The physical association of UBP6 and
CaM provides an interesting clue to explore more details of the
mechanism for DUB in the regulation of protein deubiquitination or
protein stability via association with interacts Ca2+ signaling in the
future.

1.2.2. UBP12/13
Arabidopsis UBP12 and UBP13 are the only two homologous pro-

teins in the subgroup 5 of plant UBP family. They act as a

deubiquitinase of monoubiquitinated H2A (H2Aub1), and function in
the regulation of plant immunity, circadian clock, root meristem
maintenance and jasmonate response (An et al., 2018; Cui et al., 2013;
Derkacheva et al., 2016; Ewan et al., 2011; Jeong et al., 2017). In hu-
mans, USP7 shares a high similarity to Arabidopsis UBP12 and UBP13,
and functions in tumor suppressor regulation by p53, which is a special
class of transcription factors, involved in the various cellular stresses
and induced cellular responses, such as cell cycle arrest, DNA repair,
apoptosis and aging (Nicholson et al., 2011).

● LHY/CCA1/TOC1: These plant circadian clock genes differentiated
their expression at a different time of day. For example, LHY and
CCA1 genes are highly expressed in the morning and their encoding
proteins bind to the promoter of TOC1 (evening gene) to repress its
expression (Alabadí et al., 2001). In turn, the TOC1 gene regulates
the expression of CCA1 and LHY as a repressor (Gendron et al.,
2012; Huang et al., 2012). In the ubp12w ubp13-3 double mutant,
the circadian periods of LHY and TOC1 expression were shortened
and the transcription level of TOC1 was obviously increased, sug-
gesting that UBP12 and UBP13 are essential for proper circadian
rhythm (Cui et al., 2013). Interestingly, UBP12 and UBP13 are also
circadian controlled (Cui et al., 2013), proposing a complex network
regulation between UBP12/13 and circadian clock genes. While
being circadian controlled, they regulate the circadian rhythm of
clock genes, including LHY, CCA1, and TOC1, and also regulate
photoperiodic flowering through a CO-dependent pathway (Cui
et al., 2013). It has been known that CO protein degradation is
promoted by at least two ubiquitin E3 ligases: HOS1 and COP1
(Jang et al., 2008; Lazaro et al., 2012). Thus, UBP12 and UBP13
might act in circadian and photoperiodic flowering by altering the
ubiquitin-proteasome degradation pathway antagonistically with E3
ligase as DUBs.

● H2A/LHP1/PcG target genes: The highly conserved polycomb

Fig. 2. Biological functions of UBPs in plants. The plant UBPs function in various cellular process of development, such as cell proliferation, seed dormancy,
embryo and pollen development, circadian clock. They also involved in stress responses, such as plant immunity, salt and drought tolerance.
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group (PcG) proteins are a large family that epigenetically represses
gene expression related to development by modulating the histone
modification state (Chittock et al., 2017). As two of the three major
complexes involved in such state modification, PRC1 and PRC2 are
involved in gene repression through monoubiquitination of H2A to
monoubiquitinated H2A (H2Aub1), and function in the deposition
of trimethylation of histone 3 on lysine 27 (H3K27me3) as a re-
pressive epigenetic mark, respectively (Calonje, 2014; Hengbin
et al., 2004; Jiang and Berger, 2017; Mozgova et al., 2015). It shows
that in vitro UBP12 and UBP13 physically associate with a PcG re-
lated protein LHP1, which may connect PRC1 and PRC2 and med-
iates the repression of some PcG genes by affecting local H2Aub1

and H3K27me3 levels (Derkacheva et al., 2016). As the UBP12 has
H2Aub1 deubiquitination activity in vitro and in vivo (Derkacheva
et al., 2016), raising the high possibility that UB12 (and UBP13)
factually acting as the deubiquitinases of H2Aub1.

● RGFR1: This is a receptor of ROOT MERISTEM GROWTH FACTOR 1
(RGF1), which is an important peptide hormone that modulates root
growth. Generally, the RGF1 binds to the RGFR1 to transduce a
signal to regulate the expression of two transcription factors, PLE-
THORA 1 and 2 (PLT1/2), to finally influence root meristem de-
velopment (Aida et al., 2004; Siligato, 2014; Yo et al., 2010). UBP13
interacts directly with RGFR1 to counteract the ligand-induced
ubiquitination and degradation of RGFR1, suggesting that UBP13

Fig. 3. Phylogenetic tree of UBPs in plants. Phylogeny of UBP proteins from Arabidopsis, Physcomitrella patens, Selaginella moellendorffii, Oryza sativa and three
green algae. The red dots represent the UBP members in Arabidopsis thaliana. The tree was generated with Clustal X 2.0 software using the neighbor-joining (N-J)
method.
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(and UBP12) are components of the RGFR1 signaling pathway and
are crucial for root meristem maintenance (An et al., 2018). By their
deubiquitinating activity, the UBP12 and UBP13 stabilize the
RGFR1 to maintain root cell sensitivity to RGF1 for meristem
maintenance (An et al., 2018).

● MYC2: It is a putative transcription factor that acts as a master
switch integrating diverse signals to mediate plant development and
stress responses (Goossens et al., 2017; Kazan and Manners, 2013).
Recently, it has been found that JA-mediated phenotypes are also
associated with the MYC2 protein level (Chico et al., 2014;
Schmiesing et al., 2016; Shin et al., 2012), which is affected by
different conditions, i.e. dark, far-red light, red light, and blue light,
or hormones (such as MeJA and SA) (Chico et al., 2014; Schmiesing
et al., 2016). Moreover, MYC2 protein levels are negatively con-
trolled by PUB10-mediated ubiquitination in JA responses (Jung
et al., 2015). in vitro, the UBP12 and UBP13 interact with MYC2 and
remove ubiquitin from polyubiquitinated MYC2, thus, it is possible
that the UBP12/13 could elevate MYC2 levels by deubiquitinating
the polyubiquitinated transcription factor from being degraded in
the jasmonate response (Jeong et al., 2017).

1.2.3. UBP14
The Arabidopsis UBP14 is involved in the regulation of embryonic

development (Doellinget al., 2001; Tzafrir et al., 2002), root hair
elongation in the absence of phosphate (Li et al., 2010), and organ
growth by affecting ploidy level in cells (Xu et al., 2016). Its protein
sequence has a high similarity to humans USP5/IsoT and yeast Ubp14,
which function in recycling monomeric Ub by dismantling unanchored
poly-Ub chains (Avvakumov et al., 2012; Dayal et al., 2009).

● APC/C/UVI4/CCS52A1/CYC2A2;3/CDKB1;1: In all eukaryotes,
the Anaphase-Promoting Complex/Cyclosome (APC/C) is a

multisubunit E3 ubiquitin ligase complex, selectively targets mitotic
cyclins for ubiquitination during degradation to control mitotic
progression (Marrocco et al., 2010; Pesin and Orrweaver, 2008).
CYCA2;3 and CDKB1;1 act downstream components of the APC/C
and function together to inhibit the switch from the mitotic cell
cycle to the endocycle (Boudolf et al., 2009). Increasing expression
of the two genes leads to ectopic cell division and represses the
endocycle (Boudolf et al., 2009; Imai et al., 2006). The APC/C ac-
tivity is regulated dynamically. On one hand, it is activated by some
subunits, such as the docking factor APC10/Doc1 and the Cell Cycle
Division 20 (CDC20)/Fizzy or CDH11/Fizzy-related (FZR) activator
subunits (Pesin and Orrweaver, 2008). In Arabidopsis thaliana, the
CCS52A1/FZR2, CCS52A2/FZR1, and CCS52B are three CDH11/
FZR-related proteins involved in the regulation of endoreplication
onset and progression (Breuer et al., 2012; Lammens et al., 2008;
Zachary et al., 2009). On the other hand, the APC/C function is
prevented by some inhibitory proteins. For instance, in mammalian
and Xenopus laevis cells, the Early Mitotic Inhibitor 1 (Emi1) inhibits
APC/CCDH1 activity coupled with DNA replication in mitotic pro-
gression (Di Fiore and Pines, 2007). In Arabidopsis thaliana, the UV-
B-Insensitive 4 (UVI4) has been proposed as a functional homolog of
Emi1, and interacts with CCS52A1 to suppress the endocycle by
inhibiting CYCA2;3 degradation (Hase et al., 2006; Heyman et al.,
2011; Iwata et al., 2011). It is found that the Arabidoposis UBP14
physically interacts UVI4 and represses endoreduplication in plant
cells. Meanwhile, the UBP14 functions antagonistically with
CCS52A1, although UBP14 does not interact with CCS52A1 in the
regulation of endocycle (Xu et al., 2016). It also found that the
UBP14 positively influences the stability of CYCA2;3 and CDKB1;1,
two downstream components of the APC/C (Xu et al., 2016). For the
opposite role of the UBP14 (a DUB) and APC (an E3 complex) in the
protein ubiquitination, it is possible that they act together through

Table 1
Characterization of AtUBPs and their functions.

Sub-family Name/ID Non-UBP
domains

Function Reference

1 UBP1 (AT2G32780) Zf-UBP canavanine resistance Yan et al. (2000)
UBP2 (AT1G04860) Zf-UBP canavanine resistance Yan et al. (2000)

2 UBP3 (AT4G39910) – pollen development and transmission Doelling et al., 2007
UBP4 (AT2G22310) – pollen development and transmission Doelling et al., 2007

3 UBP5 (AT2G40930) DUSP – –
UBP8 (AT5G22030) – – –
UBP9 (AT4G10570) DUSP – –
UBP10 (AT4G10590) DUSP – –
UBP11 (AT1G32850) DUSP – –

4 UBP6 (AT1G51710) UBL possible Ca2+- related signaling, Byeong et al. (2005); Moon et al. (2009)
UBP7 (AT3G21280) UBL possible Ca2+- related signaling Moon et al. (2009)

5 UBP12 (AT5G06600) MATH H2Aub1 deubiquitinase, plant immunity, circadian clock, root
meristem maintenance, JA response

An et al. (2018); Cui et al. (2013); Derkacheva et al.
(2016); Ewan et al. (2011); Jeong et al. (2017)

UBP13 (AT3G11910) MATH H2Aub1 deubiquitinase, plant immunity, circadian clock, root
meristem maintenance, JA response

An et al. (2018); Cui et al. (2013); Derkacheva et al.
(2016); Ewan et al. (2011); Jeong et al. (2017)

6 UBP14 (AT3G20630) Zf-UBP, UBA embryo development
endoreduplication, leaf and flower size control, root hair
elongation (Pi availability)

Doelling et al. (2001); Li et al. (2010); Tzafrir et al.
(2002); Xu et al. (2016)

7 UBP15 (AT1G17110) Zf-MYND cell proliferation, organ size control Du et al. (2014); Liu et al. (2008),
UBP16 (AT4G24560) Zf-MYND salt tolerance, plant growth (partially redundantly with

UBP15)
Liu et al. (2008); Zhou et al. (2012)

UBP17 (AT5G65450) Zf-MYND – –
UBP18 (AT4G31670) Zf-MYND – –
UBP19 (AT2G24640) Zf-MYND embryo development Liu et al. (2008)

8 UBP20 (AT4G17895) – – –
UBP21 (AT5G46740) – – –

9 UBP22 (AT5G10790) Zf-UBP H2Bub1 deubiquitinase, SAGA subunit, light signaling Nassrallah et al. (2018)
10 UBP23 (AT5G57990) – – –
11 UBP24 (AT4G30890) – abscisic acid signaling, salt and drought tolerance Zhao et al. (2016)
12 UBP25 (AT3G14400) – – –
13 UBP26 (AT3G49600) DUSP, UBL H2Bub1 deubiquitination, flowering, seed development and

dormancy, repression of PHERES1
Schmidz et al., 2009; Sridhar et al. (2007); Luo et al.
(2008)

14 UBP27 (AT4G39370) – mitochondria morphogenesis Pan et al. (2014)
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the interaction with UVI4 (a partner of APC/C) to balance the
protein ubiquitination or degradation for the downstream compo-
nents in the control of endoreduplication.

1.2.4. UBP15/SOD2
The Arabidopsis UBP15 acts downstream of DA1 controlling organ

size and plant growth by affecting cell proliferation (partially re-
dundant with UBP16 and UBP17) (Du et al., 2014; Liu et al., 2008).

● DA1: DA means “big” in Chinese (Li et al., 2008). The DA1 is a
putative ubiquitin receptor with a plant-specific LIM-domain and
has multiple functions in regulating organ size and abiotic stress
response (Li et al., 2008; Zhao et al., 2014). DA1 expression is in-
duced by abscisic acid (ABA), indicating the potential involvement
of DA1 in ABA-related abiotic stress responses (Li et al., 2008). DA1
controls final organ size and acts maternally to affect seed growth by
restricting cell proliferation in the integuments (Du et al., 2014; Li
et al., 2008; Xia et al., 2013). Additionally, it demonstrates that DA1
and its two homologs, DA1-related 1 (DAR1) and DA1-related2
(DAR2) function in a common pathway with TCP14/15 to regulate
endoreduplication by modulating the stability of TCP14/15 which
promote cell proliferation and represses endoreduplication (Peng
et al., 2015). Moreover, DA1 interacts and destabilizes DA2, Big
Brother (BB), and UBP15 to control final organ size (Du et al., 2014;
Xia et al., 2013). DA1 is a putative ubiquitin receptor implying its
role in ubiquitination and degradation of its targets by the 26S-re-
lated proteasome. However, recently it has revealed that DA1 acts as
a ubiquitin-activated peptidase. It is monoubiquitinated and acti-
vated by two E3s, BB and DA2; in turn, the activated DA1 cleaves
and destabilizes BB and DA2 (Dong et al., 2017). In addition, DA1
peptidase activity is also required to cleave TCP15, TCP22, and
UBP15, indicating that DA1 peptidase activity coordinates cell
proliferation, endoreplication and differentiation by targeting dif-
ferent regulatory protein destruction (Dong et al., 2017).

1.2.5. UBP16
As mentioned above, the Arabidopsis UBP16 functions partially

redundantly with UBP15 and UBP17 in plant growth (Liu et al., 2008).
Meanwhile, UBP16 is responsible for salt tolerance by regulating the
activity of PM Na+/H+ antiports (Zhou et al., 2012).

● SHM1: The Serine Hydroxymethyltransferase 1 (SHM1) is the major
Serine Hydroxymethyltransferase (SHMT) isozyme that plays a cri-
tical role in plant salt tolerance (Mcclung et al., 2000; Somerville
and Ogren, 1981). When SHM1 mutates, leaf mitochondrial SHMT
activity is undetectable and photorespiratory Gly metabolism re-
lated to Serine is significantly reduced (Somerville and Ogren,
1981). UBP16 interacts with SHM1 and targets ubiquitinated-SHM1
as a substrate of deubiquitination, to prevent its degradation. Con-
sistent with the situation in shm1, the SHMT activity is reduced by
the UBP16 mutation, indicating that the low protein level of SHM1
is essential for the SHMT activity.

1.2.6. UBP22
Similar to the homolog DUB (USP22) in human, the Arabidopsis

UBP22 is thought to be part of an atypical SAGA-like DUB module
(DUBm) which is responsible for the deubiquitination of mono-ubi-
quitinated H2B (H2Bub1) (Nassrallah et al., 2018; Zhang et al., 2008;
Weake and Workman, 2008). In Arabidopsis thaliana, the abundance of
UBP22 is regulated by DE-ETIOLATED 1 (DET1) during dark/light
transitions (Nassrallah et al., 2018).

H2B/SGF11/ENY2: Dynamic H2B ubiquitination is required for
heterochromatic histone H3 methylation and DNA methylation, re-
sulting in the regulation of gene expression (Sridhar et al., 2007). The
H2B ubiquitination level is tuned by DUBm in a highly conserved
complex SAGA (Spt–Ada–Gcn5–Acetyl transferase) that is thought toTa
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control the transcription of approximately 10% of genes, particularly
the stress-related genes (Helmlinger and Tora, 2017; Lee et al., 2000).
In yeast, DUBm is an independent structure functionally composed of
the ubiquitin protease 8 (Ubp8) catalytic subunit (Ingvarsdottir et al.,
2005), the SAGA-associated factor 11 (Sgf11) nucleosome-binding
subunit (Ingvarsdottir et al., 2005; Lee et al., 2005), the small protein
Sus1, ubiquitin-binding subunit (Rodríguez Navarro et al., 2004), and
Sgf73 that forms the bridge with core SAGA modules (Kohler et al.,
2008; Lee et al., 2009). Although there is no a predictable plant Sgf73-
like subunit in Arabidopsis thaliana, the orthologous proteins of yeast
Sgf11, Ubp8, and Sus1 are SGF11, UBP22, and ENY2, respectively
(Moraga and Aquea, 2015). SGF11, ENY2, and UBP22 potentially form
a trimeric DUBm in planta without an ortholog of Sgf73. It has been
found that the UBP22 physically associates with SGF11 but ENY2, al-
though robust interaction exists between SGF11 and ENY2, both of
which are the two other members of DUBm. In contrast with yeast and
animal DUBm, the plant lack the Sgf73-like subunit that connects the
DUBm and the core SAGA modules, thus the Arabidopsis DUBm only
comprises three subunits (SGF11, ENY2, and UBP22) and appears to
function independently as a major deubiquitinase of H2Bub1
(Nassrallah et al., 2018).

1.2.7. UBP24
The Arabidopsis UBP24 is a negative regulator of ABA signaling

upstream of ABI2 (Zhao et al., 2016). It is interesting that the ubp24
mutant seedlings are hypersensitive to ABA and salt stress, though their
stomatal closure is less sensitive to ABA (Zhao et al., 2016).

● ABI2: As a member of protein phosphatases type 2C (PP2Cs), the
ABI2 interacts with the positive regulator SnRK2 in the absence of
ABA, and then phosphorylates transcription factors to activate ABA-
responsive gene expression (Fujii et al., 2009; Ma et al., 2009). In
the presence of ABA, the receptors PYR1/PYLs/RCAR are activated
by binding to ABA, and trigger the release of SnRK2 from PP2C-
SnRK2, resulting in phosphorylation of bZIP family transcription
factors (ABF/ABRE/ABI5) and activation of ABA-induced gene ex-
pression (Fujii et al., 2009; Ma et al., 2009; Park et al., 2009). In
addition, ABI2 also integrates signals of ABA and auxin through its
suppression by FERONIA (FER) which is a positive regulator of
auxin-promoted growth (Yu et al., 2012). In the presence of ABA,
UBP24 functions upstream of ABI2, and negatively regulates phos-
phatase activity of PP2C, demonstrating a regulatory role of UBP24
in response to ABA and salt stress in plants (Zhao et al., 2016). There
is no evidence for how the UBP24 regulates the activity of PP2C,
however, the current research results could support the idea that the
UBP24 modulates the activity of PP2C indirectly via the FER-
mediated auxin signaling pathway.

1.2.8. UBP26/SUP32
The Arabidopsis UBP26 is required for deubiquitination of H2Bub1

(similar to the function of UBP22), subsequently affecting H3 methy-
lation and DNA methylation (Sridhar et al., 2007). It also found that the
UBP26 is required for seed development and the repression of PHERES1
(PHE1) (Luo et al., 2008).

● H2B/PHE1: The UBP26 can deubiquitinate H2B, which is required
for heterochromatic histone H3 and DNA methylation (Sridhar
et al., 2007). The FIS genes encode PcG proteins and function in
H3K27me3 modification at the locus of PHE1 to regulate seed de-
velopment (Grossniklaus and Paro, 2014; Makarevich et al., 2006).
In the ubp26 mutant, the PHE1 gene shows higher activity in terms
of transcription and a lower level of H3K27me3 at its locus, sug-
gesting that UBP26 has a role in seed dormancy and repression of
PHE1 (Luo et al., 2008). Although the UBP26 is essential for de-
position of H3K27me3 at the PHE1 locus, no direct evidence shows
the relationship between UBP26 and FIS genes in the regulation of

PHE1 methylation and function.

1.2.9. UBP27
The Arabidopsis UBP27 is identified as a mitochondrial outer

membrane protein with a Nin–Cout topology and plays a role in mi-
tochondrial morphogenesis possibly by modulating the function of or-
ganelle division proteins (Pan et al., 2014).

● DRP3: The DRP3A (ADL2a) and DRP3B (ADL2b) are well conserved
dynamic-related proteins (DRPs), both orthologs of Dnm1/Drp1,
and are involved in mitochondrial morphogenesis and peroxisome
fission (Arimura, 2017; Arimura and Tsutsumi, 2002; Arimura et al.,
2008, 2004; 2017; Fujimoto et al., 2009; Logan et al., 2004; Mano
et al., 2004; Yoshinaga et al., 2006; Zhang and Hu, 2009). The
UBP27 modulates DRP3 in an indirect manner by reducing the as-
sociation of DRP3 and mitochondria (Pan et al., 2014), possibly by
facilitating the recycling of DRP3 proteins from mitochondria to the
cytosol, yet it remains unclear whether UBP27 interacts directly or
indirectly to deubiquitinate DRP3.

2. Conclusion

Although characterization of UBP proteins in different plant model
organisms has been accelerated, our understanding of their functions
remains limited. Protein partners shed light on possible molecular
mechanisms underlying the possible functions of UBP proteins in the
regulation of cellular events in plants.

In yeasts and animals, it is found that many UBPs associate with E3
ligases which always ubiquitinate themselves. Therefore, deubiquiti-
nation of E3 ligases to maintain their stabilization is a major aspect of
UBP physiology and, reciprocally, E3s may ubiquitinate their UBP
partners to destabilize them. Additionally, UBPs and E3 ligases in
complex commonly function to coordinate ubiquitination of the same
substrate (Komander et al., 2009). For example, in yeasts and animals,
USP8 and Nrdp1 (E3 ligase) are in a functional complex, antag-
onistically acting in the regulation of ubiquitination level and stabili-
zation of DRDP1 (Wu et al., 2004). Similarly, USP19 stabilizes KPC
(also known as RNF123), an E3 ligase required for the ubiquitination of
cyclin-dependent kinase inhibitor p27Kip1, to support cell proliferation
(Lu et al., 2009). In the case of USP7, it interacts with E3 ligase partner
MDM2 and their common substrate p53 to function in DNA repair and
apoptosis (Zaman et al., 2013). These evidences raise the possibility
that UBP and E3 commonly form a complex in the regulation of sub-
strate ubiquitination level. In plants, the H2B ubiquitination level seems
to be coordinated by both a UBP (UBP22) and an E3 complex (DET1-
related) (Nassrallah et al., 2018); however, a “UBP/USP-E3” complex
has not been extensively found in plants thus far. Therefore, in the
future, identification of the E3 partners of plant UBPs, will be beneficial
for the dissecting plant UBP-mediated biological mechanisms.

The UBPs modulate the H2A and H2B ubiquitination levels, which
affect H3 methylation and related gene transcription significantly, im-
plying the role of UBPs in the crosstalk of histone epigenetic mod-
ification and gene expression by deubiquitination of H2Aub1 and
H2Bub1, future advances of this cooperation in plants may be expected
(March and Farrona, 2017). Indeed, the role of different plant UBPs in
H2Aub1 and H2Bub1 deubiquitination and DNA methylation asso-
ciated with transcriptional regulation is appearing (Talbert and
Henikoff, 2017). In plants, UBP12 and UBP13 work with LHP1, which
mediate H2A monubiquitination and H3 trimethylation, respectively, to
regulate the expression of some PcG target genes (Derkacheva et al.,
2016). In yeast and animal, the H2B ubiquitination is thought to control
the transcription of a few stress-related genes and its level is tuned by
DUBm in two highly conserved complex SAGA and Sir, in which the
corresponding DUB subunit are Ubp8/USP22 and Ubp10 (Gardner
et al., 2005; Helmlinger and Tora, 2017; Lee et al., 2000). In plants,
both UBP22 and UBP26 are involved in H2Bub1 deubiquitination,
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however, the sequence similarity of UBP22/26 and Ubp8/10 is very
low. Accordingly, the responsible DUBs for H2Bub1 deubiquitination
might differentiate in an early time. Additionally, the yeast Ubp8 and
Ubp10 show high similarity in their protein sequence, while that of
UBP22 and UBP26 is quite low. So it will also be a challenge to identify
the functional relationship between UBP22 and UBP26 in the crosstalk
with H2B deubiquitination in the future work.
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