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Abstract Ubiquitination is a eukaryotic post-translational pro-
tein modification, implicated in various cellular processes in
higher plants, and E3 ligases play an essential role in this
cascade. In this study, we identified an Skp1–Cullin–F-box
(SCF) E3 ligase encoding gene, Arabidopsis phloem protein
2-B11 (AtPP2-B11; At1g80110), by searching drought-

responsive element in the promoter regions of 1,488 putative
E3s in theArabidopsis genome. The expression ofAtPP2-B11 in
seedlings was remarkably induced with increased duration of
drought treatment. Transgenic lines overexpressing AtPP2-B11
exhibited obvious hypersensitivity to drought stress during seed
germination and in mature plants. Protein interaction assay with
Arabidopsis Skp1 (ASK) proteins showed that AtPP2-B11
strongly interacted with ASK 7, ASK 18, and ASK 19, respec-
tively, indicating that AtPP2-B11 may function as an F-box
protein. An AtPP2-B11-interacting protein, AtLEA14, was
identified by a yeast two-hybrid screening and bimolecular
fluorescence complementation assay. Real-time quantitative
RT-PCR and Western blot analysis showed that the transcript
and protein levels of AtLEA14 decreased in 35S::AtPP2-B11
transgenic plants subjected to drought conditions. Transgenic
Arabidopsis plants overexpressing AtPP2-B11 showed altered
expression of abiotic stress response marker genes (COR15a,
COR47, ERD10, KIN1, RAB18, and RD22) under both normal
and drought conditions. Overall, these results suggested that
AtPP2-B11, a SCF E3 ligase, played an important role in
response to drought stress as a negative regulator in Arabidopsis.
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Introduction

Water-deficit stress, one of the most adverse conditions for
plants, can inflict fatal damage to plants and adversely affect
crop productivity. Plants respond and adapt to water-deficit
stress through physiological, biochemical processes, molecu-
lar, and cellular processes. A number of genes have been
identified that respond to drought stress at the transcriptional
level in plants. Their gene products are believed to play
integral roles in protecting cells from water deficit
(Shinozaki and Yamaguchi-Shinozaki 1996; Shinozaki et al.
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2003; Thomashow 1999; Zhu 2002). Based on the functions
of these drought-responsive genes, they have been classified
into two major groups. One group encodes products that
directly protect plant cells from stresses, such as antioxidants,
chaperones, late embryogenesis abundant (LEA) proteins and
enzymes for osmolyte biosynthesis (Goyal et al. 2005; Mittler
2002; Sun et al. 2002; Yoshiba et al. 1997). The gene products
of the second group regulate gene expression and signal
transduction during abiotic stress responses, including key
metabolic enzymes, protein kinases, and transcription factors
(Liu et al. 1998; Nakashima et al. 2009; Zhu 2002).

Genes that function in response to drought stress at the
cellular level are regulated by different signaling pathways
which have been classified into abscisic acid (ABA)-depen-
dent and ABA-independent signaling pathways (Kang et al.
2011; Lee et al. 2009; Shinozaki and Yamaguchi-Shinozaki
2007; Shinozaki et al. 2003; Yamaguchi-Shinozaki and
Shinozaki 2005; Zhang et al. 2004). Two major cis-acting
elements, ABA-responsive element (ABRE) and drought-
responsive element (DRE), have been previously demonstrat-
ed to function in ABA-dependent and ABA-independent gene
expressions, respectively, in drought stress responses (Gomez-
Porras et al. 2007; Shen and Ho 1995; Shinozaki et al. 2003;
Yamaguchi-Shinozaki and Shinozaki 2005). In the ABA-
dependent regulatory system, drought triggers the production
of phytohormone ABA, which regulates stomata closure and
induces the expression of many genes that may function in
dehydration tolerance (Gomez-Porras et al. 2007; Hobo et al.
1999; Narusaka et al. 2003; Shen and Ho 1995; Shinozaki and
Yamaguchi-Shinozaki 2007; Zhang et al. 2005). For the
ABA-independent regulatory system, DRE is the key cis-
element that regulates the expression of osmotic and cold
stress response genes (Agarwal et al. 2007; Nakashima et al.
2009; Shinozaki and Yamaguchi-Shinozaki 2007). A 9-bp
DRE motif, TACCGACAT, has first been identified in the
promoter of the stress response gene RD29A in Arabidopsis
(Yamaguchi-Shinozaki and Shinozaki 1994). Analysis of the
DRE sequence in RD29A promoter reveals that a single copy
of DRE is sufficient for the ABA-independent expression of
RD29A, indicating that DRE functions in a different manner
from ABRE and does not require other elements to facilitate
stress-inducible gene expression. Previous studies have re-
vealed that the DRE motif is also located in the promoter
regions of marker genes such as KIN1, COR15a, and
COR47 and involved in the stress response pathways (Lee
et al. 2010; Yamaguchi-Shinozaki and Shinozaki 1994). In
soybean, the DRE cis-element is enriched in the promoters of
drought stress-responsive genes, suggesting the involvement
of DRE in stress response to dehydration (Maruyama et al.
2012). Analysis of the promoters of F-box genes from maize
has revealed that 13 ZmFBX genes contain the DRE motif in
their promoters (Jia et al. 2013). The DRE core sequence
CCGAC is also found in the promoter region of the cold-

inducible gene BN115 in oilseed rape and crucially functions
in stress response (Jiang et al. 1996). The wheat WCS120
gene, which contains a DRE motif in its promoter, encodes a
protein believed to have important functions in plant acclima-
tion to cold (Ouellet et al. 1998). The transcriptional regulator
DRE-binding protein (DREB), harboring an ERF/AP2-type
DNA-binding domain, specifically binds to the DRE cis-ele-
ment to induce the expression of stress response genes (Liu
et al. 1998; Nakashima et al. 2000; Sakuma et al. 2002).
Several DREBs have been reported to be involved in the
drought response pathway (Lee et al. 2010; Liu et al. 1998).
DREB2A, a member of the DREB subfamily containing a
single conserved DNA-binding domain, is a transcriptional
activator that recognizes DRE inArabidopsis (Liu et al. 1998).
The DREB1A homologues DREB1B and DREB1C, which
have also been isolated fromArabidopsis, play important roles
in response to drought (Liu et al. 1998; Sakuma et al. 2002).
Therefore, based on the abovementioned studies, it is critical
to identify DRE-containing proteins that regulate drought
response in Arabidopsis.

Protein degradation is an important post-translational reg-
ulatory process that mediates cell responses to intracellular
signals and changing environmental conditions. The
ubiquitin/26S (Ub/26S) pathway is a common regulatory
mechanism for protein degradation and is conserved in all
eukaryotes. The Ub/26S pathway controls the protein quantity
and stability by the covalent attachment of a 76-amino acid
ubiquitin polypeptide to target proteins. Three enzymes that
consecutively act are involved in the conjugation cascade,
namely, ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2), and ubiquitin ligase (E3 ligase)
(Glickman and Ciechanover 2002; Smalle and Vierstra
2004; Vierstra 2009). In Arabidopsis, more than 1,400 genes
encode components of the Ub/26S pathway, and 90% of these
genes encode E3 ligases (Moon et al. 2004; Smalle and
Vierstra 2004). Among the several classes of E3 proteins,
the multiple subunits E3 Skp1–Cullin-F–box (SCF) com-
plexes are essential to the post-translational regulation of
many important factors involved in signal transduction
(Craig and Tyers 1999; Deshaies 1999; Lechner et al. 2006).
The SCF complex is composed of an Arabidopsis Skp1
(ASK) homolog, a Cullin homolog, an Rbx (RING box)
homolog, and an F-box protein, in which the F-box protein
is the most important and best understood subunit. The
Arabidopsis genome encodes more than 700 putative F-box
proteins (Gagne et al. 2002; Lechner et al. 2006). The F-box
proteins contain at least one F-box motif, a protein structural
motif consisting of approximately 50 conserved amino acids
that mediates protein–protein interactions (Xiao and Jang
2000). F-box proteins bind to the ASK proteins through direct
protein–protein interaction through the F-box domain. In ad-
dition to the F-box domain, the C-terminal domains of F-box
proteins are specific to bind the substrates for degradation.
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Many F-box proteins reportedly have essential functions in
plant developmental and physiological processes as post-
translational regulators of many important factors involved
in signal transduction (Baudry et al. 2011; Dharmasiri et al.
2005; Risseeuw et al. 2003; Sawa et al. 2007; Thines et al.
2007; Wang et al. 2009b; Zheng et al. 2011). The first F-box
protein identified in plants is UFO which has an important
function in floral meristem identity and floral organ develop-
ment (Hepworth et al. 2006; Laufs et al. 2003; Levin and
Meyerowitz 1995; Samach et al. 1999). AtTLP9 is an
Arabidopsis TUBBY-like protein that interacts with ASK 1
and is likely to participate in the ABA signaling pathway (Lai
et al. 2004). EID1-like protein 3 (EDL3) functions as a pos-
itive regulator in ABA-dependent signaling cascades that
regulates germination induction, root growth, and flowering
(Koops et al. 2011). DOR from Arabidpsis acts as a negative
regulator of guard cell and inhibits the ABA-induced stomata
closure under drought stress (Zhang et al. 2008).OsFbx352, a
rice F-box gene, is involved in glucose-delayed seed germi-
nation (Song et al. 2012). In addition, many F-box proteins
from Arabidopsis are known to be involved in plant hormone
responses including TIR1, AFB 1-3, and COI1 (Gray et al.
2001; Sheard et al. 2010; Walsh et al. 2006). Several F-box
proteins involved in drought response have already been
identified, but the detailed relationship between F-box pro-
teins and drought stress remains unclear (Earley et al. 2010;
Koops et al. 2011; Lai et al. 2004; Yan et al. 2011; Zhang et al.
2008). The key function of DRE in response to drought has
been identified. Thus, the mechanism underlying the ability of
DRE-containing F-box proteins to regulate drought stress in
Arabidopsis must be investigated.

In the present study, 23 DRE-containing putative E3s were
identified in the Arabidopsis genome. Data showed that
among the 23 E3 proteins, Arabidopsis phloem protein 2-
B11 (AtPP2-B11) that contains an F-box domain at the N-
terminal, was severely induced by drought stress. Moreover,
transgenic lines overexpressing AtPP2-B11 exhibited obvious
hypersensitivity to drought stress during seed germination and
in mature plants. Interaction studies with ASKs indicated that
AtPP2-B11may function as a component of the SCF ubiquitin
ligase complex. AtPP2-B11 was also found to interact with
AtLEA14, suggesting a possible connection between AtPP2-
B11 and drought response through an ABA-independent sig-
naling pathway.

Materials and Methods

Plant Materials and Growth Conditions

Seeds of each genotype Arabidopsis thaliana from Columbia
(Col-0) background were harvested at the same time from
plants grown at the same condition. Seeds were surface

sterilized by soaking in 70 % ethanol for 5 min and 2.6 %
sodium hypochlorite for 10 min, and than washed five times
with sterilized water. The seeds were plated onMurashige and
Skoog (MS) medium. The plates were then kept in the dark at
4 °C for stratification for 3 days and transferred to a growth
chamber with a light/dark cycle of 16-h light/8-h dark at
22 °C.

Analysis of Promoter Regions of Putative E3 Ligases
in Arabidopsis

All the putative E3 genes in Arabidopsis genome were re-
trieved from PlantsUBQ database (http://plantsubq.genomics.
purdue.edu/), including ten different types: 694 F-box genes,
470 RING finger genes, 220 PHD genes, 80 BTB genes, 60
U-BOX genes, 21 ASKs, 10 Cullins, 7 HECTs, 5 DDB genes,
and 2 RBXs. In 1,569 putative genes, the E3s with the same
IDs were conflated and the final database of putative E3 genes
in Arabidopsis consisted of 1,488 candidate genes. A database
of 1-kb upstream sequences of 1,488 E3s was retrieved from
the TAIR (www.arabidopsis.org) genome annotation. The
frequency matrix of 48 sequences containing DRE core
motif (A/GCCGAC) was created as described in a previous
study (Gomez-Porras et al. 2007). The promoter sequences of
1,488 putative E3s were screened for occurrences of the DRE
using the frequency matrices of DRE motif; 155 candidate
genes containing one or more DRE elements were obtained.
Combining with the previously described DREB-targeting
genes, 23 DRE-containing putative E3s were finally identified
for further analysis.

Expression Pattern of 23 DRE-Containing E3s
by Semiquantitative RT-PCR Analysis

Two-week-old plate-grown plants were harvested from MS
agar medium, and then dehydrated on filter paper at room
temperature and approximately 70 % humidity under dim
light. Plants were subjected to drought stress for 0.5, 1, 2 h
and were frozen in liquid nitrogen. Total RNAwas extracted
with Trizol reagent, and the RNA preparation was then treated
with RNase-free DNase I. First-strand cDNA synthesis was
performed using 2 μg of total RNAwith oligo (dT) primer and
M-MLV RT. Semiquantitative RT-PCR was performed as
described previously (Zhang et al. 2007). The expression of
EF1-α was used as an internal control. Gene-specific primers
of 23 E3s were listed in Table S1. These experiments were
independently replicated at least three times under identical
conditions.

Protein Extraction and Fluorometric GUS Assay

Plant protein extraction and analysis for GUS activity were
performed as previously describe (Jefferson et al. 1987). The
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protein concentration of the extract was measured with a
nanodrop instrument, and fluorescence was determined with
a Microplate Spectrofluorometer (Hitachi). For analysis of
GUS activity in different samples, the data were obtained by
subtracting the background 4-methyiumbelliferyl glucuronide
of the transgenic plants. The average GUS activity was ob-
tained from at least five independent transformants, and each
assay was repeated three times.

Real-Time Quantitative RT-PCR Analysis

Total RNA was prepared as describe above. cDNAwas syn-
thesized using PrimeScript reverse transcriptase (RT) with
oligo (dT) primer using the PrimeScript RT master mix kit
(Takara). All samples were prepared to a final volume of
10 μL. A SYBR green real-time PCR master mix (Takara)
and a Chromo 4 real-time PCR detector (Bio-Rad) were used.
PCR amplification was performed with primers of specific
genes shown in Table S1. Amplification of the GAPDH gene
was used as an internal control, and three technical replicates
were performed for each experiment.

Construction of 35S::AtPP2-B11 Transgenic Plants
and Drought Phenotype Analysis

The full-lengthAtPP2-B11 cDNAwas amplified by PCR using
a EcoRI and BamHI primer set: 5′-GAATTCATGAATAATC
TCCCAGAAGA-3′ and 5′-GGATCCTTAGGGCACTGGTC
TAATCT-3′. The resulting PCR product was cloned into the
EcoRI and BamHI sites of binary vector pBI121 under the
control of a cauliflower mosaic virus 35S promoter and trans-
formed into Arabidopsis using an Agrobacterium tumefaciens-
mediated floral dip method. To obtain independent transgenic
lines, the collected seeds were selected on MS plates contain-
ing 50 mg/L kanamycin. Homozygous T3 lines were obtained
by further self-crossing and used for phenotypic analysis.

Seed germination assay was performed with 100 seeds and
repeated three times. Seeds, 3 days after stratification, of wild-
type and 35S::AtPP2-B11 lines were grown on MS medium
supplemented with 2.5 % glycerin at 22 °C with a 16-h-light/
8-h-dark cycle. Germination was defined as an obvious emer-
gence of the radicle through the seed coat. Wild-type and
35S::AtPP2-B11 plants were grown for 4 weeks under normal
growth conditions and then subjected to dehydration stress by
ceasing irrigation for 12 days. Three days after re-watering,
the surviving plants were counted.

Subcellular Localisation

The 35S::AtPP2-B11-GFP and 35S::GFP plasmids were con-
structed using pJIT163 transient expression vectors. The con-
structed fusion genes were transformed into wild-type
Arabidopsis protoplasts by means of PEG treatment following

Jen Sheen’s lab protocol (Yoo et al. 2007). The expressions of
AtPP2-B11-GFP and GFP were monitored 12 h after transfor-
mation. Transformed protoplasts were placed on the slide glass
and observed using a laser scanning confocal microscope.

Yeast Two-Hybrid Assay

Yeast two-hybrid assay was carried out using Matchmaker®
Gold Yeast Two-Hybrid System (Clontech, Palo Alto, CA).
The AtPP2-B11 and ASKs cDNAs were amplified and
expressed as a BD fusion and AD fusion. Transformation of
BD fusion and AD fusion into the Y2H Gold Yeast and Y187
cells, respectively, was carried out according to the manufac-
turer’s instruction (Clontech). Y2H Gold Yeast with BD fu-
sion and Y187 with AD fusion were then mated. The mated
culture was spread on double (DDO; SD/-Trp/-Leu) and qua-
druple dropout (QDO; SD/-Trp/-Leu/-His/-Ade) media and
incubated at 30 °C for 5–14 days. Colonies on the QDO
medium were considered as positive clones. To confirm the
results, colonies obtained on QDO medium were streaked on
quadruple dropout (QDO/X/A; SD/-Trp/-Leu/-His/-Ade sup-
plemented with X-α-Gal and Aureobasidin A) medium to
ensure the interplay of AtPP2-B11 and ASKs.

A drought-induced Arabidopsis cDNA library was pre-
pared in the pGADT7 vector (MatchMaker® Gold Yeast
Two-Hybrid System, Clontech) using mRNA isolated from
2-week-old seedlings under 2 h dehydration treatment. Yeast
transformation was performed according to the supplier’s
instructions (Clontech).

Bimolecular Fluorescence Complementation Assay

cDNAwithout a termination codon encoding AtPP2-B11 was
cloned into pSPYCE-35S, and the cDNA encoding AtLEA14
was cloned into pSPYNE-35S. These vectors were introduced
into A. tumefaciens strain GV3101. For infiltration of
Nicotiana benthamiana, the P19 protein of tomato bushy stunt
virus was used to suppress gene silencing (Voinnet et al.
2003). Co-infiltration of A. tumefaciens strains containing
the bimolecular fluorescence complementation (BiFC) con-
structs and the P19 silencing plasmid was infiltrated into
leaves of 4-week-old N. benthamiana plants as described
previously (Walter et al. 2004). After 2 days, epidermal cell
layers of tobacco leaves were assayed for fluorescence under a
fluorescence microscope.

Immunoblot Assay

Total protein of wild-type and 35S::AtPP2-B11 plants under
normal and drought stress conditions were extracted using
Plant Protein Extraction Kit (CWBIO). Antibody specific for
AtLEA14 (CWBIO) was used as a primary antibody. Thirty
micrograms of total protein per lane was separated on 15 %
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SDS-PAGE. After electrophoresis, proteins were
electrotransferred to PVDF membrane. After blocking for
3 h in Tris-buffered saline with Tween (TBST; 50 mM Tris-
HCl, pH 7.5, 150 mM NaCl, and 0.05 % Tween 20) with 5 %
nonfat dry milk at room temperature, membranes were incu-
bated with antibody of AtLEA14 at 1:1,000 dilution for 2 h.
Following three times washing with TBST, membranes were
incubated with Anti-IgG from rabbit (Sigma-Aldrich) for 1 h.
After three washings with TBST, the membranes were visu-
alized using an enhanced Lumi-Light Western Blotting
Substrate kit (Thermo Scientific) following the manufac-
turer’s instructions. Coomassie Brilliant Blue staining was
used to show protein loading levels.

Results

Identification of the Drought-Induced F-box Protein
AtPP2-B11 and Functions of the DRE Motif in AtPP2-B11
Induction Under Drought Stress

To investigate the functions of E3s in response to drought
stress in Arabidopsis, all gene IDs of putative E3s were
retrieved from the PlantsUBQ database (http://plantsubq.
genomics.purdue.edu/). After conflating genes with the same
IDs, 1,488 putative E3 genes were obtained from this
database, and then we searched against the upstream
promoter regions of 1,488 E3s for the DRE motif using a
matrix-based in silico screening procedure (Gomez-Porras
et al. 2007; Wang et al. 2009a) (Fig. 1a). Using this approach,
155 candidate E3s were identified. In a previous study, a
genome-wide investigation of DREB-targeting genes was
performed, and 474 candidate genes were identified in
Arabidopsis (Wang et al. 2009a). By combining the two sets
of data obtained using two different strategies, 23 DRE-
containing putative E3s that potentially function in drought
response were identified (Fig. 1b).

To further elucidate the expression patterns of 23 DRE-
containing putative E3s under drought stress, semiquantitative
RT-PCR was used to determine the transcript levels of 23
DRE-containing putative E3s through a drought-treatment
time course. As shown in Fig. 1c, 18 of 23 genes were
detectable in semiquantitative RT-PCR analysis, and the ex-
pression levels of six putative E3 genes containing the DRE
motif were found to be upregulated, indicating their potential
involvement in drought response.

Among the six DRE-containing E3s, the expression of
At1g80110 was significantly induced by drought stress
(Fig. 1c). At1g80110 encodes AtPP2-B11, a member of the
phloem protein 2 family proteins (Dinant et al. 2003) (Fig. 2a).
Multiple sequence alignment ofAtPP2-B11with proteins such
as Arabidopsis SON, UFO, yeast (Saccharomyces cerevisiae)
CDC4, rice DRF, and human Skp2, which have been

c
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A   12   29    0    0    0   48    0   17

C    9    0   48   48    0    0   48   11

G   16   19    0    0   48    0    0    0

T   11    0    0    0    0    0    0   12

Fig. 1 Identification of DRE-containing E3s responding to drought
stress. a Sequence logos and matrices for DRE motif used in this study.
Sequence logos (top) were created online using the Weblogo resource
(http://weblogo.berkeley.edu/). The frequency matrix of DRE motif was
created as described in a previous study (Gomez-Porras et al. 2007). b
Putative DRE-containing E3s involved in drought stress identified
through two different strategies. The graph was generated by Venny
program (http://bioinfogp.cnb.csic.es/tools/venny/index.html). c
Induction patterns of 23 DRE-containing E3s by drought stress. Total
RNAwas extracted from normal or drought-treated 2-week-old wild-type
seedlings and semiquantitative RT-PCR was performed with three
biological repeats. Elongation factor (EF1-α) transcript levels were
used as loading controls. Plus sign indicated the degree of change
observed in the semiquantitative RT-PCR analysis
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previously identified as F-box proteins, was performed.
Results showed that some residues within the F-box domain
of AtPP2-B11 were highly conserved revealing that the
AtPP2-B11 protein contained a putative F-box domain
(Fig. S1). Real-time quantitative RT-PCR revealed that
AtPP2-B11 exhibited apparent drought stress response, in
agreement with semiquantitative RT-PCR analysis (Fig. 2c).
The expression ofAtPP2-B11 in all tissues ofArabidopsiswas
detected, including roots, stems, rosette leaves, stem leaves,
flowers, and siliques. The expression levels of AtPP2-B11 in
flowers and rosette leaves were higher than those in other
organs (Fig. 2d). To examine the function of DRE motif in
AtPP2-B11 promoter, AtPP2-B11 native or DRE-deleted pro-
moter fused with theβ-glucuronidase (GUS) coding sequence
was constructed (Fig. 2b). GUS activities of the two kinds of
transgenic seedlings under normal condition had no signifi-
cant differences (Fig. 2e). However, under drought stress
conditions, GUS activities of seedlings carrying the AtPP2-
B11 native promoter increased by almost 70 %, whereas only
a 10 % increase in GUS activities was observed in seedlings
when the 9-bp DRE motif was deleted (Fig. 2f). These results
indicated that the DREmotif in the promoter region of AtPP2-
B11 may have an important function in inducing AtPP2-B11
expression under drought stress and that our screening strate-
gy based on promoter cis-element was efficient in identifying
genes involved in drought stress.

Overexpression of AtPP2-B11 Attenuated Drought Tolerance
in Arabidopsis

To test the biological function of AtPP2-B11 in response to
drought stress in plants, transgenic Arabidopsis constitutively

expressing AtPP2-B11 cDNA fused with 35S promoter
(35S::AtPP2-B11) were generated. As shown in Fig. 3a,
AtPP2-B11 was highly expressed in the transgenic lines
OE10 and OE11 under normal growth conditions, and these
two independent transgenic lines were selected for further
analysis. Figure 3b shows that during seed germination, no
obvious difference of germination percentage was observed
between wild-type plants (100 %) and the transgenic plants
OE10 (99 %) and OE11 (99 %) under normal growth condi-
tions. However, under drought stress conditions, the wild-type
seeds germinated earlier than the transgenic seeds.After 2 days
of drought stress, 77 % of wild-type seeds germinated, where-
as only 41 and 23% of the OE10 and OE11 seeds germinated,
respectively (Fig. 3b, c). This finding suggested that transgen-
ic lines overexpressing AtPP2-B11 were more sensitive to
drought stress than the wild- type plants. Considering that
seed germination in the OE11 transgenic line was lower than
the OE10 line under drought conditions and that the AtPP2-
B11 expression level in the OE11 line was higher than expres-
sion levels in the OE10 line, we suggested that drought
hypersensitivity in these AtPP2-B11 overexpressing lines
was correlated with AtPP2-B11 expression levels (Fig. 3a).

To investigate whether AtPP2-B11 affected the tolerance to
drought stress in mature plants, 4-week-old transgenic and
wild-type plants were used to test their response to water
deficit. Under normal growth conditions, the transgenic lines
and wild-type plants showed no significant morphological or
developmental abnormalities. However, when subjected to
drought stress by ceasing irrigation for 12 days, both AtPP2-
B11 overexpressing lines exhibited obvious leaf rolling and
wilting phenotype, whereas the wild-type plants did not ex-
hibit significant wilting (Fig. 3d). After re-watering for 3 days,

Fig. 2 Schematic structure, expression pattern, and DRE deletion anal-
ysis of AtPP2-B11. a Schematic representation of AtPP2-B11 protein. c
Induction investigation of AtPP2-B11 by dehydration stress. Total RNA
from 2-week-old wild-type plants were obtained and analyzed by real-
time quantitative RT-PCR. d Expression patterns of AtPP2-B11 in differ-
ent organs. Total RNA from root, stem, rosette leaf, stem leaf, flower, and

silique were extracted and analyzed by real-time quantitative RT-PCR. b,
e Activity analysis of AtPP2-B11 full-length promoter and DRE-deleted
promoter by GUS assay. Two-week-old seedlings were dehydrated for
2 h, and GUS activities of different transgenic lines were measured using
a fluorimetric assay with 4-methylumbelliferyl β-D-glucuronide as
substrate
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84 % (42 of 50) of the wild-type plants were able to survive
and resume growth. However, the survival rates of the AtPP2-
B11 overexpressing lines were only 48 (24 of 50, OE10) and
26 % (13 of 50, OE11), respectively. These results indicated
that AtPP2-B11 may have an important function in plant
response to drought stress.

AtPP2-B11 Functioned as an F-box Protein by Interacting
with ASK Proteins

F-box proteins are known to interact with the ASK subunit of
SCF complexes (Risseeuw et al. 2003). To determine whether
AtPP2-B11 actually functioned as an F-box protein, the inter-
actions between AtPP2-B11 and ASK proteins were exam-
ined by yeast two-hybrid analysis. In this assay, AtPP2-B11
cDNAwas fused with the DNA-binding domain of GAL4 in
the pGBKT7 vector as bait. The coding sequences of eight
ASK proteins (ASK 4, ASK 5, ASK 7, ASK 13, ASK 16,
ASK 17, ASK 18, and ASK 19) in Arabidopsis were fused
with the DNA activating domain of GAL4 in the pGADT7
vector as prey. The BD and AD fusion vectors were then
transformed into Gold Yeast and Y187, respectively. Results
showed that AtPP2-B11 selectively interacted with ASK 7,
ASK 18, and ASK 19 proteins, respectively. Therefore,
AtPP2-B11 functioned as an F-box protein by interacting with
specific ASK proteins (Fig. 4).

Subcellular Localisation of AtPP2-B11

To investigate the cellular localisation of AtPP2-B11, an
in vivo localisation experiment was conducted. The AtPP2-
B11 coding region was fused with the GFP gene driven by the
CaMV 35S promoter and transiently transformed into
Arabidopsis leaf protoplasts using a polyethylene glycol-
mediated method (Yoo et al. 2007). Confocal microscopy
revealed a strong fluorescence signal in the cytoplasm attrib-
uted to the AtPP2-B11-GFP fusion protein compared with the
localisation pattern of the control (35S::GFP), indicating that
AtPP2-B11 mainly functioned in the cytoplasm (Fig. 5).

Identification of AtLEA14 as an AtPP2-B11 Interacting
Protein

To identify the proteins that interact with AtPP2-B11 and are
potentially involved in the drought response signal transduc-
tion pathway, yeast two-hybrid screening of drought-induced
cDNA library from Arabidopsiswas carried out using AtPP2-

�Fig. 3 Phenotypic and drought stress tolerance studies of wild-type and
AtPP2-B11 overexpressing transgenic plants. a Expression of AtPP2-B11
in wild-type and transgenic plants. Two-week-old plants were
investigated by real-time quantitative RT-PCR analysis. b Drought
response of wild-type and 35S::AtPP2-B11 transgenic lines in
germination stage. c Seed germination of wild-type and transgenic
plants grown on MS medium containing 2.5 % glycerin which imitated
drought stress. Germination rates in terms of an obvious emergence of the
radicle through the seed coat were determined after the end of
stratification. d Drought tolerance of wild-type, 35S::AtPP2-B11
transgenic lines OE10 and OE11. Four-week-old plants were grown for
12 days without watering. Survival rates were determined after 5 days of
re-watering. Fifty plants were tested in each experiment
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B11 as bait. After screening on high-stringency QDO/X/A
(SD/-Trp/-Leu/-His/-Leu supplemented with X-α-Gal and
Aureobasidin A) medium and sequencing of isolated clones,
a cDNA clone corresponding to the Arabidopsis At1g01470
gene encoding AtLEA14 protein was identified as a strong
AtPP2-B11 interactor. The full-length AtLEA14 was further
fused with the pGADT7 vector to confirm its interaction with

the full-length AtPP2-B11. As shown in Fig. 6a, in the high-
stringency medium, the protein–protein interactions of full-
length AtPP2-B11 and AtLEA14 appeared very strong, sim-
ilar to the RecT-53 positive control. This finding indicated
physical interaction between AtPP2-B11 and AtLEA14
(Fig. 6a).

A BiFC assay was performed to further confirm the inter-
action between AtPP2-B11 and AtLEA14 in plants. The
SPYCE::AtPP2-B11 and SPYNE::AtLEA14 pair was co-
t rans fo rmed in to N. ben thamiana l eaves , wi th
SPYCE::AtPP2-B11 and SPYNE pairs serving as negative
controls, and SPYCE::bZIP63 and SPYNE::bZIP63 as posi-
tive controls. The strong YFP fluorescence signals were vis-
ible when AtPP2-B11 and AtLEA14 were co-expressed, sim-
ilar to the positive control. By contrast, the negative controls
SPYCE::AtPP2-B11 and SPYNE pairs exhibited no YFP sig-
nal (Fig. 6b). The above results indicated that AtPP2-B11 can
interact with AtLEA14 in plant cells.

Overexpression of AtPP2-B11 Reduced AtLEA14
Expression at Both Transcript and Protein Levels

Considering the potential function of AtPP2-B11 as an F-box
protein and its possible interaction with AtLEA14, we pre-
sumed that transgenic lines overexpressing AtPP2-B11 may
exhibit reduced tolerance to drought stress by decreasing the
abundance of AtLEA14, which might contribute to cellular
dehydration tolerance. Therefore, we tested whether AtPP2-
B11 affected AtLEA14 expression under drought condition.
Real-time quantitative RT-PCRwas firstly performed to detect
the transcript levels ofAtLEA14 using 2-week-old seedlings of
wild-type and transgenic lines OE10 and OE11. As shown in
Fig. 7a, the expression levels of AtLEA14 were lower in the
OE10 and OE11 lines than that in the wild type under normal
growth conditions. After drought treatment, the transgenic
lines especially the OE11 line exhibited significantly reduced
expression of LEA14 transcripts compared with the wild type,

Fig. 4 Interaction analysis between AtPP2-B11 and ASKs by yeast two-
hybrid assay. BD pGBKT7 vector, AD pGADT7 vector. BD-AtPP2-B11
as bait was transformed into Gold Yeast strain, and different ASKs fused
with AD as prey were transformed into Y187 strains. Y2H Gold Yeast
with BD fusion and Y187 with AD fusion were then mated, and mated
yeast cells were then spread on the selective medium: DDO, QDO, and
QDO/X/A. BD-53 BD fused with murine p53, BD-LAM BD fused with
lamin,AD-T7AD fused with SV40 large T-antigen.Mating of BD-53 and
AD-T7 were severed as positive control andmating of BD-53 andAD-T7
as negative control

Fig. 5 Subcellular localization of
AtPP2-B11 protein. AtPP2-B11
cDNAwas fused to green
fluorescent protein (GFP) and the
35S::GFP and 35S::AtPP2-B11-
GFP constructs were transformed
into Arabidopsis leaf protoplasts
by a PEG-mediated method.
Localization of fusion proteins
was visualized by fluorescence
microscopy
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indicating that AtPP2-B11 overexpression markedly de-
creased the transcript levels of AtLEA14 under drought stress
conditions.

To further determine whether AtPP2-B11 regulated
AtLEA14 stability, the protein levels of AtLEA14 under nor-
mal and drought stress conditions were analyzed. As shown in
Fig. 7b, the AtLEA14 protein levels in transgenic lines were

similar to those in the wild type under normal growth condi-
tions. Interestingly, after drought treatment, the AtLEA14
protein levels in the OE11 transgenic line significantly de-
creased compared with the wild type. These results suggested
that AtPP2-B11might regulate AtLEA14 stability by modulat-
ing AtLEA14 abundance at both transcript and protein levels.

Overexpression of AtPP2-B11 Altered Transcript
Accumulation of Drought Stress-Induced Genes

Considering that 35S::AtPP2-B11 overexpressing lines al-
tered plant tolerance to drought, the transcription levels of
several drought relative marker genes were further investigat-
ed, including COR15a, COR47, ERD10, KIN1, RAB18, and
RD22. As shown in Fig. 8, under drought stress, the transcript
levels of these marker genes were considerably lower in
transgenic lines, especially in the OE11 line, than the wild
type. These results suggested that AtPP2-B11 may play a key
role in drought-response pathway by directly decreasing the
AtLEA14 levels and simultaneously affecting the transcrip-
tions of drought-inducible marker genes.

Discussion

DRE Motif in the Promoter Region of AtPP2-B11

Cis-acting regulatory elements are important molecular
switches involved in the transcriptional regulation of a dy-
namic network of gene activities that control various biolog-
ical processes. DRE is a major cis-acting regulatory element in
ABA-independent gene expression under abiotic stress con-
ditions (Yamaguchi-Shinozaki and Shinozaki 1994, 2005).

Fig. 6 Identification of interaction between AtPP2-B11 and AtLEA14
via yeast two-hybrid and BiFC assay. a AtPP2-B11 interacted with
AtLEA14 in yeast two-hybrid assay. AtPP2-B11 was fused with BD
vector and AtLEA14 was fused with AD vector. Mated yeast cells were
grown on the highest selective medium QDO/X/A. Mating of BD-53 and
AD-T7 were indicated as positive control and mating of BD-LAM and

AD-T7, BD-AtPP2-B11, and AD as negative control. b BiFC interaction
assay using N. benthamiana leaves. Epidermal cell layers of tobacco
leaves were assayed for fluorescence at 2 days after transfection. The
YFP fluorescence of the positive control vectors, SPYCE-bZIP63 and
SPYNE-bZIP63, was detected only in the nucleus. Bar=10 μm

Fig. 7 AtLEA14 was downregulated in transgenic plants by drought
stress at both transcript and protein levels. a AtLEA14was downregulated
in transgenic plants by drought stress at transcript level. Total RNAwas
prepared from 2-week-old 35S::AtPP2-B11 and wild-type seedlings.
Induction patterns of AtLEA14 under normal or drought stress condition
were investigated by real-time quantitative RT-PCR. b AtLEA14 was
downregulated in transgenic plants by drought stress at protein level.
Levels of AtLEA14 in 2-week-old 35S::AtPP2-B11 and wild-type seed-
lings were determined in the total protein extracts by immunoblot analysis
using anti-AtLEA14 antibody (top). Coomassie blue staining was used to
confirm equal loading (bottom)
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Considering the crucial role of DRE in gene stress response, it
is urgent to know, in Arabidopsis, weather the DRE motifs in
E3 ligase promoters also perform the equivalent function
under drought stress. In other words, future studies must focus
on determining whether some E3 ligase genes involved in
stress response are regulated by the DRE cis-element. In the
present study, 23 DRE-containing putative E3 ligases from
1,488 putative E3 encoding genes were identified in the
Arabidopsis genome. Semiquantitative RT-PCR analysis re-
vealed that 6 out of the 23 DRE-containing E3s exhibited
altered expression levels under drought stress condition.
These results raise the possibility of the crucial function of
DRE motif in E3 promoter activity, thereby providing new
insight into the DRE sequence function under drought stress.

E3 ubiquitin ligases, which are known to have multiple
cellular functions, usually function as regulators at the post-
translation level through the Ub/26S pathway (Moon et al.
2004). Many isoforms of E3 ligases are involved not only in
normal growth and development processes as well as in
signaling pathways response to abiotic environmental stresses
(Dreher and Callis 2007; Lee and Kim 2011; Smalle and
Vierstra 2004; Vierstra 2009). However, the transcriptional
regulation of E3 ligase itself remains largely uncharacterised.
In the present study, an F-box-containing gene AtPP2-B11
which harbored a DRE motif in the promoter region was
identified and the regulation of its expression was examined.
Semiquantitative RT-PCR and real-time quantitative RT-PCR
analysis suggested that AtPP2-B11 was strongly induced by

drought stress (Figs. 1c and 2c). The DRE motif was demon-
strated to be critical to the drought-inducible expression of
AtPP2-B11 by promoter-GUS analysis (Fig. 2b, e). Therefore,
we suggested that a novel ABA-independent pathway may
exit via regulating the expression of an F-box gene through
DRE motif in its promoter region under drought stress condi-
tions (Fig. 9).

AtPP2-B11 Functions as an F-box Protein

Nearly 700 F-box proteins are predicted to be encoded in the
Arabidopsis genome (Gagne et al. 2002; Kuroda et al. 2002).
This large family reflects the diverse biological functions of F-
box proteins, indicating that protein degradation is a prevalent
developmental control mechanism in plants. A number of F-
box proteins have been shown to be involved in plant devel-
opment, such as floral development, shoot branching, leaf
senescence, root branching, pollen self-incompatibility, as
well as signaling transduction pathway of light, circadian
clock, and plant hormones (Lechner et al. 2006; McClellan
and Chang 2008; Mockaitis and Estelle 2008; Schwechheimer
and Willige 2009; Zhang et al. 2008). Functional F-box pro-
teins are usually proven by the interaction assay with ASK
genes. Using the yeast two-hybrid system, many
uncharacterized F-box proteins are found to interact with
ASK homologues, thereby providing evidence that they are
components of SCF E3 complexes (Gagne et al. 2002;
Risseeuw et al. 2003). In this study, AtPP2-B11 was

Fig. 8 Real-time quantitative RT-PCR analysis of transcript profiles of
drought inducible genes. Two-week-old wild-type and 35S::AtPP2-B11
plants were dehydrated for 2 h. Total RNA was obtained from treated
plants and analyzed by real-time quantitative RT-PCR using the gene-
specific primers listed in Table S1. The graphs indicated the induction

fold of the COR15a, COR47, ERD10, KIN1, RAB18, and RD22 in
response to drought stress as compared with the control. Mean values
from three independent technical replicates were normalized to the levels
of an internal control, GAPDH. Error bar indicates SD (n=3)
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demonstrated to specifically interact with ASK 7, ASK 18, or
ASK 19 proteins in yeast. The interaction of AtPP2-B11 with
ASK proteins strongly indicated that AtPP2-B11 functioned
as a component of an SCF complex. A conical F-box protein
always contained a protein–protein interaction domain besides
the F-box domain, such asWD40, LRR, and Kelch-like repeat
(Gagne et al. 2002; Jain et al. 2007; Kuroda et al. 2002). A
bioinformatics analysis of AtPP2-B11 revealed the presence
of a PP2 domain in the C-terminal, a conserved domain in the
phloem protein 2 family (Dinant et al. 2003), which can
function as a protein–protein interaction domain. Therefore,
we concluded that AtPP2-B11 may function as an F-box
protein by cooperation of F-box domain and PP2 domain.

AtPP2-B11 Plays a Key Role as a Negative Regulator
in the Drought Response Signaling Pathway

Several isoforms of E3 ligases have been characterized and
found to be involved in drought response pathways. For
example, a U-box-type E3 ubiquitin ligase AtPUB19 nega-
tively regulates ABA and drought responses in Arabidopsis
by enhancing ABA-induced stomata closing (Liu et al. 2011).
The RING finger E3 ligase RHA2b additively acts with
RHA2a in regulating ABA signaling and drought response
(Li et al. 2011). The DWDprotein DWA3 negatively regulates
ABA responses and is involved in protein degradation

mediated by CRL4 (Lee et al. 2011). Overexpression of an
E3 ubiquitin ligase AtSAP5 containing A20 and AN1 zinc
finger motifs leads to increased tolerance to water deficit
stress, indicating that AtSAP5 has an important function as a
positive regulator of stress responses in Arabidopsis (Kang
et al. 2011). Several functional F-box proteins are also report-
edly involved in the drought response pathways, including
TLP9, DOR, and EDL3 from Arabidopsis (Koops et al. 2011;
Lai et al. 2004; Zhang et al. 2008). Although some F-box
proteins have been implicated in water-deficit stress response,
more F-box genes involved in drought stress needs to be
identified. In the present study, we reported the novel F-box
gene AtPP2-B11 that has important functions as a negative
regulator in drought signaling in Arabidopsis. First, AtPP2-
B11 was strongly and rapidly induced by drought stress
(Figs. 1c and 2c). Second, overexpressing AtPP2-B11 led to
considerable hypersensitivity to drought stress during seed
germination and in mature plants (Fig. 3). Third, yeast two-
hybrid assay demonstrated that AtPP2-B11 was a component
of SCF complex by interacting with ASK 7, ASK 18, and
ASK 19, respectively (Fig. 4). Finally, the AtPP2-B11-
interacting protein AtLEA14, a downstream regulator in-
volved in drought signaling pathway, was identified (Fig. 6).
The transcript and protein levels of AtLEA14 were signifi-
cantly decreased in the transgenic line OE11 under drought
stress conditions (Fig. 7). Some factors could explain the
reason that downregulation of AtLEA14 at transcriptional
level was much more prominent than that at the protein level.
Two hours of drought stress treatment could be enough to
exchange the transcriptional level of AtLEA14. However, the
accumulation of AtLEA14 in protein level was later than the
transcription of AtLEA14, and the degradation rate of mRNA
was higher than that of proteins. Moreover, the fact that
downregulation of AtLEA14 at the transcriptional level was
much more prominent than that at the protein level reflected
the diverse of post-transcriptional regulation in plant.

Moreover, to further understand the cellular functions and
regulatory mechanism of F-box proteins, it is very important
to identify its substrates. To date, the direct targets of F-box
proteins involved in drought stress response, such as TLP9,
DOR, and EDL3, are unidentified. Compared with these three
F-box proteins, AtPP2-B11 played a definite role in drought
response and the AtPP2-B11-interacting protein AtLEA14
was identified through a yeast two-hybrid screening. It is the
first time to identify a LEA protein interacting with an F-box
protein, as LEA proteins are well characterized and have
always been related to desiccation tolerance (Hundertmark
and Hincha 2008). The detailed relationship between AtPP2-
B11 and LEA14 in the regulation of plant response to drought
stress needs to be investigated in the future.

Taken together, a model was generated according to our
results (Fig. 9). AtPP2-B11 contained a DRE motif in the
promoter region and was strongly induced by drought stress.

Fig. 9 A model of AtPP2-B11 involving in drought stress response by
regulating AtLEA14. Within the known ABA-independent pathway,
plant tissues respond to drought stress by inducing DREBs and subse-
quently upregulating downstream drought response genes. In this study, a
novel probable drought response pathway was identified. It was possible
that DRE motif in the promoter region of AtPP2-B11 contributed to the
severe induction under drought stress. AtPP2-B11, a putative F-box
protein, may play a negative role in drought tolerance by interacting with
AtLEA14 directly and downregulating the AtLEA14 at both transcript
and protein levels

Plant Mol Biol Rep (2014) 32:943–956 953



AtPP2-B11 could form an SCF E3 ligase complex by
interacting with ASK 7, ASK 18, or ASK 19. Elevated ex-
pression of AtPP2-B11 resulted in a decreased in the transcrip-
tional and protein levels of the stress response gene AtLEA14.
In addition, AtPP2-B11 overexpression altered the expression
of stress-responsive genes, which led to increased sensitivity
to drought stress in seedlings and water deficit in mature
plants. Overall, the present study indicated that AtPP2-B11,
which interacts with LEA14, may play an important role as a
negative regulator in the drought response signaling pathway.
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