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Abstract
Key message The understanding of roles of bZIP factors in biological processes during plant development and under 
abiotic stresses requires the detailed mechanistic knowledge of behaviour of TFs.
Abstract Basic leucine zipper (bZIP) transcription factors (TFs) play key roles in the regulation of grain development and 
plant responses to abiotic stresses. We investigated the role and molecular mechanisms of function of the TabZIP2 gene 
isolated from drought-stressed wheat plants. Molecular characterisation of TabZIP2 and derived protein included analyses 
of gene expression and its target promoter, and the influence of interacting partners on the target promoter activation. Two 
interacting partners of TabZIP2, the 14-3-3 protein, TaWIN1 and the bZIP transcription factor TaABI5L, were identified 
in a Y2H screen. We established that under elevated ABA levels the activity of TabZIP2 was negatively regulated by the 
TaWIN1 protein and positively regulated by the SnRK3/CIPK protein kinase WPK4, reported previously to be responsive 
to nutrient starvation. The physical interaction between the TaWIN1 and the WPK4 was detected. We also compared the 
influence of homo- and hetero-dimerisation of TabZIP2 and TaABI5L on DNA binding. TabZIP2 gene functional analyses 
were performed using drought-inducible overexpression of TabZIP2 in transgenic wheat. Transgenic plants grown under 
moderate drought during flowering, were smaller than control plants, and had fewer spikes and seeds per plant. However, 
a single seed weight was increased compared to single seed weights of control plants in three of four evaluated transgenic 
lines. The observed phenotypes of transgenic plants and the regulation of TabZIP2 activity by nutrient starvation-responsive 
WPK4, suggest that the TabZIP2 could be the part of a signalling pathway, which controls the rearrangement of carbohydrate 
and nutrient flows in plant organs in response to drought.
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protein kinase · Wheat
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Introduction

Drought is a major cause of crop losses throughout the world. 
Plants have developed various molecular, cellular and physi-
ological mechanisms to withstand drought and other environ-
mental stresses (Hrmova and Lopato 2014). Abscisic acid 
(ABA) is a main abiotic stress hormone, which significantly 
affects plant growth and regulation under osmotic stress, 
which is a key component of strong drought. Under stress, 
ABA activates cascades of stress-responsive regulatory 
genes, which change the plant transcriptome by activation 
or modulation of the activity of a variety of stress-related 
transcription factors (TFs). The main receptor of elevated 
ABA concentrations is the pyrabactin resistance/pyrabactin 
resistance-like/regulatory component of the ABA receptor 
(PYR/PYL/RCAR) (Danquah et al. 2014; Gonzalez-Guzman 
et al. 2012). For instance, Arabidopsis mutants with overex-
pressed PYL5, PYL8, or PYL9 manifest an improved drought 
tolerance, which is accompanied by enhanced responses to 
ABA (Saavedra et al. 2010; Ma et al. 2009).

The binding of ABA to PYR/PYL/RCAR proteins 
induces changes in their conformation, which enable them 
to bind and deactivate protein phosphatases 2C (PP2C), con-
verting them to negative regulators of ABA-mediated sig-
nalling (Schweighofer et al. 2004). In the absence of ABA, 
PP2Cs keep sucrose nonfermenting1-related protein kinase2 
(SnRK2) in an inactive non-phosphorylated state, thereby 
preventing the initiation of downstream phosphorylation 
cascades. SnRK2s belong to the family of plant-specific 
Ser/Thr kinases. In the presence of ABA, SnRK2 remains 
in an active phosphorylated state, which at least partially 
leads to auto-phosphorylation. In its phosphorylated state, 
SnRK2 plays the role of a positive regulator of ABA-medi-
ated signalling (Danquah et al. 2014; Umezawa et al. 2010). 
Phosphorylated SnRK2s either initiate a mitogen-activated 
protein kinase (MAPK) pathway (MAP3K → MAP2K → 
MAPK), or they activate a calcium dependent protein kinase 
(CDPK) or casein kinase II (CKII), which in turn phospho-
rylate target basic leucine zipper (bZIP) TFs (Colcombet 
and Hirt 2008). Examples of direct physical interactions of 
SnRKs and bZIP TFs, and direct activation of bZIP TFs by 
SnRK2s have also been reported (Chae et al. 2007; Kob-
ayashi et al. 2005; Tang et al. 2012; Wang et al. 2013).

The bZIP family is one of the largest and most diverse TF 
families (Jakoby et al. 2002). Numerous data demonstrate the 
involvement of bZIP TFs in responses to ABA signalling, and 
abiotic and biotic stresses such as drought, salt and cold stress, 
including pathogen defense. In addition, bZIP TFs participate 
in many physiological and developmental processes, such as 
organ formation and development (Walsh et al. 1998; Chuang 
et al. 1999; Abe et al. 2005; Silveira et al. 2007; Shen et al. 
2007), regulation of seed development and seed maturation 

(Yamamoto et al. 2006; Alonso et al. 2009), and photomor-
phogenesis, light, hormone and sugar signalling (Gangappa 
et al. 2013; Kang et al. 2010; Li et al. 2011; Thalor et al. 
2012; Prasad et al. 2012). bZIP TFs contain a highly con-
served bZIP domain, which is composed of a region enriched 
in basic amino acid residues and a leucine zipper (Hurst 1994; 
Jakoby et al. 2002; Sornaraj et al. 2016). The basic region 
consists of approximately 16 residues with an invariant N-x7-
R/K motif, which contains a nuclear localisation signal and 
is responsible for DNA binding. The leucine zipper forms an 
amphipathic α-helix consisting of seven repeats of leucine or 
other hydrophobic residues (Ile, Val, Phe, or Met) (Lands-
chulz et al. 1988; Ellenberger et al. 1992; Sornaraj et al. 2016). 
Previous studies have suggested that plant bZIP proteins, 
which are induced by elevated concentrations of ABA and 
abiotic stresses, bind to DNA sequences known as abscisic 
acid responsive elements (ABREs), containing an ACGT core 
cis-element, such as G-box (CAC GTG ), C-box (GAC GTC ) 
and A-box (TAC GTA ) (Izawa et al. 1993; Foster et al. 1994). 
Notably, hetero-dimers, formed through their leucine zippers, 
often bind specific DNA elements tighter, and are more effi-
cient in the activation of target genes (Sornaraj et al. 2016).

Post-translational modifications such as phosphoryla-
tion are the main mechanism of activity regulation of bZIP 
TFs, although components of this regulation are still poorly 
understood. For example, it was shown that ABA-activated 
SnRK2 can phosphorylate Ser/Thr residues at R-X-X-S/T 
sites in the conserved regions of the Arabidopsis bZIP TF, 
AREB1 (Fujita et al. 2009; Furihata et al. 2006). However, 
a substitution of Ser/Thr residues for Asp decreased but did 
not abolish the activation properties of AREB1, suggesting 
the presence of other functional phosphorylation sites.

The AREB/ABF/ABI5 subfamily of the Group A bZIP 
TFs in Arabidopsis has been well studied because of its 
prominent role in the ABA signalling pathway and abiotic 
stress responses. ABI5 was initially identified as an ABA 
signalling component with an essential role in seed ger-
mination and an ABA-dependent arrest of seedling devel-
opment after germination (Lopez-Molina and Chua 2000; 
Lopez-Molina et al. 2002). In contrast, ABFs and AREBs 
function mostly during later vegetative stages of plant 
development (Choi et al. 2000; Uno et al. 2000; Kang et al. 
2002; Kim et al. 2004; Fujita et al. 2011). AREB/ABF/ABI5 
members are major targets of SnRK2 protein kinases during 
ABA signalling (Fujii and Zhu 2009; Fujita et al. 2009). 
Yoshida et al. (2015) demonstrated that four Arabidop-
sis bZIP TFs (ABF1, AREB1/ABF2, ABF3 and AREB2/
ABF4) were downstream genes of the ABA-dependent 
drought signalling pathway, and were possible substrates of 
SnRK2s. Based on the analysis of triple mutants in AREB1, 
AREB2 and ABF3, SnRK2s were suggested to be the mas-
ter regulators of drought responses in Arabidopsis (Yoshida 
et al. 2010). Furthermore, SnRK2-AREB/ABF have been 
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confirmed to function as major regulatory components of 
ABA-dependent gene expression in response to abiotic 
stresses in Arabidopsis (Kim et al. 2004; Fujita et al. 2009; 
Furihata et al. 2006; Fujii et al. 2009; Yoshida et al. 2010).

The roles and mechanisms of post-translational regula-
tion of AREB/ABF/ABI5-like TFs have also been studied 
in grasses (Kobayashi et al. 2008a, b; Ohnishi et al. 2008; 
Tang et al. 2012; Xu et al. 2014; Wang et al. 2016; Zou et al. 
2008). For instance, drought, heat, and elevated concentra-
tions of ABA induced the expression of ABI5-like OsbZIP46 
from rice (Oryza sativa L.). Overexpression of the native 
OsbZIP46 gene increased ABA sensitivity but had no posi-
tive effect on drought tolerance. Using a series of truncated 
proteins, it was identified that the region of the OsbZIP46 
activation domain, designated as domain D, affected trans-
activation negatively. The deletion of domain D led to a con-
stitutively active form of OsbZIP46 (OsbZIP46CA1). Over-
expression of OsbZIP46CA1 in rice significantly increased 
tolerance to drought and osmotic stress (Tang et al. 2012). 
SnRK2 from rice (OSRK1) phosphorylated the rice bZIP 
factor OREB1 in vitro at multiple sites of a variety of func-
tional domains. OSRK1 showed a strong substrate prefer-
ence for bZIP TF, and an uncommon cofactor requirement 
for  Mn2+ over  Mg2+. MALDI-TOF analysis identified one of 
the phosphorylation sites at Ser44 of OREB1 and mutation 
of this residue significantly decreased the substrate specific-
ity of OSRK1. The authors concluded that the interaction 
between SnRK2 family kinases and ABF TFs may constitute 
an important part of a cross-talk mechanism in stress signal-
ling networks in rice (Chae et al. 2007). Several wheat bZIP 
TFs from the group A were characterised and their involve-
ment in stress response was demonstrated in transgenic plants 
(Kobayashi et al. 2008b; Xu et al. 2014; Zhang et al. 2015; 
Gahlaut et al. 2016; Wang et al. 2016). However, other wheat 
components of ABA- and stress-activated pathways and their 
relations to reported bZIP factors were poorly elucidated. 
Further, in most studies, the expression of wheat bZIP TFs 
was performed in heterologous systems and no transgenic 
wheat plants were generated; therefore, no evaluations of 
influences of transgenes on the grain yield were performed.

In this work, we have characterised the gene encod-
ing wheat bZIP TFs from Group A, designated TabZIP2. 
TabZIP2 was overexpressed in transgenic wheat lines under 
the strong drought-inducible ZmRab17 promoter. Compara-
tive analyses of growth and yield components of transgenic 
and control plants, grown under slowly developing drought, 
suggested that transgenic plants under strong stress sacri-
ficed the development of certain plant tissues for the accel-
eration of grain development. We revealed that TabZIP2 was 
partially activated by the SnRK3-type protein kinase, which 
together with TabZIP2 and 14-3-3 proteins may constitute a 
portion of a signalling pathway that under drought controls 
the rearrangements of nutrient flows in wheat plant organs.

Materials and methods

Cloning of TabZIP2 cDNA

Eighteen independent clones containing the full-length 
coding regions of TabZIP2 cDNA were isolated in a Yeast-
one-Hybrid (Y1H) screen using a cDNA library prepared 
from spikes and leaves of a drought-tolerant wheat geno-
type (T. aestivum cv. RAC875), subjected to drought and 
heat stresses (Amalraj et al. 2016). The cDNA library was 
prepared and screened following procedures described by 
Pyvovarenko and Lopato (2011), using as a bait three con-
secutive repeats of the synthetic ABRE (ABRE, GGCC CAC 
GTG GCCC; the recognition sequence in bold) cis-element, 
containing G-box as a core element (Choi et al. 2000).

Plasmid construction and plant transformation

A 759 bp fragment of the TabZIP2 coding region (including 
stop codon) was cloned into the pENTR-D-TOPO vector and 
re-cloned into the pRab17 vector (Morran et al. 2011), which 
was generated by modification of the pMDC32 vector (Curtis 
and Grossniklaus 2003). This modification involved replac-
ing the 35S promoter with the maize Rab17 promoter using 
HindIII—KpnI restriction sites. The pRab17-TabZIP2 con-
struct was transformed into the Australian wheat, cv. Gladius, 
using a biolistic bombardment method (Ismagul et al. 2014). 
Genomic DNA was extracted from young leaf tissue using a 
freeze-dry method (Shavrukov et al. 2010). Transgene inte-
gration was confirmed by PCR using a forward primer from 
the 3′-end of the transgene coding region and a reverse primer 
from the 5′-end of the nos terminator. Transgene copy num-
ber was estimated in  T1 progeny of selected transgenic lines 
using quantitative real-time PCR (Q-PCR) (Fletcher 2014). 
Homozygous transgenic lines were selected as described by 
Yang et al. (2017). Expression of a transgene and an endo-
gene in unstressed and dehydrated leaves of transgenic lines 
was assessed by Q-PCR (Fletcher 2014) and primers defined 
in Table S1. Representatives of  T3 progeny of homozygous 
Lines 1, 2 and 5 were used in Q-PCR experiments.

Analysis of transgenic plants

Transgenic wheat plants (T1–T3) were grown in either a 
growth room (drought tolerance tests) or a glasshouse to 
characterise plant phenotypes. Growth room temperatures 
were maintained at 24 °C during the 12-h day and 18 °C 
during the night, and the average relative humidity was 50% 
during the day and 80% during the night. Wild type (WT) 
plants were used as controls. Seeds were germinated in moist 
paper-lined Petri dishes at room temperature for 3 days and 
transferred to containers filled with a 1:1:1 mix of coco-peat, 
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river sand, and clay soil collected near Adelaide (South Aus-
tralia). For phenotyping under well-watered conditions, the 
plants were grown either in small pots (8 × 8 × 10 cm), one 
plant per pot  (T1 generation) or in large, plot-sized containers 
 (T2 generation). The size of each container was 120 l × 80 
w × 40 d cm, and the distance between plants was eight cm. 
 T2 plants of four homozygous lines (16 plants per line plus 
16 WT plants) were used for the phenotyping in each of two 
containers. Each container had ten subplots, flanked by a 
border row (WT plants) on each short side of the container. 
Border plants were not used in the data analysis. The experi-
mental design was identical for each container. No significant 
differences were found in plant growth between subplots in 
several preliminary experiments, and therefore, all replicates 
for each line and WT plants were used, to calculate con-
fidence intervals and means for individual measurements. 
Containers were equipped with an automatic watering sys-
tem, and four soil water tensiometers (gypsum blocks) were 
installed at 0.1 and 0.3 m soil depths and connected to a 
data logger for continuous monitoring of soil water tension. 
Plant height, number of tillers and spikes, plant biomass, seed 
number and seed weight were recorded for each plant.

The remainder of Materials and Methods is included in 
Supplementary Information.

Results

Phylogenetic analysis of TabZIP proteins

Full-length cDNA for the transcription factor TabZIP2 was 
isolated from a wheat cDNA library, as described in the 
Methods. TabZIP2 belongs to Group A of the bZIP fam-
ily (Fig. 1, Table S2) and shares a high level of sequence 
identity at the protein level with homologues TabZIP3 from 
wheat (57%) and ZmbZIP1 from maize (58%), while the 
identity with the closest homologues from Arabidopsis, 
AtbZIP40 and AtbZIP13, is 33%. An interacting partner 
of TabZIP2, isolated in a Yeast-two-Hybrid (Y2H) screen 
of the same cDNA library and designated as TaABI5-like 
(TaABI5L), also clusters to group A of the bZIP TF fam-
ily (Fig. 1); the sequence identity between TaABI5L and 
orthologous TabZIP60 is 96%, with 12 residue differences, 
which reside in unstructured N-termini. Detailed sequence 
comparisons of wheat and barley orthologues (TabZIP2, 
TaABI5L, TabZIP60 and HvABI5) revealed that these pro-
teins are highly homologous (Figure S1). Notably, TaABI5L, 
TabZIP60 and HvABI5 have nearly identical pI values (9.25 
and 9.7) and similar molecular masses of 38–39 kDa. This 
high relatedness is reflected by the identical positions of 
DNA-binding (37–39 residues), leucine zipper (38 residues) 
and conserved 14-3-3 binding motifs in C-termini (Figure 
S1); the PROMALS3D alignment analysis (Pei et al. 2008) 

returned sequence conservation scores of 9 in these regions 
(Figure S1). All four TFs showed the same distributions of 
secondary structural elements and domain boundaries for the 
DNA-binding and leucine zipper regions. We conclude that 
these cereal TFs are likely to retain nearly identical 3D struc-
tures in these regions, which would lead to common folding 
patterns and function. The main structural difference between 
TabZIP2 and TaABI5L proteins is in the length of unstruc-
tured N-terminal regions, of 155 (TabZIP2) to 260–270 
residues (TaABI5L, TabZIP60 and HvABI5), which contain 
characteristic Pro, Gly, Ala and Ser repeats (Figure S1).

TabZIP2 expression in wheat tissues 
and transcriptional response to drought and cold

The TabZIP2 gene was strongly expressed in all tested tis-
sues, with particularly high gene expression detected in 
leaves, floral tissues and endosperm of mature grain (Fig. 2a). 
Expression of TabZIP2 gene was not significantly affected by 
low temperature (4 °C) (Figure S2a). For this analysis, the 
cold-inducible TaCor410b gene (Eini et al. 2013) was used 
as a positive control. Only weak transcriptional activation of 
TabZIP2 was observed during slowly developing drought, 
while the control drought-inducible WZY2 gene (Zhu et al. 
2014) was clearly activated under these conditions (Figure 
S2b). However, a several-fold increase of TabZIP2 transcripts 
was observed when drought conditions were severe, with 
rapid dehydration of young seedlings over two to three days. 
In the drought sensitive wheat cv. Bobwhite, the increase of 
transcript levels under severe drought (Fig. 2b, lower panel) 
was more pronounced than in the drought tolerant cv. Gladius 
(Figure S3). Additional comment to these results are included 
in Supporting Information.

Drought‑inducible expression of TabZIP2 
in transgenic wheat alters grain number, size 
and yield under drought

Fifteen independent transgenic wheat lines were produced 
by stable transformation of the pRab17-TabZIP2 construct 
in the elite drought-tolerant Australian wheat cv. Gla-
dius. Selected  T0 transgenic lines with a single copy of 
the transgene showed elevated transgene transcription and 
slightly repressed expression of endogenous TabZIP2 (Fig-
ure S3). Expression levels of the TabZIP2 transgene under 
drought were six- to ten-fold higher than those of the endo-
gene induced by drought. Under well-watered conditions, 
TabZIP2 transgene expression was undetectable in some 
lines, while other lines had basal levels of transgene expres-
sion that were three- to four-fold higher than those of the 
endogene. The expression data correlated well with plant 
phenotypes: no significant differences in plant growth and 
yield characteristics, compared to control (WT) plants, were 
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observed under well-watered conditions (low or no transgene 
activation), except for grain size in several lines (larger or 
smaller than WT). However consistent significant changes 
in phenotypes compared to control (WT) plants occurred 

under drought (Figure S3).  T2 generation plants of four 
independent transgenic lines together with untransformed 
control plants were grown to maturity in large containers 
under conditions designed to mimic to those in the field. 
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Fig. 1  Evolutionary relationships of plant bZIP TFs. The species 
include Arabidopsis thaliana (At), Daucus carota (CAREB), Hor-
deum vulgare (Hv), Oryzae sativa (Os), Triticum aestivum (Ta), and 
Zea mays (Zm). The full list and details of the 81 protein sequences 
is included in Table  S2. Wheat bZIP TFs studied in this paper 
(TabZIP2 and TaABI5L) are circled. Evolutionary analysis was 
conducted with MEGA, version 6.0 (Tamura et  al. 2013) using the 
Neighbor-Joining method (Saitou and Nei 1987) following an align-
ment in MUSCLE (Edgar 2004). The optimal tree with the sum of 
branch length = 13.76526669 is shown. The tree is drawn to scale, 

with branch lengths in the same units as those of the evolution-
ary distances. The evolutionary distances were computed using the 
p-distance method (Saitou and Nei 1987) and are shown in units of 
the number of amino acid residue differences per site. All positions 
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Under drought, transgenic lines developed an average of 
five spikes fewer than control (WT) growing at well-watered 
conditions and one spike fewer than control plants growing 
under drought. They produced about 40–50% fewer seeds 
per plant than control plants grown under drought (Fig. 3). 
However, single grain weight was increased in three of the 
four analysed lines (in two of four lines the increase was 
significant) compared to WT plants grown under drought. 
Resulting seed yield per plant was significantly lower in 
drought-treated plants of two of the four transgenic lines 
compared to WT, while yields under well-watered condi-
tions were not negatively affected (Fig. 3). No other abnor-
malities in plant growth and development, such as changes 

in leaf size and shape, flowering time, or shape of spikes 
or grains, were observed. In heterozygous lines (two of 
four lines used in this experiment),  T2 null segregants were 
excluded from analyses of yield components.

Identification and mapping of TdCor39, a target 
promoter of TabZIP2

A transient expression assay in wheat cell culture was used 
to find a potential target gene for TabZIP2. For this purpose, 
we used an in-house collection of stress-inducible promot-
ers, cloned upstream of the reporter GUS gene. Co-bom-
bardment of wheat cells with a 3:1 mix of the pUbi-TabZIP2 
effector construct and each of the six reporter constructs 
revealed promoter of cold and drought responsive gene, 
TdCor39 (GenBank acesssion number AF058794; Koval-
chuk et al. 2013), which was strongly activated by TabZIP2, 
and was chosen for further characterisation. No activation of 
the TdCor39 promoter was observed by other stress-related 
TFs (TaDREB3 and TaDREB2, Morran et al. 2011; TaE-
RF4a; Eini et al. 2013) (Fig. 4a). Addition of 0.2 mM ABA 
to cell cultures one hour after bombardment with the pUbi-
TabZIP2 construct led to several-fold further enhancement 
of the TdCor39 promoter activity (Fig. 4b), indicating that 
the promoter activation by TabZIP2 is regulated by ABA. 
Similar ABA enhancement of the TdCor39 promoter acti-
vation by TabZIP2 was not observed in cell cultures co-
bombarded with the control pUbi-GFP construct, suggest-
ing that post-translational activation of TabZIP2 rather than 
activation of endogenous bZIP TF(s) took place (Fig. 4b). 
The TdCor39 promoter was mapped using a combination 
of the TabZIP2 effector, 0.2 mM ABA and several reporter 
constructs with promoter deletions in the 5′ region cloned 
upstream of the GUS gene. Mapping revealed two functional 
ABRE elements and one functional C-repeat (CRT) element 
(Fig. 4c–e, Figure S4); functional cis-elements are indicated 
by short bulky arrows in Fig. 4c. The physical interaction 
of TabZIP2 homo-dimers with a number of documented 
ABREs, including the original ABRE used to clone TabZIP2 
(ABRE in Fig. 5a) and the functional ABREs derived from 
the TdCor39 promoter (ABRE C in Fig. 5b), were confirmed 
by pull-down assays using biotinylated DNA cis-elements 
that bind catalytically tagged (by endo-1-4-β-d-glucanase, 
CelD) TFs. This method, known as catalytic tagging, allows 
estimation of the relative strength of each interaction. Using 
TdCor39 promoter segments we also established that the 
functional CRT element and its adjacent sequences were not 
able to interact directly with TabZIP2 (Fig. 5b).
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Fig. 2  Expression levels of the TabZIP2 gene in a variety of wheat 
tissues and in strongly dehydrated wheat leaves. Levels of expression 
were detected by Q-PCR and are shown as normalised transcript copy 
number per microgram of RNA. a TabZIP2 transcript levels in differ-
ent tissue types under non-stressed conditions (cv. Chinese Spring); 
b expression of TabZIP2 in leaves of three-week-old seedlings sub-
jected to rapid dehydration (cv. Bobwhite); leaves were collected at a 
wilting point from transgenic plants overexpressing TaDREB3, null-
segregants, and control (WT) plants. Plants marked with letter ‘D’ 
were subjected to drought. Plants growing under control conditions 
(no drought) have no additional designations after names. Levels of 
transgene (TaDREB3) expression are shown in the upper panel. The 
error bars represent SD of three technical replicates
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Identification of interaction partners of the TabZIP2 
protein

Initially, the TabZIP2 protein was investigated in silico for 
the presence of known motifs and domains. Two domains, 
a DNA-binding domain and a dimerisation (leucine zipper) 
domain, were localised in the protein near to the C-terminus, 

and a short-conserved motif, known as the 14-3-3 bind-
ing sequence (Sirichandra et al. 2010) was found at the 
C-terminus of TabZIP2 (Figure S1). A potential activation 
domain (AD) was predicted to be positioned in N-terminal 
half of the protein (Fig. 6a). Two truncated forms of the 
TabZIP2 protein (D1 and D2) were generated and used in 
an ‘in-yeast activation assay’ to confirm the identity of the 
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Fig. 3  Growth characteristics and yield components of control (WT) 
and homozygous T2 transgenic wheat (T. aestivum cv. Gladius), 
transformed with pRab17-TabZIP2. Plants were grown in large con-
tainers under well-watered conditions (left side of each panel) or con-
stantly increasing drought (right side of each panel); 16 plants of each 
transgenic and control plants were used in each container. Values 

represent means ± SE; asterisks indicate lines that were significantly 
different to the WT control group within each treatment (‘*’ for 
P < 0.05, ‘**’ for P < 0.01 and ‘***’ for P < 0.005), as calculated by 
Student’s t tests. Null-segregants were removed from datasets before 
analysis



550 Plant Molecular Biology (2018) 96:543–561

1 3

predicted TabZIP2 AD. It was shown that an AD was situ-
ated on the D1 fragment, which represents the N-terminal 
half of TabZIP2 (Fig. 6b). The D2 fragment demonstrated 
no self-activating properties. It was therefore used as a bait 
in a Y2H screen of a wheat cDNA library prepared from 

flag leaves and developing spikes of an Australian drought-
tolerant bread wheat (T. aestivum genotype cv. RAC875,) 
subjected to high temperatures under both well-watered and 
drought stress conditions. After screening several million 
colonies and a second round of selection for positive clones, 
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Fig. 4  Characterisation of the TdCor39 promoter activation by 
TabZIP2 using a transient expression assay in cultured wheat cells. 
Activation of the TdCor39 promoter by a stress-responsive TabZIP2, 
TaDREB3, TaERF4a and TaDREB2 TFs, and b TabZIP2 in the 
absence and presence of exogenous ABA. c Schematic representation 
of the TdCor39 promoter sub-cloned upstream of the GUS gene; the 
beginnings of 5′ promoter deletions (D2–D6) are shown with black 
right-pointing arrows. Bulky downwards-pointing arrows indicate 
functional ABRE and CRT cis-elements. d Mapping of functional 
cis-elements in the TdCor39 promoter using promoter deletions 

(D2–D6) as reporter constructs, and TabZIP2 activated with 0.2 mM 
ABA as an effector. pTdCor39-GUS constructs containing full-length 
promoter or 5′ promoter deletions were co-bombarded together with 
respective constructs for constitutive (pUbi) expression of TFs. Acti-
vation levels are shown as numbers of GUS foci. The promoter-GUS 
construct co-bombarded with pUbi-GFP was used as a negative con-
trol. e Precise mapping of the functional CRT element; full the full-
length TdCor39 promoter. Further sequence information and posi-
tions of cis-elements are shown in Figure S4
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two groups of clones were isolated. The cloned inserts rep-
resented two different cDNA sequences.

The first group, comprising two independent clones, con-
tained partial cDNA sequences of a bZIP TF. The cDNA 
fragments lacked 5′UTR and approximately 279 bp at the 
beginning of the coding region. The absent 5′ end was iden-
tified using NCBI EST databases and the full-length coding 
sequence (CDS) was isolated by nested PCR from the same 
wheat cDNA library. As with TabZIP2, the protein encoded 
by this cDNA belongs to the Group A bZIP TFs, but to a dif-
ferent sub-clade containing close homologues/orthologues 
of the Arabidopsis ABI5 protein, and therefore it was desig-
nated as TaABI5L (Fig. 1, Figure S1).

All inserts from the second group of clones, comprising 
eight independent clones, encoded the full-length CDS of 
the 14-3-3 protein TaWIN1, previously described by Ikeda 
et al. (2000). We also used as a bait full-length sequence of 
the SNF1-like WPK4 kinase, which was previously shown 
to physically interact with TaWIN1 (Ikeda et al. 2000). 
Beside several potential WPK4 substrates including TFs, 

we isolated clones containing TaWIN1 inserts, and these 
represented about 85% of all isolated positive clones. Inter-
actions of two identified proteins with the D2 segment of 
TabZIP2, and the D2 segment lacking the 14-3-3 motif, 
designated D2-243, and mapping of residues in TabZIP2 
critical for TaWIN1 or TaABI5L binding, are summarised 
in Fig. 6c–g. All baits, including mutant proteins, where 
one of the six residues of the 14-3-3 recognition motif was 
substituted by alanine (marked in magenta in Fig. 6), showed 
no self-activation after these baits were co-transformed 
with an empty vector (Fig. 6c). Interaction of the D2 seg-
ment of TabZIP2 with TaABI5L, which was expected to 
occur through their leucine zippers, was not affected by the 
absence of the 14-3-3 recognition motif (Fig. 6d). Interac-
tion of TabZIP2 segments with TaWIN1 was dependent on 
four of the six residues LRR--S of the 14-3-3 recognition 
motif (Fig. 6e); this is summarised in Fig. 6f, where required 
interacting residues LRR--S of TabZIP2 are in magenta. 
No direct interaction of full-length TabZIP2 with WPK4 
was detected, although interaction of WPK4 and TaWIN1, 
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Fig. 5  DNA-binding specificities of TabZIP2 TF. The analysis is 
based on interactions of CelD-tagged TabZIP2 with biotinylated 
a ABRE cis-elements, and b fragments of the TdCor39 promoter 
containing functional cis-elements, as defined in Fig.  4c. Equimo-
lar concentrations of proteins and DNA were used, and proteins 
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sequences of respective cis-elements are included on the right of each 
panel. Core sequences of tested ABREs are underlined and italicised, 
and CRT elements are underlined. Asterisks and twin asterisks repre-
sent significant differences compared to GCC-box control at P < 0.05 
or P < 0.005 significance levels, respectively, calculated by t test. 
Paired Two Samples Means, using Microsoft Excel Professional Plus 
2010, version 14.0.7177.5000



552 Plant Molecular Biology (2018) 96:543–561

1 3

>TabZIP2; 252 residues; 26.5 kDa ; pI 6.1 
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WKEISATGGLSAPAPAPAPAGGGGGEAGGAAVMTLEDFLAREDDGRVTAVEGNMAVGFPDVGADVGAGVAGG
RRRGGGAGGAGRARKRALMDPMDRAATQRQKRMIKNRESAARSRERKQAYIAELEAQVTQLEEEHAELLREQ
EEQNEKRLNELKEQAFQVVVRKKPSQDLRRTNSMEW

(B)

(A)

pGADT7

AD-TaWIN1
AD-TaWIN1
AD-TaWIN1
AD-TaWIN1

AD-TaWIN1
AD-TaWIN1

AD-TaWIN1
AD-TaWIN1

-Leu/-Trp -Leu/-Trp
-Ade/-His

pGBKT7
BD-D2
BD-D2-243
BD-D2S249
BD-D2N248
BD-D2T247

BD-D2R246
BD-D2R245
BD-D2L244
pGBKT7

AD-TaWIN1

(E)

-Leu/-Trp -Leu/-Trp
-Ade/-His

pGBKT7
BD-D2

BD-D2-243

BD-D2S249

BD-D2N248
BD-D2T247

BD-D2R246

BD-D2R245

BD-D2L244

pGADT7
pGADT7
pGADT7

pGADT7

pGADT7

pGADT7
pGADT7

pGADT7

pGADT7

pGBKT7

BD-D2

BD-D2-243
BD-D2S249

BD-D2N248

BD-D2T247

BD-D2R246

BD-D2R245
BD-D2L244

pGADT7

AD-TaABI5L

pGBKT7 AD-TaABI5L

AD-TaABI5L

AD-TaABI5L

AD-TaABI5L

AD-TaABI5L
AD-TaABI5L

AD-TaABI5L

AD-TaABI5L

-Leu/-Trp -Ade/-His(C) (D) -Leu/-Trp

(F) LRRTNS

pGBKT7

pGBKT7

BD-WPK4

BD-WPK4

pGBKT7

BD-WPK4

AD-TabZIP2

pGADT7

pGADT7

AD-TabZIP2

AD-TaWIN1

AD-TaWIN1

-Leu -Trp -Leu -Trp
-Ade/-His

(G)

DNA binding domain Dimerisation domain (ZIP)

-Leu/-Trp
-Leu/-Trp
-Ade/-His

pGBKT7

BD-TabZIP2

BD-TabZIP2 (D1)

BD-TabZIP2 (D2)

pGADT7

pGADT7

pGADT7

pGADT7

14-3-3 Binding motif

1 155

1 252

252149



553Plant Molecular Biology (2018) 96:543–561 

1 3

initially reported by Ikeda et al. (2000), was confirmed in 
our Y2H assay (Fig. 6g).

Dimerisation specificity of TabZIP2 and TaABI5L

It has been established that dimerisation via leucine zip-
pers contributes to bZIP TF specificity and recognition in 
signalling networks (Sornaraj et al. 2016). To demonstrate 
dimerisation specificities of bZIP TFs from two sub-clades 
within group A (Fig. 1), a reporter-based subunit exchange 
pull-down assay was used, like that described in the sec-
tion ‘Identification and mapping of TdCor39, a target pro-
moter of TabZIP2’ (Xue 2005; Xue et al. 2006; Harris et al. 
2016). This analysis is based on interactions of CelD-tagged 
TabZIP2 or TaABI5L with biotinylated forms, which are 
incubated together in equimolar ratios. These assays allow 
an exchange of subunits to be determined, where TabZIP2-
CelD could interact with biotinylated subunits of TabZIP2 
or TaABI5L after they are immobilised on a Streptavidin 
matrix, or when TaABI5L-CelD is used as a binding part-
ner (Fig. 7a). Data, obtained with partially purified chimeric 
proteins (Figure S5), demonstrated that TabZIP2 dimerisa-
tion was stronger with TaABI5L than with itself (Fig. 7a, 
left panel). On the other hand, TaABI5L interacted with an 
equal probability with either itself or TabZIP2 (Fig. 7a, right 
panel).

To examine the molecular mechanism behind these inter-
actions, we generated 3D dimeric models of the α-helical 
regions of TabZIP2 and TaABI5L (Table S3), containing 
basic DNA binding and leucine zipper regions, in complex 
with the functional ABRE cis-element (GGCC CAC GTG 
GCCC; recognition sequence in bold) (Fig. 7b, Figure S1). 
In these models, basic DNA binding regions are in grey, 
and the dimerisation leucine zipper regions of TabZIP2 and 

TaABI5L are in blue and salmon, respectively. Residues 
involved in interactions mediating dimerisation are shown in 
sticks and represent Van der Waals forces (between leucine 
and hydrophobic residues), hydrogen bonds (between polar 
residues) and electrostatic interactions (between charged 
residues).

Additional interactions were noted that stabilise intra-
molecular α-helical regions between Glu199 and Tyr194 
(Fig.  7b, left panel), and between Lys314 and Glu311 
(Fig. 7b, middle panel) in the homo-dimeric TabZIP2 and 
TaABI5L complexes, respectively. Close interactions of 
2.8–3.2 Å were also formed between Glu215 and Gln216 
in the TabZIP2 chain, and between Glu215 or Gln216 and 
Arg322 in the TabZIP2/TaABI5L hetero-dimeric chain 
(Fig. 7b, right panel). In the latter complex, we observed a 
deviation from a rigid α-helix of the TabZIP2 component, 
which didn’t seem to affect overall residue participation 
that formed the complex (Table S4). These observations 
indicated that the number of electrostatic interactions was 
higher in the hetero-dimeric TabZIP2/TaABI5L complex 
(Table S4), which may explain preferential hetero-dimeri-
sation of TabZIP2 with TaABI5L, as it was observed in the 
pull-down assay (Fig. 7a).

As for binding interactions between the TF complexes 
and DNA (Fig. 7b), these were formed between positively 
charged Arg and Lys and phospho-diester backbones of 
ABRE, as described recently by Sornaraj et al. (2016).

3D modelling of the TaWIN1 homo‑dimer reveals 
residues that mediate binding of bZIP TFs 
and protein kinases

To find out what residues might participate in protein–pro-
tein interactions between TaWIN1, bZIP TFs, and protein 
kinases, we generated a comparative model of TaWIN1 
using a combination of two templates of the 14-3-3-like 
protein (Würtele et al. 2003) and the 14-3-3 epsilon iso-
form (Molzan et al. 2012). A ribbon representation of 
the model (Figure S6) shows that TaWIN1 forms a flat-
tened horse-shoe-like structure, with interaction residues 
(Figure S6a) involved in binding bZIP TFs and protein 
kinases located within the cavity of dimeric TaWIN1. 
Residues involved in binding were analysed through 
multiple sequence alignments and structural analyses of 
14-3-3 proteins, bZIP TFs and kinases (Zhang et al. 1997; 
Göransson et al. 2006; Taoka et al. 2011; Lozano-Durán 
and Robatzek 2015). Figure S6b shows putative TF-bind-
ing (red), kinase-binding (magenta), and both TF- and 
kinase-binding (blue) residues that are differentiated as 
Van der Waals spheres from the backbone of TaWIN1; 
the colour coding of spheres corresponds to that of the 
TaWIN1 protein sequence (Figure S6a). At this stage, it is 
impossible to predict the strength of binding of bZIP TF or 

Fig. 6  The key residues underlying the function of TabZIP2. a Pro-
tein sequence of TabZIP2 with colour-coded DNA-binding (red), and 
leucine zipper (blue) regions with Leu and Val residues (involved 
in dimerisation) in green, and the C-terminal 14-3-3 binding motif 
(magenta). b Identification and a consequent removal of the protein 
segment containing the predicted activation domain that is respon-
sible for self-activation of TabZIP2; the construct used as a bait in 
a Y2H screen of a wheat leaf cDNA library is marked with a green 
circle. c–e Identification (using a Y2H assay) of segments and resi-
dues of TabZIP2 that are important for TaWIN1 binding, and test-
ing of TabZIP2 inability to bind TaWIN1 during dimerisation with 
TaABI5L. Interaction of TabZIP2 segments with TaWIN1 was 
dependent on the four of six residues of the 14-3-3 recognition motif 
(LRR--S). Red dots indicate the D2 segment (containing last nine 
C-terminal residues of the protein), and T247A and N248A muta-
tions in the segment D2 did not disrupt interaction between D2 
and TaWIN1. f Summary of involvement of LRR--S residues (bold 
magenta) that are required for TaWIN1 binding to TabZIP2 (D2), 
while T and N residues (regular green) are not required. g Identifica-
tion of physical interactions between WPK4 and full-length TabZIP2 
or TaWIN1. Yeast growth on selective media on the right-hand side 
of each panel indicates protein–protein interactions

◂
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a kinase, or if the presence of one protein would eliminate 
the simultaneous binding of the other protein.

The influence of TaWIN1 and WPK4 proteins 
on activation of the TdCor19 promoter by TabZIP2 
in the presence or absence of ABA

The influence of TaWIN1 and WPK4 on TabZIP2 activity 
in the presence or absence of exogenously added ABA 
was studied in a transient expression assay using wheat 
cells. In the absence of ABA, both proteins either alone 
or together repressed activation of the TdCor39 promoter 
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Fig. 7  Homo- and hetero-oligomerisation of TabZIP2 and TaABI5L 
proteins, and 3D structural models of their α-helical regions. a 
Homo- and hetero-dimerisation analysis of TabZIP2 with TaABI5L 
was performed using the catalytic tagging method. The analysis is 
based on the interaction of CelD-tagged TabZIP2 or TaABI5L with 
biotinylated TabZIP2 or TaABI5L, which were incubated together 
in equimolar ratios. Negative control values were subtracted, and 
absorbance values plotted as means of triplicate assays with standard 
deviations. An asterisk indicates significant differences between het-

ero- and homo-dimers for each biotinylated ZIP domain at P < 0.05 
significance level, calculated by t-Tests, as specified in Fig.  5. b 
Molecular features of TabZIP2 and TaABI5L homo- and hetero-
dimers with the ABRE cis-element. Ribbon representations show 
that both TFs consist of basic (grey) and leucine zipper (blue and 
salmon for TabZIP2 and TaABI5L, respectively) regions. Interactions 
between residues in both chains are indicated with dotted spheres that 
emulate Van der Waals radii
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by TabZIP2 (Fig. 8a, left panel). As expected, addition 
of 0.2 mM ABA increased the activity of TabZIP2, by 
fivefold in this experiment. In the presence of ABA, 
TabZIP2 activity was suppressed by co-expression of the 
TaWIN1 protein, but increased by co-expression of the 
WPK4 kinase, by nearly twofold (Fig. 8a, right panel); 
this observation was confirmed in an additional independ-
ent experiment (Figure S7). Simultaneous co-expression 
of TaWIN1 and WPK4 led to the suppression of ABA-
activated TabZIP2 activity (Fig. 8a).

We further detected that the deletion of the last nine 
residues in TabZIP2 (LRRTNSMEW; marked as pUbi-
TabZIP2-del in Fig. 8b), decreased but did not entirely 
abolished TabZIP2 activation in the absence or presence of 
exogenous ABA (Fig. 8b). This deletion included the 14-3-3 
binding motif (LRRTNS) with three additional C-terminal 
residues MEW, or alternatively S249 mutated to Ala.

Fig. 8  Influence of TaWIN1 
and WPK4 on activation of the 
TdCor39 promoter by TabZIP2 
and its variants. Activation of 
the TdCor39 promoter a by 
TabZIP2 alone or with concur-
rent additions of TaWIN1 
and WPK4, in the presence 
or absence of ABA, and b by 
TabZIP2 variants: TabZIP2-
S249A and TabZIP2-del (dele-
tion of last nine residues), in the 
absence or presence of ABA. 
The pTdCor39-GUS reporter 
construct was co-bombarded 
with effector construct(s). 
Promoter activation levels are 
shown as number of GUS foci. 
Co-bombardment with the 
reporter pUbi-GFP construct 
was used as a negative control 
with a basal level of the 
promoter activity. Asterisks 
and twin asterisks represent 
significant differences compared 
to pUbi-GFP control at P < 0.05 
or P < 0.005 significance levels, 
respectively, and were calcu-
lated as specified in Fig. 5
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Discussion

cDNA of TabZIP2 was isolated from a cDNA library pre-
pared from developing spikes and leaf tissues of the drought 
tolerant wheat genotype RAC875, subjected to drought and 
heat stresses (Eini et al. 2013). The analysis of TabZIP2 
expression in a variety of wheat tissues revealed high levels 
of transcripts in all tested tissues. Levels of expression in 
leaves, parts of flowers and the endosperm of mature grains 
were two- to threefold higher than in other tissues. This 
strong and ubiquitous expression in wheat organs may sug-
gest that the activity of TabZIP2 is predominantly regulated 
by post-translational modification rather than by changes in 
transcript and protein levels. The analysis of influence of 
cold and slowly (during several weeks) developing drought 
on transcription of TabZIP2 revealed no response to cold 
and a weak response to drought (Figure S2). However, the 
rapid dehydration of wheat seedlings (T. aestivum cv. Bob-
white, low tolerance to drought) within 2–3 days revealed 
a five- to sixfold increase of TabZIP2 transcripts in leaves 
of seedlings at wilting point, suggesting that transcriptional 
regulation of this TF took place only in rapidly developing 
and critical-for-plant stress situations. Similar, but weaker 
activation of TabZIP2 transcription under the same condi-
tions was observed in a drought-tolerant wheat genotype (cv. 
Gladius) (Figure S3).

To investigate the practical significance of our research, 
we determined the influence of overexpression of TabZIP2 
on grain yield of transgenic wheat under drought conditions. 
Transgenic wheat (T. aestivum cv. Gladius) plants were gen-
erated, single copy transgenic lines were selected and the 
 T2 generation plants were analysed as previously described 
(Yadav et al. 2015; Amalraj et al. 2016). The drought induc-
ible maize Rab17 promoter was chosen because it is strongly 
induced by relatively mild drought and shows low or no 
basal levels of activity in wheat (Morran et al. 2011). The 
use of this promoter allowed us to obtain about a five- to 
eightfold increase in TabZIP2 transgene transcripts under 
stress over the level of TabZIP2 endogene transcripts; this 
could not be achieved in wheat using the currently avail-
able constitutive promoters. Drought-inducible expression 
of TabZIP2 prevented any significant changes in phenotype 
or yield characteristics of transgenic wheat lines under well-
watered conditions of cultivation. Under drought, however, 
the  T2 plants of two of four analysed transgenic lines were 
smaller than those of control (WT) plants. The plants of all 
four  T2 transgenic lines produced on average one spike-less 
and 30–50% fewer seeds than those of control (WT) plants. 
Single seed weight was, however, increased in three of four 
lines, which to some extent compensated for the seed num-
ber-dependent yield loss. Grain yield per plant was main-
tained in two of the lines and was reduced by 25–40% in the 

other three lines. We suggest that these changes were the 
result of rearrangements in carbohydrate and nutrient parti-
tioning, because of plant response to drought during spike 
and grain development. This response was stronger in trans-
genic than in wild type plants because of wrong information 
was received by transgenic plants about the strength of the 
drought stress. This wrong information was triggered by an 
increased number of TabZIP2 transcripts in the transgenic 
plants, which in WT plants happens only with strong stress. 
The overexpression of TabZIP2 seemed to re-program plants 
to sacrifice late developing spikes and some seeds in each 
spike, to ensure the best possible development of remaining 
seeds under stress conditions. Additional mechanisms of a 
positive influence of TabZIP2 on grain development and par-
ticularly on grain filling because of preferable transcription 
of TabZIP2 in flowers and endosperm, cannot be excluded. 
However, these possibilities were not further examined in 
this study.

Initially, seven wheat promoters of stress-responsive 
genes from our in-house collection that might be poten-
tial targets for bZIP TFs were tested, to select a promoter 
able to be activated by TabZIP2. One of the tested promot-
ers, the promoter of TdCor39, was significantly activated 
by TabZIP2 in a transient expression assay performed 
in cultured wheat cells, whereby the activation was fur-
ther enhanced by exogenously added ABA (Fig. 4b). The 
TdCor39 gene is a late stress-responsive gene, and was origi-
nally identified as a gene encoding a group II LEA protein 
that accumulates in root, leaf and crown tissues of wheat 
during cold acclimation (Guo et al. 1992). It is strongly acti-
vated by elevated concentrations of ABA, drought, cold and 
mechanical wounding (Kovalchuk et al. 2013).

Mapping of the functional cis-elements in the TdCor39 
promoter was performed in a transient expression assay 
using constitutive overexpression of TabZIP2 in the pres-
ence of additional ABA. Two functional ABRE elements 
and one functional CRT element in the TdCor39 promoter 
were revealed. The interaction of TabZIP2 with both mapped 
ABREs was confirmed in vitro by a pull-down assay. The 
mapped CRT element was likely to operate through endog-
enous ABA-inducible DREB/CBF or ERF types of TFs, 
since neither the CRT element nor its flanking nucleotide 
sequences were able to interact with TabZIP2 in the pull-
down assay (Fig. 5b). In addition to being able to quan-
tify the genuine physical interaction and activation of the 
TdCor39 promoter by TabZIP2, the transient expression 
assay now gave us a testing system for analysis of the 
influence of interacting/modifying TabZIP2 proteins on 
the TabZIP2-mediated activation of a stress-responsive 
promoter.

We next identified interacting partners of TabZIP2 using 
a Y2H screen of the same cDNA library which was initially 
used for the isolation of TabZIP2 cDNA. The full-length 
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TabZIP2 protein behaved as a transcriptional activator in 
both wheat and yeast cells and therefore could not be used as 
a bait in the Y2H screen (Figs. 4, 6). Therefore, the N-termi-
nal half of the protein containing the activation domain (AD) 
was removed. A screen with truncated TabZIP2 protein (D2) 
resulted in isolation of two cDNAs: the first encoded a bZIP 
protein of group A, designated TaABI5L, and the second 
cDNA encoded a 14-3-3 protein which was earlier identified 
as TaWIN1 (Ikeda et al. 2000). The analysis of 96 colonies 
revealed no other bZIP TF or 14-3-3 proteins, so the pro-
tein–protein interactions we identified, are considered as 
fairly specific. We also showed by Y2H assay that hetero-
dimerisation of TabZIP2 and TaABI5L did not depend on 
the presence of the 14-3-3 binding motif at the C-terminus of 
TabZIP2 (D2), and therefore occurs only through the leucine 
zippers of both proteins. In contrast, binding of TaWIN1 to 
TabZIP2 took place through four amino acid residues (LRR-
-S) of the predicted 14-3-3 binding motif.

Analyses of TabZIP2 and TaABI5L homo- and hetero-
dimerisation patterns using a pull-down assay revealed that 
in the case of simultaneous presence of both proteins in a 
plant cell, the formation of a hetero-dimer will be about 
twice as preferable to that of the TabZIP2 homo-dimer. 
Since post-transcriptionally modified TabZIP2 can already 
efficiently activate promoters as a homo-dimer, the forma-
tion of a hetero-dimer may change the strength of target pro-
moter activation and increase the complexity of the TabZIP2 
activity modulation by increasing the number of regulatory 
pathways affecting this protein.

Ikeda et al. (2000) used a wheat protein kinase 4, WPK4, 
as a bait for the identification of proteins involved in sig-
nal transduction through WPK4, and isolated two cDNA 
clones encoding very closely related 14-3-3 proteins des-
ignated as TaWIN1 and TaWIN2. It was shown that both 
proteins, upon auto-phosphorylation of the kinase, bind 
the C-terminal regulatory domain of WPK4. Mutational 
analysis through amino acid residue substitution revealed 
that TaWIN1 and TaWIN2 primarily bind WPK4 through 
C-terminal phosphoserines at positions 388 and 418 (Ikeda 
et al. 2000). Amino acid residues of TaWIN1 responsible 
for binding to WPK4 kinase and bZIP TFs are demonstrated 
in the molecular model of the TaWIN1 dimer (Figure S6). 
It can clearly be seen that specific residues are required for 
binding to either a bZIP or a kinase. Further modelling and 
experimental analysis is required to compare the strengths 
of binding to each moiety, and to investigate if the presence 
of one affects TaWIN1 binding to the other.

WPK4 belongs to the SNF1 related protein kinase 3 
(SnRK3) class of protein kinases from wheat, later clas-
sified as calcineurin B-like protein (CBL) interacting pro-
tein kinase (CIPK) (Sano and Youssefian 1994; Ikeda et al. 
1999; Nozawa et al. 2003; Ruuska et al. 2006; Mao et al. 
2016). SnRK3/CIPK regulate signal transduction under 

abiotic stresses, nutrient deprivation and hormonal changes 
and operate as regulators of sodium  (Na+), potassium  (K+), 
magnesium  (Mg2+), nitrate  (NO3

−) and proton  (H+) homeo-
stasis (Das and Pandey 2010; Sun et al. 2015; Mao et al. 
2016). Four Arabidopsis CIPK proteins were found to group 
in the same clade with WPK4 (Figure S8, Table S5). Two 
of the members of this clade, CIPK12 and CIPK19, play 
fundamental roles during pollen germination and pollen tube 
growth (Steinhorst et al. 2015; Zhou et al. 2015). A similar 
role of WPK4 has not been reported. However, the involve-
ment of this kinase in the regulation of wheat metabolism 
has been demonstrated. It was shown that WPK4 transcripts 
are upregulated in various wheat tissues by cytokinins, nutri-
ent deprivation and changes in sugar concentrations (Sano 
and Youssefian 1994; Ikeda et al. 1999; Ruuska et al. 2006). 
In addition, WPK4 phosphorylates the essential nitrogen 
metabolism enzyme, nitrate reductase, to which TaWIN1 
binds. These findings prompted the suggestion that TaWIN1 
and WPK4 are involved in plant nitrogen metabolism (Ikeda 
et al. 2000). A precise role for WPK4 was later proposed to 
be in carbon storage metabolism during reproductive wheat 
stem growth under low nitrogen (Ruuska et al. 2006).

Our Y2H screen with WPK4 as a bait confirmed ear-
lier findings by Ikeda et al. (2000) that the main interacting 
partner of this kinase is the TaWIN1 protein, as found in a 
majority of clones. We also demonstrated by Y2H assay that 
WPK4 does not interact directly with full-length TabZIP2.

The influence of TaWIN1 and WPK4 on the activation 
of TabZIP2 was tested in a transient expression assay in 
the absence and presence of ABA. In the absence of ABA, 
both TaWIN1 and WPK4, and in combination, inhibited the 
activation of the TdCor39 promoter by TabZIP2. In contrast, 
promoter activation was significantly enhanced by the addi-
tion of ABA, and further increased by the co-expression of 
TabZIP2 and WPK4. However, if TabZIP2 was co-expressed 
with TaWIN1 alone or with both TaWIN1 and WPK4 simul-
taneously, its activity was significantly inhibited, although 
it was not totally abolished. Hence, TaWIN1 behaves as 
a negative regulator of TabZIP2, and WPK4 as a positive 
regulator of TabZIP2.

Deletion of the 14-3-3 recognition motif or substitution 
of a single amino acid residue inside of this motif (S249A) 
led to a similar outcome to the activation of the promoter 
in absence of ABA, inhibiting the activation of TabZIP2. 
This suggested that S249 was most likely phosphorylated 
by the WPK4 kinase and that this phosphorylation is very 
important for the activation of bZIP TF. Activation can 
result in a release of TabZIP2 from the TabZIP2-TaWIN1 
inactive complex and the deactivation of WPK4 by binding 
to a released TaWIN1 protein.

Notably, TaWIN1 was identified as one of the most con-
stantly expressed genes among 24 tested candidate genes 
from Triticum aestivum cv. Cubus flag leaves, grown under 
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organic and conventional farming systems. The expression 
levels of these genes were evaluated with the aim to select 
suitable genes for normalisation of quantitative real-time 
PCR (Q-PCR) reactions (Tenea et al. 2011). Taking into 
consideration a near-constitutive expression of TabZIP2, 
one can imagine that most of the TabZIP2 protein under 
favourable plant growth conditions exists in an inactive 
form as a complex of non-phosphorylated TabZIP2 with 
TaWIN1, which could be disrupted under stress due to 
an ABA-dependent S249 phosphorylation by the nutrient 
starvation-dependent WPK4, where WPK4 is a part of sig-
nal pathway activated during a phase of strong drought. 
This may lead to TabZIP2 activation through its release 
from the complex with TaWIN1, whereby TaWIN1 binds 
to WPK4. The formation of the TabZIP2-TaABI5L dimer 
could further increase the complexity of control of tran-
scriptional activity of downstream stress-related genes. 
This in turn induces enrichments of drought tolerance pro-
tein transcripts and/or proteins involved in carbohydrate 
rearrangements in plant tissues in favour of grain.

In summary, TabZIP2 molecular characteristics 
and phenotypes of transgenic plants suggested that the 
TabZIP2 gene may play roles in signalling pathways con-
trolling carbohydrate rearrangements and a nutrient flow 
between plant organs in response to drought-induced 
starvation.
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