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Protein Kinase Activity Toward TaABF1 in Imbibing Grains

Abstract

The hormones gibberellin and abscisic acid are essential for plant responses to changing
environmental conditions, and can send opposing signals. In wheat, the transcription factor
TaABF1 plays an important role at the intersection of a gibberellin-induced/abscisic acid-
suppressed pathway. When gibberellin dominates, the GA-induced gene, Amy32b, is transcribed.
When abscisic acid is dominant, TaABF1 is active and it downregulates GA-induction of
Amy32b, while promoting ABA-induced transcription of the gene HVAI. The activity of
TaABF1 is thought to be regulated by post-translational phosphorylation at key serine residues.
In this study, to determine TaABF1 phosphorylation by wheat kinases, we purified recombinant
histidine tagged TaABF1 protein, incubated it with kinases extracted from the aleurone layer of
wheat grains, and assessed phosphorylation status using liquid chromatography-mass
spectrometry. We have designed a successful purification scheme, and are able to identify
synthetic test peptides and peptides that result from tryptic digestion of BSA and purified un-
phosphorylated TaABF1. However, we are still working to optimize protein recovery after the

phosphorylation assay for analysis by liquid chromatography-mass spectrometry.

Introduction

In cereal grains, including wheat, the phytohormones gibberellin (GA) and abscisic acid
(ABA) are important signaling molecules that allow plants to adapt to environmental stimuli.
When conditions favor germination, GA is produced, which signals for the transcription of genes
involved in germination and the hydrolysis of starch reserves (Bethke et al., 1997; Lovegrove

and Hooley, 2000). Contrarily, when conditions do not favor germination, as in high salinity
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environments, during drought, or in low temperatures, grains produce ABA. The ABA signals
for the inhibition of the GA-induced signaling pathways and promotes transcription of genes
involved in the prolongation of seed dormancy (Lovegrove and Hooley 2000). Because
understanding the mechanisms of GA and ABA crosstalk and antagonism could prove important
for designing new advancements in agricultural crop control, such molecular pathways have long
been a focus of cereal grain research.

In addition to regulating germination and seed development, GA has been shown to
control plant root growth, stem growth, and flowering. Plants that are deficient in GA experience
an increase in number of seed abortions as well as abnormal seed development; such events can
be detrimental to plant reproduction and crop yield. Although these phenotypes cannot be
reversed through introduction of exogenous GA, which cannot easily enter the seed, they can be
negated with mutations mimicking a constitutive GA response (Swain and Singh 2005).

ABA, which has opposing effects to GA, is an equally essential plant hormone. During
times of environmental stress, ABA is responsible for ceasing stem/shoot growth, promoting root
growth, closing stomata, and inducing transcription of genes for drought, salinity, and cold
tolerance. Such genes code for various proteins including: water channel and transport proteins,
detoxification enzymes, protection factors of macromolecules, enzymes for osmolyte
biosynthesis, proteases, transcription factors, protein kinases and phosphatases, and proteins
involved in phospholipid metabolism (Shinozaki and Yamaguchi-Shinozaki 2007). Thus, both
GA and ABA play important roles in numerous processes that are critical for plant survival.

The ratio of GA to ABA, not either hormone alone, is responsible for the control of seed
dormancy and germination in plants. The roles of the hormones were demonstrated through an

experiment that utilized Arabidopsis thaliana seeds that lacked functional GA synthesis, and
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therefore could not germinate. When these seeds were further mutagenized, only the new
mutants that also lacked functional ABA synthesis were able to germinate. Thus, a seed is able to
germinate if it is lacking both ABA and GA or if it is able to synthesize GA (Koorneef et al.
1982), but it cannot germinate if it produces ABA alone. Such effects of GA and ABA are
mediated through signal transduction. However, GA and ABA signaling pathways are complex;
in general, regulation of phosphorylation via kinase and phosphatase activity (Lovegrove and
Hooley 2000) as well as calcium/calmodulin signaling appears to be important in pathways
involving both hormones (Ritchie and Gilroy 1998).

In GA signaling pathways, signal transduction occurs through calcium/calmodulin
upregulation, cGMP messaging, and protein phosphatase activity (Kuo et al. 1996; Jones et al.
1998; Penson et al. 1996; Lovegrove and Hooley 2000). To characterize GA signal transduction,
researchers utilized cereal grain mutants with defects in GA signaling. Slender, a barley mutant
defective in the Sinl gene, exhibits constitutive production of GA-induced a-amylase in aleurone
cells, which form a distinct layer surrounding the starchy endosperm. Further, the SLN1 protein
is thought to be involved in early repression of GA signaling upstream of cGMP and kinase
activation (Gomez-Cadenas et al. 2001). Though SIin/ mRNA levels do not change in response to
GA, SLNI1 protein levels decrease, indicating that GA can signal for SLN1 degradation (Gomez-
Cadenas et al. 2001). The mechanism by which GA signals for SLN1 degradation relies on
SLN1’s DELLA domain. DELLA repressors, the family of proteins that contain DELLA
domains, can be marked for degradation in response to GA via ubiquitination (Silverstone et al.
2001; Willige et al. 2007). In addition to the barley Slender mutant, other cereal crops with
mutations in protein DELLA domains, including wheat Reduced heightl (RH1 protein) mutants

and maize dwarf8 (D8 protein) mutants also exhibit insensitivity to GA-dependent degradation
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(Peng et al. 1999). Another barley mutant, Spindly (Spy), also exhibits impaired GA signaling
(Robertson et al. 1998). The SPY protein, like SLN1, blocks the GA-induced expression of a-
amylase; however, it may also be involved in ABA-induced gene expression (Robertson et al.
1998), giving it a role in the complex networks of GA/ABA crosstalk.

Another major breakthrough in understanding GA signaling was the identification of GA
INSENSITIVE DWARF (GID1) proteins. The soluble GID1 proteins are GA receptors that were
first identified in the gid! rice mutant (Ueguchi-Tanaka et al. 2005), and were later identified in
Arabidopsis (Nakajima et al. 2006). The GID1 receptor is considered a nuclear receptor, but is
also thought to exist on the plasma membrane (Ueguchi-Tanaka et al. 2005). In both rice and
Arabidopsis, GID1 proteins have been shown to interact with DELLA repressors (Ueguchi-
Tanaka et al. 2005; Nakajima et al. 2006). A study involving an Arabidopsis mutant that lost its
three GID1 receptors found that these mutants exhibit GA-insensitivity, and that the N-terminal
DELLA domain was required for GID1 interactions (Griffiths et al. 2006). Thus, the degradation
of DELLA proteins is caused by GA perception, as the DELLA domain serves as a receiver
domain for activated GID1 GA receptors (Willige et al. 2007).

To initiate the GA signaling pathway, GA binds to one of its receptors, such as GIDI.
From there, signal transduction eventually results in the downstream binding of transcription
factors to the promoters of GA-inducible genes, such as those for a-amylase production. These
promoters contain distinct sequences that have been extensively studied: the amylase box, the
GA response element (GARE), and the pyrimidine box (Skriver et al. 1991; Gubler and Jacobsen
1992; Lanahan et al. 1992). It is at the GARE that positive and negative regulators are able to
bind and control transcription. For example, a zinc-finger protein in barley is able to bind at the

GARE box and act as a transcriptional repressor (Raventos et al. 1998).
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In ABA signaling pathways, ABA can bind to receptors known by three different names:
PYROBACTIN RESISTANCE 1 (PYRs), PYRI1-like family (PYLs) (Park et al. 2009), and
regulatory component of ABA family receptors (RCARs) (Ma et al. 2009). ABA binding to
PYR/PYL/RCAR receptors activates these receptors and promotes their interaction with type 2C
protein phosphatases (PP2Cs), thus inactivating these PP2Cs. PP2Cs, when active, are negative
regulators of ABA signaling, but are not involved in ABA-mediated suppression of GA-induced
genes (Allen et al. 1999; Shen et al. 2001). Further, PP2Cs have been shown to interact with
SNF1-related kinases (SnRKs) by dephosphorylating them. SnRKSs are serine/threonine kinases
of which there are three subfamilies: SnRK 1, SnRK2, and SnRK3 (Kulik et al. 2011). SnRK2
kinases are a subfamily whose members are important regulators of stress responses in plants.
Specifically, they serve as positive regulators of ABA signaling when phosphorylated (Allen et
al. 1999). The activity of many SnRK kinases is controlled by (de-)phosphorylation of the kinase
activation loop (Kulik et al. 2011). Thus, the interaction between PYR/PYL/RCAR and PP2Cs
inactivates the PP2Cs, blocks PP2C inhibition of SnRK2s, and propagates the ABA signal (Park
et al. 2009). Transcription factors, such as VP1, can simultaneously promote ABA-induced gene
expression and inhibit the expression of some GA-induced genes. Protein kinases such as
PKABAT1 and some WRKY transcription factors can also inhibit GA-induced genes in response
to ABA presence (Shen et al. 2001; Xie et al. 2006).

Within the cereal grain, aleurone cells make up an important system for the study of GA
and ABA signaling and antagonism. These cells have GA and ABA receptors localized to their
plasma membranes (Bethke et al. 1997; Hooley et al. 1991; Gilroy and Jones 1994; Gilroy 1996).
It is within the aleurone cells, therefore, where the GA-induced/ABA-suppressed and ABA-

induced signaling pathways occur. The embryo secretes GA to the aleurone cells in order to
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initiate germination, and in dormant wheat cultivars, ABA concentration at aleurone cells is high
compared to non-dormant cultivars (Bethke et al. 1997). Because the pathways of interest take
place in the aleurone layer and because the aleurone cells are readily separated from other cell
types in the wheat grain, they can be used as a model for the study of GA and ABA pathways.

In aleurone of dormant wheat grains, when ABA concentrations are low, GA production
and the binding of GA to its receptor results in a series of signaling events that lead to the
downstream activation of the GA-induced transcription factor GAMyb. GAMyb is a Myb-related
protein that contains two transcriptional activation domains, and GAMyb can activate
transcription by binding to GARE boxes (Gubler et al. 1995 and 1999). GAMyb transactivates
the expression of genes such as Amy32b. Amy32b codes for a low pl a-amylase that can
hydrolyze and break down starch reserves during germination (Gomez-Cadenas et al. 2001;
Gubler et al. 1999; Lanahan et al. 1992). When barley aleurone was experimentally exposed to
GA, GAMyb protein levels rapidly increased (Grubler et al. 2002), resulting in up-regulation of
a-amylase production (Gomez-Cadenas et al. 2001). This observation suggests that GAMyb
concentration is important for the regulation of 4my32b transcription.

In contrast, ABA signals in the wheat aleurone layer suppress this GA-induced pathway,
while simultaneously up-regulating the expression of ABA-induced genes (Figure 1). When
aleurone cells are exposed to GA, they increase production of GAMyb protein; however, the
introduction of ABA partially blocks this GA induced expression (Gomez-Cadenas et al. 2001).
The ABA-suppressed pathway is regulated by both PKABAT1, a SnRK?2 kinase (Gomez-Cadenas
etal. 2001), and TaABF1 (Triticum aestivum ABF1), a basic leucine zipper (bZIP) transcription
factor found in wheat (Johnson et al. 2002). PKABAT has been shown to specifically disrupt a-

amylase production (Gomez Cadenas et al. 1999), and when ABA is present, Amy32b expression
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is significantly reduced (Harris et al. 2013). Active SnRK2s, including PKABA1, are thought to
affect expression at promoters that contain ABA-response elements (ABREs) via
phosphorylation of ABRE binding factors (ABFs) at their RXXS/T consensus sequence. ABFs
exist as dimers, and their bZIP domain can bind to ABREs, modulating gene expression (Choi et
al. 2000). The phosphorylation of ABFs by SnRK2s has been shown to occur in the presence of
ABA (Fujii et al. 2007). Thus, ABA-mediated inactivation of PP2Cs allows for PKABA1 (or
other SnRK2) activation, which allows ABF activation, ABA signal transduction, and inhibition

of the GA-induced pathway.

TaABF1
ABA > HVAIL
4 (ABA-induced)
PKABA1
TaABF1

1

GA

v

> GAMyb —— Amy32b

(GA-induced)
(ABA-suppressed)

Figure 1. Current model for the GA and ABA signaling pathways in aleurone (Adapted from
Johnson et al. 2008).

Recent genomic analyses reveal that 187 bZIP transcription factors, including ABFs,
have been identified in the wheat genome (Li et al. 2015). The bZIP proteins that are involved in

ABA mediated signaling belong to Subgroup-A. Bioinformatics analysis of 41 Subgroup-A
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Triticum aestivum bZIP (TabZIP) transcription factors in wheat revealed that many of these
family members had highly conserved motifs and similar exon-intron composition, but had
variable intron positions within the leucine zipper regions (Li et al. 2016), suggesting that their
regulation may be similar, but that they probably bind different DNA sequences. Many of these
family members, such as TabZIP174, were localized to the nucleus; however, TabZIP9 appears
to be simultaneously present in the nucleus, cytoplasm, and plasma membrane (Li et al. 2016).
Additionally, overexpression of TabZIP174 resulted in the induction of ABA-induced stress
responsive genes (Li et al. 2016). Such structural similarities suggest that the function and
control of activation may be similar between ABFs and other TabZIP family members.

It has previously been shown that PKABAT expression in barley grains increases in
conditions that prevent germination (Rikiishi et al. 2010) and that levels of PKABA1 mRNA
increase in response to ABA (Gomez-Cadenas et al. 1999), indicating that ABA-induced
PKABAI transcription likely mediates the ABA signaling pathway. TaABF1 mRNA levels
(Johnson et al. 2008) and protein abundance (Harris et al. 2013), however, are not regulated by
ABA, suggesting that post-translational modifications to the TaABF1 protein might be key for its
regulation. Many ABF transcription factors are controlled by post-translational modifications,
including phosphorylation, so this method of regulation would not be unusual for TaABF1. For
example, ABA induces phosphorylation of TRABI, a rice ABF, by a SnRK2 kinase (Kobayashi
et al. 2005). The activity of HvABIS, a barley ABF that is involved in induction of the ABA-
regulated gene HV A1, is also controlled by phosphorylation (Casaretto and Ho 2005). And,
phosphorylation occurs at all four conserved regions of OREB1, another rice ABF (Chae et al.
2007). Such post-translational modifications impact stability, interactions with other proteins,

(de-) activation, and localization within the cell (Shutz et al. 2008). In plant ABFs, there are three
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N-terminal conserved regions—C]1, C2, and C3—and a conserved C-terminal bZIP binding

domain (Figure 2A). Potential phosphorylation sites may exist within these conserved regions.

ABFs

vla jlel] el T

B

TaABF1 -
n [ [s36s37 [brasigd | [ B |«

Figure 2. (A) Diagram of conserved regions of a general ABF transcription factor. (B) Diagram
of TaABF1 with the serine residues that are potential phosphorylation sites identified. Conserved
regions 1-3 (C1, C2, C3) are highlighted in green and the conserved bZIP domain is highlighted
in blue.

TaABF1, a wheat member of the ABF family, contains the characteristic ABF conserved
regions and bZIP domain. It is involved in the intersection of GA and ABA signaling in aleurone
cells (Johnson et al. 2002, 2008; Harris et al. 2013). TaABF1 is important for the up-regulation
of ABA-induced genes like HVA1, and for the down-regulation of GA-induced/ABA-suppressed
genes, like Amy32b. In the absence of hormones, constitutive TaABF1 expression can eliminate
GA-induced Amy32b expression and stimulate the ABA-inducible HVAI and HVA22 genes
(Johnson et al. 2008). This observation suggests that TaABF1 acts downstream of ABA. Because
HVAI and HVA22 contain ABRE regions in their promoters, it is likely that TaABF1 is able to
bind to them directly to promote transcription, while TaABF1 likely cannot bind directly to the

GARE region of the Amy32b promoter.
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The role of TaABF1 in ABA suppression of GA-induced genes, therefore, is slightly
more complex. Harris and colleagues demonstrated that TaABF1 could not inhibit Amy32b
expression that was induced through overexpression of GAMyb, and that the knockdown of
TaABF1 by RNAI results in increased expression from the GAMyb promoter (2013). Thus,
TaABF1 must act upstream of GAMyb transcription in aleurone cells. However, when RNA1 was
used to inhibit TaABF I transcription, it did not prevent the ABA-induced suppression of Amy32b
or the induction of HVA 1, suggesting that another protein may act redundantly with TaABF1 in
aleurone cells (Johnson et al. 2008). Current models reflect the findings that active TaABF1 must
somehow inhibit GAMyb transcription, although the mechanism(s) through which this occurs are
unknown (Figure 1).

The method by which TaABF1 becomes activated and suppressed in GA signaling may
involve phosphorylation by PKABA1 (and/or other kinases). A previous study utilized a two-
hybrid assay to demonstrate that TaABF1 binds to the PKABAT kinase, and that PKABAT1 is
able to phosphorylate synthetic peptides that represent regions of TaABF1. Further, PKABA1
specifically interacts with TaABF1, while mutated versions of PKABA1 do not appear to
phosphorylate TaABF1 (Johnson et al. 2002). These findings suggest that TaABF1 is a substrate
for PKABAL.

To investigate the potential role of phosphorylation in regulating TaABF1 activity,
critical serine residues in the conserved regions of TaABF1 (Figure 2B) were mutated to aspartic
acid to mimic phosphorylation or to alanine to prevent phosphorylation. These mutants were
introduced to barley aleurone via particle bombardment. Mutagenesis studies revealed that
mimicking phosphorylation at the serine residue 113 (S113), inhibited the activity of TaABF1,

while simultaneous mimicked phosphorylation of S36, S37, S113, and S115 increased its activity
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(Johnson, unpublished data). Thus, these may be key residues for controlling the activity of
TaABF1 if their phosphorylation and de-phosphorylation occurs in vivo.

Understanding TaABF1 regulation is critical to understanding GA and ABA crosstalk in
cereal grain aleurone. To better understand phosphorylation of TaABF1 in vivo, we sought to
determine whether phosphorylation occurs at specific residues of TaABF1 by wheat kinases, and
to determine whether GA and ABA control the phosphorylation patterns. To do so we purified a
recombinant, histidine tagged TaABF1 (Hise::TaABF1) from Escherichia coli cells. We then
assessed the ability of wheat protein kinases extracted from aleurone cells to phosphorylate
TaABF1 at specific locations—specifically, those key serine residues—and tested whether the

TaABF1 phosphorylation was regulated by GA and ABA.

Materials and Methods
Protein Construct Preparation and transformation

A TaABF1 cDNA (Johnson et al. 2002) was cloned into the pDEST17 vector using the
Gateway cloning system (Invitrogen, product number 12535-019), and the resulting plasmid

(p17/TaABF1) was transformed into BL21 (DE3) pLysE E. coli cells.

Protein Expression and Purification

A single colony of E. coli BL21(DE3)pLysE containing the p17/TaABF1 expression
plasmid was grown overnight at 37°C in 50 mL of LB medium containing 34 pg/mL
chloramphenicol and 100 pg/mL ampicillin in a shaking incubator. Ten mL of the overnight

culture were used to inoculate 500 mL LB containing 100 ug/mL ampicillin, and grown at 37°C
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in a shaking incubator until ODgyy was 0.3. The cells were then induced with 1 mM IPTG, and
incubated for 3 hours at 37°C in a shaking incubator. Cells were harvested by centrifugation
(6000 x g, 4°C, 10 min) and stored at -80°C. Cell pellets were re-suspended in native purification
buffer (50 mM NaH,PO4, 500 mM NaCl, pH 8.0), lysed by sonication for 3X 15 seconds
(Virisonic 100, level 12), and centrifuged (8000 x g, 4°C, 8 min). The supernatant was discarded
and the pellet, which contained the Hise::TaABF 1, was re-suspended in guanidinium lysis buffer
(6 M Guanidine HCI, 20 mM sodium phosphate, 500 mM NaCl, pH 7.8) to denature and
solubilize proteins, and mixed. The re-suspension was sonicated on ice for 3X 15 seconds
(Virisonic 100, level 12), centrifuged (3000 x g, 4°C, 15 minutes), and supernatant was
collected. To transition back to native conditions, a buffer exchange into native conditions
(20mM Tris, 100 mM NaCl, pH 7.4) was completed using 10,000 molecular weight cutoff
centrifugal filter tubes. The final solution was concentrated to about 1 mL using centrifugal filter
tubes, and protein concentration was measured with a Bradford assay (reagent: Bio Rad., product

number 500-0006).

Western Blotting

Thirty pg of purified Hises:: TaABF1 was separated on a NuPAGE 10% Bis-Tris Protein
gel (ThermoFisher Scientific, product number NP0301BOX) with MOPS running buffer. A
western blot was carried out on a polyvinylidene difluoride (PVDF) membrane using the XCell
IT Blot Module (ThermoFisher Scientific, product number EI9051) as previously described
(Penna and Cahalan 2007). TaABF1 detection with anti-TaABF1 antibodies was carried out as
previously described (Harris et al. 2013). His tag detection was carried out in the same way as

TaABF1 detection except that THE™ His Tag Antibody, mAb, Mouse (GenScript, product
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number A00186-100) was used as the primary antibody and goat anti-mouse IgG (GenScript,
product number A00160) was used as the secondary antibody. Bands were visualized using
Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare, product number

RPN2232) with a ChemiDoc imager.

Grain Imbibition and Kinase Extraction

Embryos were cut off of wheat grains (NuWest, Bozeman Harvest, 2003) and discarded.
Embryo-less grains were washed with sterile water for 10 minutes, 10% bleach for 20 minutes,
and then sterile water for five times 5 minutes. Grains were added to imbibing solution (20 mM
sodium succinate, 20 mM calcium chloride, pH 5.0) with 10 mg/mL chloramphenicol, poured
onto a vermiculite plate (petri dish with layer of vermiculite covered with filter paper), and
allowed to imbibe at 24°C for 4 days. After imbibition, forceps were used to separate the
aleurone layer from the starchy endosperm. Starchy endosperms were discarded and aleurone
layers were washed in imbibing solution with 10 mg/mL chloramphenicol, 24°C, shaking,
overnight. Aleurone layers were then ground using a chilled mortar and pestle in grinding buffer
(50mM Tris pH 7.6, 1 mM DTT, ImM PMSF, 0.1% PVPP, 0.1% protease inhibitor cocktail,
0.1% protease inhibitor cocktail 2, and 0.1% protease inhibitor cocktail 3) (Sigmafast protease
inhibitor cocktail tablets: Sigma, product numbers S8830-20TAB, S8820-20TAB). The solution
was centrifuged at 10,000 x g, and supernatant that contained kinases was collected as fresh

aleurone extract.
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Phosphorylation Assay and Protein re-purification

The fresh aleurone extract (described above) was combined with 50 mM Tris buffer, pH
7.6 and/or purified Hise::TaABF1 (Table 1). Reaction mixtures were incubated for 30 minutes at
30°C. One experimental mixture was not nickel column re-purified, in the hope that a distinct
Hise:: TaABF1 band would be visible after SDS-PAGE separation without needing the extra re-
purification step. The remaining control and experimental mixtures were re-purified using nickel
affinity chromatography to recover the His-tagged protein. For the re-purification, the ProBond
Purification System with denaturing buffer conditions was used as described in the user manual

(Invitrogen, product number K85001).

Table 1. Reaction mixtures for phosphorylation assay (reporting characteristic protein
concentrations)

Nickel column re-purified | Not re-purified
Control Experimental Experimental
Tris, pH 7.6 50 mM 50 mM 50 mM
Fresh Aleurone Extract (total protein) | 1.15mg/mL  1.15 mg/mL 1.15 mg/mL
Hisg::TaABF1 - 0.25 mg/mL 0.25 mg/mL
Total Reaction Volume 2.00 mL 2.00 mL 0.20 mL

Tryptic Digestion and Liquid Chromatography-Mass Spectrometry

After re-purification, protein samples were separated on a NuPAGE 10% Bis-Tris Protein
gel (ThermoFisher Scientific, product number NP0301BOX) with MOPS running buffer.
TaABF1 bands were excised with a razor blade and subject to tryptic digestion according to
procedures from the In-Gel Tryptic Digestion Kit (ThermoFisher Scientific, product number
89871X). Tryptic digested protein samples were filtered with a 0.2 um filter. Liquid

Chromatography-Mass Spectrometry was carried out using an Agilent 6230 TOF LC-MS
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instrument and an Agilent Poroshell 120 EC-C18 [5 cm x 3mm, 2.7 um] column. The following
mass spectrometry-grade buffers were used: Al (5% acetonitrile, 0.1% formic acid), B1 (90%
acetonitrile, 0.1% formic acid), A2 (10% methanol), and B2 (90% methanol). Samples were
eluted from the column at 0.4 mL/min using the following buffer gradient: 0-80% B1 over 10
min (Table 2). Buffers A2 and B2 were used for the column wash so that the column would be

stored in a final solution of 70% methanol (Table 3).

Table 2. LC-MS run method

Time (min, cumulative) Al Bl
0 100% 0%
0.5 100% 0%
10.5 20% 80%
15.5 20% 80%
16.5 100% 0%

6 min post-run

Table 3. LC-MS wash method for column storage

Time (min, cumulative) A2 B2
0 100% 0%
5 0% 100%
7 100% 0%
11 0% 100%
13 100% 0%
17 0% 100%
18 22% 78%

20 22% 78%
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Results
Recombinant His-tagged TaABF'I can be purified from E. coli cells

Before we could determine whether kinases extracted from wheat aleurone are able to
phosphorylate TaABF1, we needed to produce a recombinant histidine tagged form of the
protein (Hisg::TaABF1). A vector containing the protein construct was transformed into E. coli
so that the E. coli could produce the Hise::TaABF1 protein for purification. After initial E. coli
cell lysis, Hisg::TaABF1 was not soluble in native buffer, a buffer in which the TaABF1 protein
should be folded into its native conformation, and was located in the insoluble pellet after
centrifugation (Figure 3A). Little to no Hise::TaABF1 remained soluble in native buffer after
initial cell lysis.

To solubilize the Hisq::TaABF1, we denatured the proteins in the pellet with a
guanidinium buffer. Then, we attempted to refold the protein by several modes of buffer
exchange back into native conditions to determine which method would optimize soluble protein
yield. We attempted to use the ProBond nickel purification system (Invitrogen) under denaturing
conditions and hybrid conditions. Hybrid conditions require the use of both denaturing and
native buffers. We attempted dialysis for a gradual transition from the guanidinium solution to
native conditions, and we attempted to use centrifugal filter tubes (spin columns) for quick buffer
exchange from guanidinium to native conditions. The ProBond nickel purification system under
hybrid conditions and the dialysis yielded almost no Hise::TaABF1. The spin columns appeared
to give the highest soluble Hisg:: TaABF1 protein yield (though some protein became insoluble
again) and this yield was approximately equivalent to using the ProBond nickel column
(Invitrogen) under denaturing conditions (Figure 3A). Strangely, the Hise::TaABF1 did not

always travel the same distance during the SDS-PAGE separation. For example, the
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Hise:: TaABF1 traveled further in the post-buffer exchange samples than in the induced E. coli or
post-lysis pellet samples (Figure 3A).

We chose to continue to use the spin columns for buffer exchange back to native
conditions, as this was the simplest method that produced the highest protein yield. However,
this method was not always consistent. For example, in native buffer (20 mM Tris, pH 7.4) with
a very low solute concentration, Hise:: TaABF1 sometimes became insoluble during buffer
exchange from denaturing to native conditions (Figure 3B).

To minimize the amount of Hiss::TaABF1 that became insoluble in native conditions, a
screen of 7 buffers was completed to determine optimum native buffer solute composition for
Hise::TaABF1 solubility. The buffers tested were 20 mM Tris (pH 7.4) with 100, 200, or 300
mM NaCl, and 50 mM Tris with 0, 100, 200, or 300 mM NaCl. The charges on the salt ions, in
theory, should increase protein stability in solution, thus increasing solubility. For all seven
buffers, about half of the Hise::TaABF1 remained in solution after the spin column buffer
exchange from denaturing to native conditions (Figure 3C). Adding arginine and glutamine to

the purification buffer did not improve solubility (data not shown).
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Figure 3. SDS-PAGE analysis for development of TaABF1 purification scheme. (A) SDS-
PAGE separation of proteins that result from different attempted Hise:: TaABF1 purification
schemes. Total protein is stained with Coommassie reagent. Supernatant and pellet from the first
centrifugation following E. coli cell lysis. (post-lysis pellet and post-lysis supernatant) reveal that
Hise:: TaABF1 is initially insoluble in native buffer. Native conditions: 20 mM Tris, pH 7.4 (B)
An attempt to refold Hisg::TaABF1 by spin column buffer exchange from guanidinium buffer to
20 mM Tris (pH 7.4) in which TaABF1 (black arrow) remained insoluble (pellet). Little, to no
TaABF1 remained soluble (supernatant) (C) Hiss:: TaABF1 (black arrow) re-folding by spin
column buffer exchange into 7 native buffer types: 20 mM or 50 mM Tris (pH 7.4) with 0 mM,
100 mM, 200 mM, or 300 mM NaCl. About 50% of TaABF1 protein (black arrow) became
insoluble during the buffer exchange from denaturing to native conditions. After centrifugation,
the soluble purified protein in the supernatant (S) and insoluble purified protein in the pellet (P)
were separated on an SDS-PAGE gel.



Enrico 20

Next, because the Hise::TaABF1 did not consistently travel the same distance during
SDS-PAGE separation and because protein yield when using the nickel columns was sometimes
low, we wanted to confirm that Hise:: TaABF1 was successfully recovered during the purification
process and confirm that the histidine tag was still attached to the protein. Therefore, western
blots for TaABF1 and for the histidine tag were completed. Some TaABF1 degradation occurred
in all samples, even in the non-lysed E. coli cells. However, in all samples, there was a visible
TaABF1 band at approximately 50 kDa, the size of full-length Hise::TaABF1, and the histidine

tag was present at all locations where the TaABF1 was also present (Figure 4).
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Figure 4. Western blot for TaABF1 and His tag. Western blot analysis was completed to
determine the presence of TaABF1 and its histidine tag (both, black arrows) in the induced E.
coli cells before cell lysis, in the supernatant and pellet after centrifugation following E.coli cell
lysis, and in the final, purified Hiss::TaABF1 sample. Harris et al. demonstrated high specificity
of anti-TaABF1 antibodies previously (2013).
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Protein can be recovered from the phosphorylation assay

To obtain protein kinases for the phosphorylation assay, the aleurone layers of wheat
grains were isolated and ground with a mortar and pestle to produce the aleurone extract that
contained wheat protein kinases. The aleurone extract was combined with Hise::TaABF1 and the
mixture was incubated to allow potential phosphorylation of Hise:: TaABF1 by the kinases. After
incubation, protein mixtures were either nickel column re-purified to isolate the histidine-tagged
TaABF1 then separated by SDS-PAGE, or were separated by SDS-PAGE without nickel column
re-purification (Figure 5). Following separation, the TaABF1 band (Figure 5A, arrow) was
excised from the gel, subject to tryptic digestion, and then analyzed by liquid chromatography-
mass spectrometry (LC-MS). The recovery shown (Figure SA, arrow) was the greatest yield of
TaABF1 obtained after the nickel column re-purification.

Recovery from the phosphorylation assay, however, was not consistent. The same
procedures were followed for each re-purification, but there frequently was not enough TaABF1
recovered during re-purification to visualize a TaABF1 band after SDS-PAGE separation (Figure
5B, box). There was sometimes enough Hise:: TaABF1 protein present after the phosphorylation
assay in the non-re-purified samples to be visualized on the gel (Figure 5B, arrow), so that the
band could be excised for tryptic digestion, but this band was not always present (Figure 5A).
Lastly, some aleurone proteins that are about 50 kDa, the size of Hise::TaABF1, bound to the

nickel column and eluted from the column with Hise:: TaABF1 during the final elution (figure 5).
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Figure 5. SDS-PAGE separation after phosphorylation assay. Control samples with only
aleurone extract (AE) and samples of AE mixed with Hise::TaABF1 were re-purified with a
nickel column (Ni*" re-purified) before SDS-PAGE separation. An additional sample of AE
mixed with Hise::TaABF1 was not re-purified and was separated on the SDS-PAGE gel from the
original mixture. (A) Representative gel from nickel column re-purification during which
Hise::TaABF1 was recovered. Hisg::TaABF1 (black arrow) from the re-purification was excised
from the gel for tryptic digestion and LC-MS analysis. For comparison, the original purified, un-
phosphorylated Hisg:: TaABF1 was run in lane 2. (B) Representative SDS-PAGE gel from when
Hise::TaABF1 was not recovered during the re-purification process (black box). Here, a faint
Hise::TaABF1 band can be seen in the non-re-purified sample (black arrow), which was excised

from the gel for tryptic digestion.
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Test peptides and peptides from tryptic digestion of BSA can be identified by LC-MS

To design an LC-MS protocol that could be used to successfully identify protein
fragments, we first analyzed synthetic test peptides. The synthetic test peptides, with known
masses and known concentrations, were successfully identified. Numerous synthetic test peptides
were analyzed, and results from a representative mixture of three synthetic test peptides T145,
T368, and P22 (Table 4) are presented (Figure 6). The peaks for each of these three peptides are
distinct in the total ion chromatogram (Figure 6A), and expected masses (Table 4) were observed
for all three synthetic peptides. As an example, an enlargement of the mass peaks for the T145
test peptide is provided (Figure 6B). For the synthetic test peptides, the strongest LC-MS signals
resulted from loading 2.0 pg of protein, and a significant signal was still visible when 0.5 ug was
loaded, amounts that should also be attainable with successful nickel-column re-purification of

Hisg::TaABF1.

Table 4. Representative synthetic test peptides for LC-MS analysis

Test Peptide Amino Acid Sequence (m+ H)" (m + 2H)*"
T145 CAARPSQQPPVQPSVPA 1732.0 866.5
P22 RDVRTKEHFAVKFIERGHK 2353.3 1177.15

T368 EQSKENVNAKKGAPLSR 1855.99 928.49
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Figure 6. Representative analysis of synthetic test peptides by LC-MS. (A) Total ion
chromatogram with peaks for T368, P22, and T145 synthetic peptide, eluting t 1.25, 5.5, and 6.5
minutes, respectively. (B) Mass peaks for the T145 synthetic test peptide.

To further test the tryptic digestion and LC-MS protocol, we digested a control protein,
bovine serum albumin (BSA), with trypsin and analyzed the peptide fragments by LC-MS.
Expected BSA fragments were identified with an average mass accuracy to the thousandths place

of the mass to charge ratio (Table 5).
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Table 5. Observed and expected masses for BSA tryptic digestion fragments

Peptide Observed m/z Expected m/z Difference
B29 356.6841 356.6905 -0.0064
B66 582.3109 582.3189 -0.008

1163.6126 1163.6306 -0.018

B101 545.33 545.3405 -0.0105
Bl161 464.2489 464.2503 -0.0014
927.4908 927.4934 -0.0026

B198 379.7083 379.7151 -0.0068
758.4102 758.4229 -0.0127

B205 649.3179 649.3338 -0.0159
B223 353.678 353.6812 -0.0032
706.346 706.3552 -0.0092

B236 689.366 689.3729 -0.0069
B249 461.7432 461.7476 -0.0044
B257 789.4571 789.4716 -0.0145
B341 752.349 752.3573 -0.0083
B402 653.3555 653.3617 -0.0062

Purified TaABF'1 is not phosphorylated in E. coli and can be identified by LC-MS

To ensure that we could use LC-MS to identify TaABF1, not just BSA or synthetic test
peptides, we analyzed the peptides that result from the tryptic digestion of purified, un-
phosphorylated Hisg::TaABF1. For the purified un-phosphorylated Hiss:: TaABF1, most, but not
all, expected protein fragments could be identified by LC-MS (Table 6). Further, LC-MS
analysis of the un-phosphorylated protein confirmed that the E. coli cells do not phosphorylate
Hise::TaABF1. Specifically, all fragments containing the key serine residues (Figure 7A), S36,
S37,S113, and S115, could be detected and these residues were neither singly nor doubly

phosphorylated (Figure 7C-E).
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Table 6. Observed and expected masses for un-phosphorylated TaABF1 tryptic digestion
frﬂments

Peptide Observed m/z Expected m/z Difference
T11 439.8799 439.869 0.0109
659.3132 659.3035 0.0097
T22 456.9050 456.9088 0.0038
684.8661 684.8595 0.0066
1368.7189 1368.7117 0.0072
T35 796.3840 796.3849 0.0009
1194.0712 1194.0774 0.0062
T111 715.8663 715.8548 0.0115
T164 838.4639 838.4633 0.0006
T179 501.3145 501.3143 0.0002
T353 344.7385 344.7338 0.0047
688.4696 688.4603 0.0093

T360 747.4153 747.4069 0.0084
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Figure 7. LC-MS analysis of peptide fragments after TaABF1 tryptic digestion. (A)
Digestion fragment T35. (B) Digestion fragment T111. (C) Representative extracted ion
chromatograph for T35 expected mass range (796.3-796.5 m/z 1194.0-1194.2 m/z), and
singly phosphorylated (T35P) expected mass range (822.95-823.15 m/z*; 1233.95-1234.15
m/z). There is no T35P peak present. Extracted ion chromatograph for doubly phosphorylated
T35PP also shows no peaks in the expected mass range (849.6-849.8 m/z; 1260.6-1260.8 m/z)
(data not shown) (D) Counts vs. mass to charge ratio for T35 fragment shows mass peaks for un-
phosphorylated S35, S36. There were no mass peaks for phosphorylated S35, S36. (E) Counts
vs. mass to charge ratio for T111 fragment with mass peaks for un-phosphorylated S113, S115.
There were no mass peaks for phosphorylated S113, S115.
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We have yet to identify TaABF1 by LC-MS after the phosphorylation assay

LC-MS analysis after the phosphorylation assay has proven to be more difficult. Several
attempts have been made to analyze the Hise:: TaABF1 recovered after the phosphorylation
assay. We have used TaABF1 bands excised from the post-phosphorylation assay SDS-PAGE
separation for both nickel column re-purified TaABF1 as well those from the non-re-purified
samples. However, no TaABF1 peptides were detected by LC-MS in any of these trials. In one
trial, there was not an internal control peak at 842.51 (m/z, m+H) for the trypsin fragment that
should result from trypsin proteins digesting other trypsin proteins, suggesting that the trypsin

did not cleave. However, this internal control peak was present for all other trials.

Discussion

The activity of many plant ABFs is controlled by phosphorylation (Casaretto and Ho
2005; Chae et al. 2007; Kobayashi et al. 2005; Shutz et al. 2008), and ABFs share high levels of
sequence consensus and predicted structural/functional homology (Li et al. 2016). Thus, it is
highly probable that the activity of TaABF1 is also regulated via post-translational
phosphorylation. It has been shown that, in response to varying hormone conditions in cereal
grains, the phosphorylation status of TaABF1 may change (Johnson 2008) and that mimicked
phosphorylation of S113 inhibits TaABF1 activity while mimicked phosphorylation of S36, S37,
S113, and S115 increases TaABF1 activity (Johnson, unpublished data). However, it is still
unclear whether phosphorylation occurs at these (or other) specific residues in vivo.

As we work to determine in vivo TaABF1 phosphorylation status, we were able to

express a recombinant histidine tagged version of the TaABF1 protein in E. coli. However, it has
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proven to be difficult to purify Hise:: TaABF1, as it is initially insoluble in native buffer
conditions (Figure 3A). We are able to solubilize Hisq::TaABF1 somewhat by denaturing it in
guanidinium buffer then using spin columns for a buffer exchange back to native conditions.
Other attempted re-folding methods included purification using the ProBond nickel column
system under denaturing or hybrid conditions, and removal of guanidinium by dialysis, but the
spin columns were both the easiest method and produced the highest soluble protein yield
(Figure 3A). With all methods, including the spin column method, some Hisg::TaABF1 protein
still becomes insoluble during the buffer exchange.

The solubility of Hise:: TaABF1, however, was inconsistent in native conditions (Figure
3B). When determining native buffer conditions, our aim was to refold the His¢::TaABF1 in a
buffer that contained the lowest possible Tris and NaCl concentrations necessary for
Hise:: TaABF1 to be soluble. We sought low concentrations of Tris and NaCl for two reasons:
first, to mimic the environment within the cereal grain and second to avoid interfering with
kinase activity during the phosphorylation assay. Increased solute concentrations, including high
NaCl concentrations, have previously been shown to decrease the activity of some kinases, even
in moderate concentrations of less than 200 mM NaCl (Ugwu and Apte 2004). However,
negatively charged ions are necessary for the stability of some proteins in solution, including
Hise:: TaABF1, which does not remain very soluble in 20 mM Tris (pH 7.4) without NaCl
(Figure 3B). Plant cells, however, do not utilize NaCl and their growth can be inhibited by high
sodium concentrations; thus, they have very low NaCl concentrations (Blumwald et al. 2000).
Therefore, the goal is to mimic the low-NaCl environment of a plant cell with the native buffer

and simultaneously keep Hisg::TaABF1 in solution.
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Next, we compared a few different native buffers in an attempt to increase protein
solubility and maximize protein yield. Adding arginine and glutamine, a method that has been
shown to improve protein solubility and long-term stability (Golonav et al. 2004), did not
improve the solubility of Hiss::TaABF1. We then examined buffers with different solute
concentrations of Tris and NaCl (Figure 3C). Though all of these buffers allowed only about half
of the Hisq::TaABF1 to remain soluble, we selected 20 mM Tris (pH 7.4) with 100 mM NaCl for
native conditions. It was the buffer with the lowest solute concentrations of those tested, and the
concentration and protein yield for this buffer was only slightly less than that of the buffer with
the highest solute concentrations; therefore it was selected over other buffers. It is important that
we maximize protein yield and concentration of purified Hise::TaABF1 so that we can increase
the likelihood of recovering protein from the phosphorylation assay. If we start the
phosphorylation assay with more Hise::TaABF1, then it is more likely that we will be able to
recover enough protein during the re-purification process for successful LC-MS analysis.

We then sought to confirm that Hiss::TaABF1 was present in the final soluble, purified
protein solution and that the histidine tag was not being cleaved. We were initially concerned
that the histidine tag might have been cleaved, because Hisq:: TaABF1 appeared to travel slightly
different distances when separated on SDS-PAGE depending on the sample that was run (Figure
3A). Western blotting confirmed that TaABF1 and the histidine tag were present, and that the
histidine tag was at all of the same locations as the TaABF1 protein, suggesting that the tag is not
being cleaved (Figure 4). The un-cleaved tag is necessary for successful nickel-column re-
purification to recover the Hisg::TaABF1 after the phosphorylation assay. The western blot
revealed slight degradation of Hisg:: TaABF1 present at all stages from the induced E. coli cells

to the final purified product, but the dominant species still appeared to be the ~50 kDa, full-



Enrico 31

length Hisg::TaABF1. Because guanidinium affects protein separation by SDS-PAGE, it is
probable that the slightly different migrations of Hise::TaABF1 on the gel were caused by the
buffer exchanges yielding slightly different guanidinium concentrations in the different samples.
The purified Hisg::TaABF1 was then incubated with kinases that were extracted from the
aleurone layer of imbibed wheat grains that had not been exposed to GA or ABA, to determine
whether the kinases would phosphorylate the Hise:: TaABF1. After the phosphorylation, we
compared the recovery of Hise::TaABF1 either by re-purifying using nickel affinity
chromatography and separating proteins by SDS-PAGE or by separating proteins by SDS-PAGE
without re-purification (Figure 5). We found that protein could be visualized on a gel more
consistently without nickel column re-purification, but that it was not enough protein to be able
to detect significant LC-MS peaks after tryptic digestion. The nickel column re-purification was
less consistent, and the Hisg::TaABF1 bands were sometimes very faint or not present. Even
when a visible Hisg::TaABF1 band appeared on the gel after the nickel-column re-purification, it
was not enough protein to detect by LC-MS after tryptic digestion. The nickel column re-
purification may be inconsistent due to protein loss during wash steps and varied starting
concentrations of purified Hises:: TaABF1 in the phosphorylation assay. Some loss of protein
during re-purification is expected and unavoidable, but too-low recovery may be overcome by
using a larger starting concentration of Hise::TaABFlor a larger starting volume for the entire
phosphorylation assay, so that there is a greater chance that, despite protein loss, more total
protein will be obtained from the re-purification. Alternatively, we may want to experiment with
different buffers in an attempt to reduce the presence of contaminating aleurone proteins in the

final elution from the nickel columns. If we have fewer contaminating proteins, then when we
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load a specific amount of protein on a gel, we will be confident that a larger proportion of these
proteins are Hise::TaABF1 and not contaminating proteins.

Although we have not successfully identified phosphorylated Hise:: TaABF1 using LC-
MS as a result of challenges during re-purification and one trial in which the trypsin did not
appear to cleave any protein, we have successfully identified synthetic test peptides (Table 4,
Figure 6) as well as the peptides that result from the tryptic digestion of BSA (Table 5) and
purified, un-phosphorylated Hise:: TaABF1 (Table 6, Figure 7). Because we can identify these
peptides, we know that our LC-MS procedure should allow us to detect the peptides of trypsin-
digested Hise::TaABF1 after the phosphorylation assay, assuming that we are able to recover
enough protein from the phosphorylation assay and assuming that the trypsin properly cleaves.

Importantly, we are able to identify the T35 and T111 peptides from the tryptic digestion
of purified, un-phosphorylated Hiss:: TaABF 1. These peptides contain the serine residues of
interest—S36, S37, S113, and S115—and are un-phosphorylated. Because these peptides are un-
phosphorylated after initial Hise:: TaABF1 purification, we know that the E. coli are not
phosphorylating the protein and that any phosphorylation that we may observe after the
phosphorylation assay would be due to the aleurone kinases (Figure 7C-E). Thus, the procedures
for LC-MS should prove to be successful once we are able to recover a greater amount of protein
from the phosphorylation assay.

Thus far, we have shown that Hiss::TaABF1 is able to be purified and solubilized, and
that peptides from the tryptic digestion of purified Hise:: TaABF1 can be identified by LC-MS
and are not phosphorylated. We are still working to recover enough Hise::TaABF1 after the
phosphorylation assay to determine the phosphorylation status of Hiss:: TaABF1 after exposure

to kinases from the aleurone layer of the wheat grain. The next step, after optimization of the re-
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purification yield, is to experiment with the addition of GA and/or ABA to wheat grain imbibing
buffer to see if the presence of these hormones has an effect on the phosphorylation status of the
Hise:: TaABF1. In longer-term future directions, we will work to identify which kinases, such as
PKABAT1 or other SnRK2s, are responsible for the phosphorylation of TaABF1.

Broadly, in order to understand the mechanisms of TaABF1 regulation and how TaABF1
responds to hormonal changes within cereal grains, we want to identify whether TaABF1
residues are phosphorylated in vivo, which TaABF1 residues are phosphorylated, which kinases
are responsible for the phosphorylation, and how that phosphorylation may affect TaABF1
function. Such an understanding could prove useful in elucidating how an environmental stress
stimulus can affect hormonal changes within cereal grains and how those changes, in turn, could
cause a response in ABFs. As a result of this knowledge, we could devise new mechanisms of

agricultural crop control, and hopefully, be able to produce larger cereal grain crop yields.

Acknowledgements

I would like to thank my advisor, Russell Johnson, for his guidance and support
throughout the entirety of this project, my thesis readers, Ronald Peck and Judy Stone for their
time and suggestions, and my labmates, Maggie Barrett, Greyson Butler, Jenna Laidley, Grace

Uwase, and Hermela Woldehawariat for their assistance in carrying out experiments.



Enrico 34

Works Cited

1.

10.

1.

Allen GJ, Kuchitsu K, Chu SP, Murata Y, Schroeder JI. Arabidopsis abil-1 and abi2-1
phosphatase mutations reduce abscisic acid-induced cytoplasmic calcium rises in guard
cells. The Plant Cell. 1999;11(9):1785-1798.

Bethke PC, Shuurink R, Jones RL. Hormonal signaling in cereal aleurone. Journal of
Experimental Botany. 1997;46(312):1337-1356.

. Blumwald E, Aharon GS, Apse MP. Sodium transport in plant cells. Biochimica et

Biophysica Acta (BBA)-Biomembranes. 2000;1465(1):140-151.

Casaretto J, Ho TD. Transcriptional regulation by abscisic acid in barley (Hordeum
vulgare L.) seeds involves autoregulation of the transcription factor HvABIS. Plant
Molecular Biology. 2005;57(1):21-34.

Chae M, Lee J, Nam M, Cho K, Hong J, Y1 S, Suh S, Yoon I. A rice dehydration-
inducible SNF1-related protein kinase2 phosphorylates an abscisic acid responsive

element binding factor and associates with ABA signaling. Plant Molecular Biology.
2007;63(2):151-169.

Choi H, Hong J, Ha J, Kang J, Kim SY. ABFs, a family of ABA-responsive element
binding factors. Journal of Biological Chemistry. 2000;275(3):1723-1730.

. Fujii H, Verslues PE, Zhu J. Identification of two protein kinases required for abscisic

acid regulation of seed germination, root growth, and gene expression in Arabidopsis.
The Plant Cell. 2007;19(2):485-494.

Gilroy S. Signal transduction in barley aleurone protoplasts is calcium dependent and
independent. The Plant Cell. 1996;8(12):2193-209.

Gilroy S, Jones RL. Perception of gibberellin and abscisic acid at the external face of the
plasma membrane of barley (Hordeum vulgare L.) aleurone protoplasts. Plant
Physiology. 1994;104(4):1185-1192.

Golovanov AP, Hautbergue GM, Wilson SA, Lian LY. A simple method for improving
protein solubility and long-term stability. Journal of the American Chemical Society.
2004;126(29):8933-9.

Gomez-Cadenas A, Verhey SD, Hollapa LD, Shen Q, Ho T-HD, Walker-Simmons MK.
An abscisic acid-induced protein kinase, PKABA1, mediates abscisic-acid suppressed

gene expression in barley aleurone layers. Proceedings of the National Academy of
Sciences, USA. 1999;96(4):1767-1772.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Enrico 35

Gomez-Cadenas A, Zentella R, Waslker-Simmons MK, Ho TH. Gibberellin/abscisic acid
antagonism in barley aleurone cells: site of action of the protein kinase PKABA1 in
relation to gibberellin signaling molecules. The Plant Cell. 2001;13(3):667-679.

Griffiths J, Murase K, Rieu I, Zentella R, Zhang ZL, Powers SJ, Gong F, Phillips AL,
Hedden P, Sun TP, Thomas SG. Genetic characterization and functional analysis of the
GIDI1 gibberellin receptors in Arabidopsis. The Plant Cell. 2006;18(12):3399-3414.

Gubler, F., and Jacobsen, J.V. Gibberellin-responsive ele- ments in the promoter of a
barley high-pl a-amylase gene. The Plant Cell. 1992;4(11):1435-1441.

Gubler F, Kalla R, Roberts JK, Jacobson JV. Gibberellin-regulated expression of a myb
gene in barley aleurone cells: evidence for Myb transactivation of a high-pl a-amylase
gene promoter. The Plant Cell. 1995;7(11):1879-1891.

Gubler F, Raventos D, Keys M, Watts R, Mundy J, Jacobsen JV. Target genes and
regulatory domains of the GAMYB transcription activator in cereal aleurone. The Plant
Journal. 1999;17(1):1-9.

Gubler F, Chandler PM, White RG, Llewellyn DJ, Jacobsen JV. Gibberellin signaling in
barley aleurone cells. Control of SLN1 and GAMYB expression. Plant Physiology.
2002;129(1):191-200.

Harris LJ, Martinez SA, Keyser BR, Dyer WE, Johnson RR. Functional analysis of
TaABF1 during abscisic acid and gibberellin signaling in aleurone cells of cereal grains.
Seed Science Research. 2013;23(2):89-98.

Hooley R, Beale MH, Smitb SJ. Gibberellin perception at the plasma membrane of Avena
fatua aleurone protoplasts. Planta. 1991;183(2):274-80.

Johnson RR, Shin M, Shen JQ. The wheat PKABA 1-interacting factor TaABF1 mediates
both abscisic acid-suppressed and abscisic acid-induced gene expression in bombarded
aleurone cells. Plant Molecular Biology. 2008;68(1-2):93-103.

Johnson RR, Wagner RL, Verhey SD, Walker-Simmons MK. The abscisic acid-
responsive kinase PKABA1 interacts with a seed-specific abscisic acid response element-
binding factor, TaABF, and phosphorylates TaABF peptide sequences. Plant Physiology.
2002;130(2):837-846.

Jones, HD, Smith SJ, Desikan R, Plakidou-Dymock S, Lovegrove A, and Hooley R.
Heterotrimeric G proteins are implicated in gibberellin induction of a-amylase gene
expres- sion in wild oat aleurone. The Plant Cell. 1998;10(2):245-253.

Kobayashi Y, Murata M, Minami H, Yamamoto S, Kagaya Y, Hobo T, Yamamoto A,
Hattori T. Abscisic acid-activated SNRK2 protein kinases function in the gene-regulation
pathway of ABA signal transduction by phosphorylating ABA response element-binding



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Enrico 36

factors. The Plant Journal. 2005;44(6):939-949.

Koornneef M, Jorna ML, Brinkhorst-van der Swan DLC, Karssen CM. The isolation of
abscisic acid (ABA) deficient mutants by selection of induced revertants in non-

germinating gibberellin sensitive lines of Arabidopsis thaliana (L.) heynh. Theoretical
and Applied Genetics. 1982;61(4):385-393.

Kulik A, Wawer I, Kryzwinska E, Bucholc M, Dobrowolska G. SnRK?2 protein kinases—
key regulators of plant response to abiotic stresses. Omics: a Journal of Integrative
Biology. 2011;15(12):859-872.

Kuo A, Cappelluti S, Cervantes-Cervantes M, Rodriguez M, Bush DS. Okadaic acid, a

protein phosphatase inhibitor, blocks calcium changes, gene expression, and cell death
induced by gibberellin in wheat aleurone cells. The Plant Cell. 1996;8(2):259-269.

Lanahan MB, Ho TH, Rogers SW, Rogers JC A gibberellin response complex in cereal
a-amylase gene promoters. The Plant Cell. 1992;4(2):203-211.

Li X, Feng B, Zhang F, Tang Y, Zhang L, Ma L, Zhao C, Gao S. Bioinformatic Analyses
of Subgroup-A Members of the Wheat bZIP Transcription Factor Family and Functional

Identification of7abZIP174 Involved in Drought Stress Response. Frontiers in Plant
Science. 2016;7(1):1643.

Li X, Gao S, Tang Y, Li L, Zhang F, Feng B, Fang Z, Ma L, Zhao C. Genome-wide
identification and evolutionary analyses of bZIP transcription factors in wheat and its
relatives and expression profiles of anther development related TabZIP genes. BMC
genomics. 2015;16(1):976-998.

Lovegrove A, Hooley R. Gibberellin and abscisic acid signaling in aleurone. Trends in
Plant Science. 2000;5(3):102-110.

Ma'Y, Szostkiewicz I, Korte A, Moes D, Yang Y, Christmann A, Grill, E. Regulators of
PP2C phosphatase activity function as abscisic acid sensors. Science.
2009;324(5930):1064—-1068.

Nakajima M, Shimada A, Takashi Y, Kim YC, Park SH, Ueguchi-Tanaka M, Suzuki H,
Katoh E, Iuchi S, Kobayashi M, Maeda T. Identification and characterization of
Arabidopsis gibberellin receptors. The Plant Journal. 2006;46(5):880-889.

Park, SY, Fung P, Nishimura N, Jensen DR, Fujii HF, Zhao Y, Lumba S, Santiago J,
Rodrigues A, Chow TF, et al. Abscisic acid inhibits type 2C protein phosphatases via the
PYR/PYL family of START proteins. Science. 2009;324(5930):1068—1071.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Enrico 37

Peng J, Richards DE, Hartley NM, Murphy GP, Devos KM, Flintham JE, Beales J, Fish
LJ, Worland AJ, Pelica F, Sudhakar D. ‘Green revolution’genes encode mutant
gibberellin response modulators. Nature. 1999;400(6741):256-261.

Penna A, Cahalan M. Western Blotting Using the Invitrogen NuPage Novex Bis Tris
MiniGels. Journal of Visualized Experiments : JoVE. 2007;22(7):264-264.

Penson SP, Schuurink RC, Fath A, Gubler F, Jacobsen JV, Jones, RL. cGMP is required
for gibberellic acid-induced gene expression in barley aleurone. The Plant Cell.
1996;8(12):2325-2333.

Raventos D, Skriver K, Schelein M, Karnahl K, Rogers SW, Rogers JC, Mundy J. HRT,
a novel zinc fin- ger transcriptional repressor from barley. Journal of Biological
Chemistry. 1998;273(36):23313-23320.

Rikiishi K, Matsuura T, Maekawa M. TaABF1, ABA response element binding factor 1,
is related to seed dormancy and ABA sensitivity in wheat (Triticum aestivum) seeds.
Journal of Cereal Science. 2010;52(2):236-238.

Ritchie S, Gilroy S. Gibberellins: regulating genes and germination. New phytologist.
1998;140(3):363-383.

Robertson M, Swain SM, Chandler PM, Olszewski NE. Identification of a negative
regulator of gibberellin action, HvSPY, in barley. The Plant Cell. 1998;10(6):995-1007.

Shen Q, Gomez-Cadenas A, Zhang P, Walker-Simmons MK, Sheen J, Ho TD. Dissection
of abscisic acid signaling transduction pathways in barley aleurone layers. Plant
Molecular Biology. 2001; 47(3)437-448.

Shinozaki K and Yamaguchi-Shinozaki K. Gene networks involved in drought stress
response and tolerance. Journal of Experimental Botany. 2007;58(2):221-227.

Shiitze K, Harter K, Chaban C. Post-translational regulation of plant bZIP factors. Trends
in Plant Science. 2008;13(5):247-255.

Silverstone AL, Jung HS, Dill A, Kawaide H, Kamiya Y, Sun TP. Repressing a repressor
gibberellin-induced rapid reduction of the RGA protein in Arabidopsis. The Plant Cell.
2001;13(7):1555-1566.

Skriver K, Olsen FL, Rogers JC, Mundy J. Cis- acting DNA elements responsive to
gibberellin and its antagonist abscisic acid. Proceedings of the National Academy of
Sciences, USA. 1991;88(16):7266-7270.

Swain SM, Singh DP. Tall tales from sly dwarves: novel functions of gibberellins in plant
development. Trends in Plant Science. 2005;10(3):123-129.



Enrico 38

47. Ueguchi-Tanaka M, Ashikari M, Nakajima M, Itoh H, Katoh E, Kobayashi M, Chow T,
Hsing Y, Kitano H, Yamaguchi I, Matsuoka M. Gibberellin insensitive dwarfl encodes a
soluble receptor for gibberellin. Nature. 2005;437(7059):693-698.

48. Ugwu SO, Apte SP. The effect of buffers on protein conformational stability.
Pharmaceutical Technology. 2004;28(3):86-109.

49. Willige BC, Ghosh S, Nill C, Zourelidou M, Dohmann EM, Maier A, Schwechheimer C.
The DELLA domain of GA INSENSITIVE mediates the interaction with the GA
INSENSITIVE DWARFI1A gibberellin receptor of Arabidopsis. The Plant Cell.
2007;19(4):1209-20.

50. Xie Z, Zhang Z, Zou X, Yang G, Komatsu S, Shen Q. Interactions of two abscisic-acid
induced WRKY genes in repression gibberellin signaling in aleurone cells. The Plant
Journal. 2006; 46(2):231-242.



	Protein Kinase Activity Toward TaABF1 in Imbibing Grains
	Recommended Citation

	Microsoft Word - 2017Enricothesis.docx

