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Abstract: Mitogen-activated protein kinase (MPK) cascades are signal transduction pathways that
are highly conserved and widespread in all eukaryotic cells, including yeasts, animals and plants.
MPKs play a central role for converting extracellular signals, including environmental stresses,
into internal signal transduction and activation of intracellular responses. It is also well
documented that plant MPKs are activated by a variety of environmental stimuli including salt,
cold, wounding, heat, osmotic shock, heavy metal, UV, drought and pathogen attack. However, so
far only a limited number of target molecules have been identified. Here, we report a MYB
transcription factor, MYB13 that was identified as a novel substrate of MPKs in Arabidopsis.
Using pull-down assays, MYB13 was shown to physically interact with MPK6 in vitro. MYB13
was phosphorylated by recombinant MPK3 and MPKG6 proteins. By site-directed mutagenesis, Thr
71 and Ser138 of MYBI13 were identified as the site of MPKs phosphorylation. These results
indicated that the MPKs directly phosphorylate MYB13 in Arabidopsis.
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1. Introduction

Mitogen-activated protein kinase (MPK)
cascade, a class of protein kinases has been
known to play a pivotal role in eukaryotes
including animals, yeasts and plants. They are
involved in most cell activities, from cell
division to death, including cell differentiation
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and proliferation, cell growth, as well as
environmental stress responses [1-6]. This
phosphorylation cascade typically comprises of
three consecutively acting protein kinases
which form a linear cascade and mediate
sequential phosphorylation reactions. The
classical view of MPK pathway is as MPK
kinase kinase (MPKKK) -> MPK kinase
(MPKK) > MPK [7, 8]. In a general model,
stimulated plasma membrane receptors activate



H.T.M. Hanh et al. / VNU Journal of Science: Natural Sciences and Technology, Vol. 32, No. 1S (2016) 220-226 221

MPKKK. Sequential phosphorylations ensue as
MPKKK activated downstream MPKK at a
conserved S/T-X;5-S/T motif. Here, MPKK
phosphorylates Thr and Tyr residues on the
conserved TEY motif at the activation loop of
MPK. Finally, MPKs as serine/threonine
kinasesare able to phosphorylate a wide range
of substrates including other kinases and/or
transcription and translation factors, thus
regulating many cellular processes in response
to the initial stimulus. The deactivation and
regulation of MPK activity are mediated by
tyrosine and serine/threonine-specific
phosphatases. Numerous protein kinases with
close sequence similarities to MPKs and other
kinases belonging to the MPK cascae have been
identified in plants [1, 9].

The MYB family of proteins is large,
functionally diverse and represented in all
eukaryotes. The functions of MYB proteins
have been investigated in numerous plant
species such as Arabidopsis, maize, rice,
petunia, snapdragon, grapevine, poplar and
apple, using both genetic and molecular
analyses. MYB protein are characterized by a
highly conserved DNA-binding domain (MYB
domain) composed one to four imperfect amino
acid sequence repeats (R) of about 52 amino
acids. The largest group of plant MYB factors
is R2R3-MYBs, containing two MYB repeats
that are most similar to R2 and R3 from c-
MYB. This family includes hundreds of
members in all the terrestrial plants that have
been investigated. Although the MYB domains
are conserved within R2R3-MYBs, the C-
termini are variable, often containing
transcriptional activation or repression domains
and conserved serine and threonine residues,
which may correspond to post-translational
modification sites. Numerous R2R3-MYB
proteins have been characterized by genetic
approaches and found to be involved in the
control of plant-specific processes including
primary and secondary metabolism, cell fate
and identity, developmental processes and
responses to biotic and abiotic stresses [10].

In this study, we present several lines of
evidence showing that MYB13 is a substrate for
MPK3 and MPK6 in vitro. We show that
MYBI13 physically interacted with MPK3 and
MPK®6 in vitro by pull down assay. MYB13
was phosphorylated by recombinant MPK3, 6.
The phosphorylation sites on MYB13 were
identified. These results showed that R2R3
MYBI3 transcription factor is novel substrate
of MPK3 and MPKG6 in Arabidopsis.

2. Methods

2.1. Expression and purification of recombinant
proteins in E.coli

The full-length MPK3, MPK4 and MPK6
cDNA were subcloned into pQE-30 (Qiagen)
expression vector to generate MPK3-His,
MPK4-His and MPK6-His, respectively.
MYB13 cDNA were subcloned into pGEX-5X-
1 (GE Healthcare) expression vector to generate
GST-MYBI13. All constructs were expressed in
E.coli strain BL21 (for GST-fusion protein) or
E.coli strain M15 (for His-fusion protein). The
Histidine (His) and Glutathione S-transferase
(GST) fusion proteins expressed in bacteria
were induced by 1 mM isopropylthio-f-
galactoside at 25°C for 3 h. For protein
extraction, cells were collected by
centrifugation and then sonicated in a lysis
buffer (50 mM Tris-HCIL, pH 7.5; 1.37 M NaCl;
27 mM KCI; 2 mM PMSF; 0.1% Triton X-100
for the GST-fusion protein and 50 mM
NaH,POy; 300 mM NaCl; 10 mM imidazole; 2
mM PMSF; 0.1% Triton X-100 for the His-
fusion protein). The MPKs-His, MYB13-GST,
MYBI13C-His and MYB13N-His recombinant
fusion proteins were purified by Ni-NTA
agarose (Qiagen) and Glutathione Sepharose
(GE Healthcare), respectively according to the
manufacturer’s instructions.

2.2. Site-directed mutagenesis

The pGEX-MYB13 construct was used as
the template for site-directed mutagenesis with
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the QuikChange 1II site-directed mutagenesis kit
(Stratagene), according to the manufacture’s
instruction.  Individual  constructs  were
generated with the following substitutions:
GST-MYB13 (T71A and S138A). The
mutations were confirmed by nucleotide
sequencing before protein expression, and the
mutant proteins were produced as described for
the original protein.

2.3. Pull-down assay

For GST pull-down, approximately 5 pg of
GST-MYB13 was bound to glutathione beads
in binding buffer (20 mM Tris-HCI, pH 7.5;
200 mM NaCl; 1% Triton X-100; 0.1 mM
EDTA; 0.5 mM DTT) for 2 h at 4°C. The
binding reaction was washed three times with
the binding buffer. Then 5 pug of His-MPKs
recombinant proteins were added and incubated
for an additional 2 h at 4°C. The pulled down
proteins were eluted by boiling and separated
by electrophoresis on 10% SDS-PAGE. Bound
protein to GST-MYBI13 was detected by
Western blotting using an anti-His antibody.

2.4. Kinase assay

The in vitro phosphorylation was performed
in kinase buffer (25 mM Tris—HCI, pH 7.5, 1
mM DTT, 20 mM MgCl,, 2 mM MnCl,, 50 uM
ATP). His-MPK3/6 fusion proteins (1 pg) were
mixed with GST (1 pg), Myelin basic protein

GST-MYB13

GST

(MBP) (1 pg), GST-MYBI13 (2 pg) in 20 ul of
kinase reaction. GST and MBP proteins were
used as negative and positive substrates,
respectively. The reactions were initiated by
adding 1 uCi [y’’P] ATP and incubated at 30°C
for 30 min. The reactions were stopped by
boiling for 5 min and then loading to 12% SDS-
PAGE. Gels were stained with Coomassie
Brilliant Blue R-250 and then analyzed by
exposure to an autoradiograph film.

3. Results

3.1. MYB13 interacts with MPKs

Using yeast two-hybrid screening, MYB13
was identified as a MPK3, 4, 6 interacting
protein [11]. To test whether MYBI13 is a
genuine target of MPK6, we analyzed in vitro
interaction between MYB13 and MPK3, 4, 6 by
using pull-down assays. GST-MYB13 was
immobilized to glutathione beads and then
incubated with His-MPK3, 4, 6. Protein bound
to the beads was precipitated and analyzed by
Western blotting using anti-His antibody. His-
MPKG6 input served as a positive control. As
shown in Figure 1A, MYBI13 could pull-down
all MPK3, 4, 6 fusion protein but not GST
protein. This resul indicated the interaction
between MYB13 and MPKs invitro.
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Figure 1. MYB13 physically interacts with MPKs in vitro.
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The interaction of MYBI13 with MPKs in
pull-down assay. The equal amount of GST and
GST-MYBI13 proteins were incubated with
glutathione beads, then incubated with His-
MPKSs in binding buffer. The protein complex
was eluted and the association of MYB13 and
MPKSs was determined by Western blot with the
anti-His antibody. 20% input of His-MPK6
(20% input) and purified GST were used as
positive and negative controls, respectively.

3.2. MYBI3 is phosphorylates by MPK3 and MPK6

~°
& S &

F&d & &5 &S
A VS Fee@

His-MPK3

CBB - staining

To ascertain whether MYB13 is phosphorylated
by MPKs, the kinase assay was performed. Purified
GST-MYBI13 and His-MPK3, His-MPK6 proteins
were used for in vitro kinase assay. MBP and GST
proteins were used as positive and negative controls,
respectively. The autophosphorylation activity of
His-MPK3 (~43kDa) and His-MPK6 (~46 kDa)
were observed. GST-MYB13 (~53 kDa) and MBP
(~18.5 kDa) were strongly phosphorylated by
MPK6, whereas GST protein (~26 kDa) was not
(Fig.2). This result revealed that MPK3 and MPK6
could specifically phosphorylate MYB41 in vitro.

His-MPK6

Autoradiography

Figure 2. MPK6 phosphorylates MYB13.

In vitro phosphorylation of MYBI13 by
MPK3 and MPK6. Purified recombinant His-
MPK3, His-MPK6 and GST-MYBI13 were
mixed in kinase reaction buffer and reacted for
30 min at 30°C. The position of molecular
weight marker is indicated on the left.

3.3. MYBI3 was phosphoryated at Th’" and Ser'**

It was documented that the phosphorylation
sites of substrates by MPKs are serine or
threonine followed by proline (S/T-P motif)
[12]. MYBI3 contains two potential MPKs
phosphorylation sites at Thr'' and Ser '**. To
identify the phosphorylation site of MYB13 by
MPKs, we divided MYBI13 to two fragments:
C- terminal and N- terminal. Both of these
fragments were performed to test whether be
phosphorylation substrates or not. As shown in
figure 3A, the phosphorylated band can be

observed in MYB13 N-terminal but not in C-
terminal fragment. So, we can conclude that the
N-terminal of MYBI13 is targeted for
phosphorylation. To confirm the
phosphorylation sites of MYBI13, the site-
directed mutagenesis was created. The
substitution ~of  Thr’'  shown reduced
phosphorylation signal and the substitution
Ser'*® by Ala could not get the phosphorylation
reaction. The double mutant proteins
completely abolished the phosphorylation of
MYBI13 by MPKs. The double mutant was also
set up to compare single mutant with wild type
protein. The results showed that weak
phosphorylation signal was observed in the
MYBI13™'*  mutant protein as well as
MYBI135* and no signal in MYB13"/'4/51384
double mutant protein (Fig. 3B). Based on these
results, we concluded that Thr’' and Ser*** of
MYBI13 are phosphorylated by MPKs
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Figure. 3 The phosphorylation sites of MYB13.

Autoradiography

(A). The N-terminal fragment of recombinant MYB13 protein contains putative phosphorylation sites.
. 1s phosphorylated at Thr'" and Ser recombinant S.
B). MYBI3 is phosphorylated at Thr'" and Ser'*® by binant MPK:

Kinase reactions were carried out using
purified His-tagged MPK3 (MPK3) as enzyme
and purified GST, MBP, GST-MYBI13, GST-
MI3YB'',  GST-MYBI3****,  GST-
MI3YB'"5"A His-MYB13 N-ter and His-
MYBI13 C-ter as substrates. At the end of the
reaction, proteins were resolved on 12% SDS-
PAGE. Shown is a gel stained with Coomasie
Brilliant Blue (left) and its autoradiograph
(right). Protein molecular sizes are shown on
the left by arrowheads. The arrowheads on the
right indicate position of GST-MYBI13, His-
MPK3, MBP and GST proteins.

4. Discussion

In eukaryotes, MPK cascades play essential
roles in transmitting stimuli from mitogens,
developmental cues, and various stresses [13,
14]. In Arabidopsis, MPK3, MPK4 and MPK6

are the most extensively studied and are
activated by stresses (pathogens, osmotic, cold,
and oxidative), developmental cues and auxin
signaling [3, 5, 15]. Their multi functionality
and signaling specificity are conferred by their
ability to phosphorylate different substrates.
Several attempts have been made to identify the
substrates and interaction partners of MPKs [7].
To date only a limited number of Arabidopsis
MPK  substrates have been identified.
Previously some substrates were identified such
as WRKY1, ACS2/6, EIN3, WRKYS8 and
WRKY33 [4, 16, 17]. Here, we showed that
MYBI13 was identified as a new substrate of
MPK3 and MPK6. Functional analyses of plant
MYBs indicate that they regulate numerous
processes including responses to environmental
stress. For instance, MYC2 and MYB2 proteins
play important roles as transcription factors in
ABA-dependent gene expression under drought
and salt stress [18]. The MYB61 are not
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induced by ABA, but can enhance drought, salt,
or freezing tolerances [19]. Moreover, MYB102
is a key component to integrate signaling
pathways in responses of Arabidopsis to
wounding, osmotic stress [2]. MYB41 controls
the short-term transcriptional responses to
osmotic stress [20]. MYB44 was published as
subtrate of MPK6 and function in seed
germination [21]. AtMYBI13 has fuction on on
the architecture of the inflorescence. The
expression of the MYB 13 gene is regulated by
dehydration, exogenous abscisic acid, light and
wounding [22]. However, the mechanism of
biological of MYB13 was not reported. In our
data, the interaction of MYB13 and MPK6 was
confirmed by pull-down assay. This is the first
evidence showed the relationship between
MYBI13 and environmental stress cascade.
Kinase assay confirmed the phosphorylation of
MYBI13 by MPK3 and MPK6. And the
phosphorylation sites were identified at Thr"'
and Ser'*. This is match with well known that
MPKs typically phosphorylate their substrate
on either a serine or a threonine residue
followed by a proline residue (SP or TP). Our
data here showed more information and
understand of new MPKs substrate in
Arabidopsis.

5. Conclusion

Mitogen-activated protein kinase (MPK)
cascades are signal transduction pathways and
play a central role for converting extracellular
signals, including environmental stresses, into
internal signal transduction and activation of
intracellular responses. However, so far only a
limited number of target molecules have been
identified. Here, we raised a new sign of
MYBI13, functioned as a new target substrate of
MPKSs in Arabidopsis. MYBI13 interacts with
MPK3, 4, 6 in vitroo MYBI13 was
phosphorylated by recombinant MPK3 and
MPK6. The phosphorylation sites of MYBI13
were detected at Thr’' and Ser'*® residues.
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Nghién ctru nhan t6 phién ma R2R3- MYB (AtMYB13) la co
chat mé1 cua enzyme kinase MPK3 va MPK6 & Arabidopsis

Hoang Thi My Hanh', Nguyén Puong Nha?, Chung Woo Sik’

1Bé mén Sinh hoc Té bao, Khoa Sinh hoc, Truong Dai hoc Khoa hoc Ty nhién, DHOGHN,
334 Nguyén Trai, Ha Ngi, Viét Nam
*Khoa T huy san, Hoc vién Nong nghiép Viét Nam, Trau Quy, Gia Lam, Ha N¢i, Viét Nam
3Phong Khoa hoc s song vmg dung, Truong Pai hoc Quéc gia Geyongsang, 660-701 Jinju, Han Quéc

Tém tit: Mitogen-activated protein kinase (MPK) la con duong truyén tin hiéu pho bién va rong
rdi trong cac sinh vat nhan chuén, bao gdm nim men, dong vat va thyc vat. Cac MPK déng vai tro
trung tam dé chuyén déi tin hi€u tr ngoai bao, bao gdm ap luc moi truong, thanh tin hiéu ndi bao va
kich hoat cac phan ung trong té bao. Pa c6 nhiéu cong bd vé MPKs & thuc vat duge kich hoat boi cac
yéu t6 bat loi tir moi truong nhu: mén, lanh, tdn thuong, nhiét, sb¢ thAm thau, kim loai nang, tia cuc
tim, han han va ca cac nhan tb gdy bénh sinh hoc. Tuy nhién, cho dén nay chi c6 mot $6 it cac co chét
ctia nhom protein kinase nay dugc xac dinh. Trong nghién clru nay, ching t6i da xac dinh dugc nhan
t6 phién ma MYB, MYBI13 14 co chat truc tiép ciia cac MPK trong cay Arabidopsis. St dung k¥ thuat
pull-down cho thdy protein MYB13 lién két dic hiéu v6i cac MPK trong diéu kién invitro. MYBI13
dugc phosphoryl hoa bai protein tai t6 hgp MPK3 va MPK6. Bing cach dot bién diém, ching toi da
xac dinh dugc gde Thr 71 va Ser138 ciia MYB13 1a vi tri phosphoryl hoa ciia cic MPK. Nhimng két
qua nay chi ra rang cac protein MPK truc tiép phosphoryl hoa protein MYB13 trong Arabidopsis.

Tir khéa: Nhan t6 phién md MYB, MAPK, phosphoryl hoa.



