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Abstract

Tobacco (Nicotiana tabacum) Ca2+-dependent protein kinase 1 (NtCDPK1) is involved in

feedback regulation of the plant hormone gibberellin through the phosphorylation of the tran-

scription factor, REPRESSION OF SHOOT GROWTH (RSG). Previously, Ser-6 and Thr-21

were identified as autophosphorylation sites in NtCDPK1. Autophosphorylation of Ser-6 and

Thr-21 not only decreases the binding affinity of NtCDPK1 for RSG, but also inhibits the

homodimerization of NtCDPK1. Furthermore, autophosphorylation decreases the phos-

phorylation efficiency of RSG. We demonstrated that Ser-6 and Thr-21 of NtCDPK1 are

phosphorylated in response to GAs in plants. The substitution of these autophosphorylation

sites with Ala enhances the NtCDPK1 overexpression-induced sensitization of seeds to a

GA biosynthetic inhibitor during germination. These findings suggested that autophosphory-

lation of Ser-6 and Thr-21 prevents excessive phosphorylation of RSG. In this study, we

attempted to determine which autophosphorylation site is responsible for the functional reg-

ulation of NtCDPK1. Ser-6 was autophosphorylated within 1 min, whereas Thr-21 required

over 5 min to be completely autophosphorylated. Furthermore, we found that Ser-6 and Thr-

21 were autophosphorylated by inter- and intramolecular mechanisms, respectively, which

may be reflected in the faster autophosphorylation of Ser-6. Although both autophosphoryla-

tion sites were involved in the reduction of the binding affinity of NtCDPK1 for RSG and the

inhibition of NtCDPK1 homodimerization, autophosphorylation of Ser-6 alone was sufficient

to decrease the kinase activity of NtCDPK1 for RSG. These results suggest that autopho-

sphorylation of Ser-6 is important for the rapid reduction of NtCDPK1 kinase activity for

RSG, whereas that of Thr-21 may play an auxiliary role.

Introduction

Ca2+ is an important second messenger in plants and other eukaryotes [1]. Environmental

information is converted into stimulus-specific temporal changes in cytosolic Ca2+
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concentration ([Ca2+]cyt) that can vary in amplitude, frequency, duration, intracellular loca-

tion, and timing [2]. Ca2+-dependent protein kinases (CDPKs) and calcineurin B-like-interact-

ing protein kinases (CIPKs) are thought to play central roles in Ca2+ signaling in plants

because protein kinase C and conventional Ca2+/calmodulin-dependent protein kinase

(CaMK), which represent the two major types of Ca2+-regulated kinases in animals, are miss-

ing from Arabidopsis thaliana [3,4]. CDPKs are only found in plants and some protists includ-

ing malarial parasites [5] and play important roles in various physiological processes including

growth, development, and responses to biotic and abiotic stresses in plants [6–8]. CDPKs are

multifunctional Ser/Thr protein kinases possessing both Ca2+-sensing and signaling capabili-

ties within a single gene product [9,10] and composed of a variable N-terminal domain, a cata-

lytic domain, a junction domain containing an autoinhibitory segment, and a calmodulin

(CaM)-like domain [11,12]. The variable N-terminal domains of many CDPKs are predicted

to be involved in the association of CDPKs with the plasma membrane by being myristoylated

and palmitoylated [3,6,8]. The variable N-terminal domain is also involved in substrate recog-

nition [13,14], while the autoinhibitory segment blocks the substrate binding site of the cata-

lytic domain in the absence of Ca2+. Ca2+ binding to the CaM-like domain triggers the

translocation of the junction domain and CaM-like domain, exposing the residues required

for kinase activity and substrate recognition [15,16].

Tobacco (Nicotiana tabacum) NtCDPK1 was identified as a protein kinase that phosphory-

lates REPRESSION OF SHOOT GROWTH (RSG) [17]. RSG is a basic leucine zipper tran-

scriptional activator, which regulates the transcription of gibberellin (GA) biosynthetic genes

[18,19]. Binding of 14-3-3 proteins to RSG is dependent on phosphorylation of RSG residue

Ser-114, which sequesters RSG in the cytoplasm, resulting in reduced expression of target

genes [20,21]. GA levels regulate the intracellular localization of RSG, which is translocated

into the nucleus in response to a reduction in GA levels, but GA treatment can reverse nuclear

accumulation [21]. NtCDPK1 promotes 14-3-3 binding to RSG by phosphorylating Ser-114

[17]. In the presence of Ca2+, RSG and 14-3-3 form a heterotrimer with NtCDPK1 by binding

to the variable N-terminal domain and the catalytic domain of NtCDPK1, respectively [22,23].

NtCDPK1 transfers 14-3-3 to RSG after phosphorylation of RSG, and RSG dissociates from

NtCDPK1 as a complex with 14-3-3. Therefore, NtCDPK1 acts as a scaffolding kinase that

increases the specificity and efficiency of signaling by coupling catalysis with scaffolding on

the same protein.

Some kinases require specific upstream kinases for activation, but many kinases possess

inherent autophosphorylation activity. Approximately 45% of all human protein kinases can

reportedly autophosphorylate their activation loop [24]. Autophosphorylation of the activation

loop in the catalytic domain is a fundamental and conserved mechanism of activation in many

protein kinases [25–27]. For example, cAMP-dependent protein kinase A is activated by phos-

phorylation at Thr-197 in the activation loop [28]. However, the equivalent position in CDPKs

is Asp or Glu, the negatively charged carboxylate of which mimics the phosphoactivated state,

suggesting that CDPKs exhibit full activity without phosphorylation in the activation loop.

Thus, the catalytic activity of CDPKs is exclusively regulated by the concentration of Ca2+.

However, the functions of autophosphorylation outside the activation loop remain mostly

unclear.

We recently revealed that NtCDPK1 can be autophosphorylated via an intermolecular

mechanism, and Ser-6 and Thr-21 in the variable N-terminal domain were identified as autop-

hosphorylation sites [29]. Autophosphorylation not only reduced the binding affinity of

NtCDPK1 for RSG, but also inhibited homodimerization of NtCDPK1. Furthermore, autop-

hosphorylation decreased the phosphorylation efficiency of RSG, but increased that of myelin

basic protein as a conventional substrate. Ser-6 and Thr-21 of NtCDPK1 were phosphorylated

Autophosphorylation via an intermolecular mechanism is important for the functional regulation of NtCDPK1
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in response to GAs in plants. NtCDPK1 is involved in the feedback regulation of the expres-

sion of a GA biosynthetic gene, NtGA20ox1 [17]. Overexpression of NtCDPK1 causes the sen-

sitization of seed germination to a GA biosynthetic inhibitor through the suppression of up-

regulation of NtGA20ox1 in transgenic plants. The substitution of Ser-6 and Thr-21 with Ala

resulted in the reduction from 42.3% to 32.9% of the seed germination rate [29]. These results

suggested that autophosphorylation can prevent excessive phosphorylation of RSG in plants.

However, it was unclear whether autophosphorylation of Ser-6 and/or Thr-21 is involved in

the regulation of NtCDPK1. In this study, we aimed to determine which autophosphorylation

site is responsible for the functional regulation of NtCDPK1.

Materials and methods

Preparation of recombinant proteins

Plasmids pET16b-NtCDPK1 wild-type (WT), pGEX-4T-1-NtCDPK1 WT, S6A, T21A, S6A/

T21A, D219N, and S6A/T21A/D219N, and pMALc2-RSG were previously generated [17,29].

NtCDPK1 S6A/D219N and T21A/D219N were generated using overlap extension PCR and

seamless ligation cloning extract (SLiCE) [30] with a plasmid harbouring full-length NtCDPK1

as a template and appropriate primers (S1 Table). PCR products were cloned into pGEX-4T-1

(GE Healthcare). Glutathione S-transferase (GST)-NtCDPK1s, maltose-binding protein

(MBP)-RSG, and 10×His-tagged (His)-NtCDPK1 were expressed in Escherichia coli harbour-

ing pGEX-4T-1-NtCDPK1, pMALc2-RSG, or pET16b-NtCDPK1, respectively, and purified

by glutathione-Sepharose 4B (GE Healthcare), Amylose Resin (New England Biolabs), or

COSMOGEL His-Accept (Nacalai Tesque), respectively.

Autophosphorylation reaction

GST-NtCDPK1 proteins (2.0 μg) were reacted in autophosphorylation buffer containing 20

mM Tris-HCl, pH 7.5, 10 mM MgCl2, 0.5 mM CaCl2, 0.1% (v/v) Triton X-100, 0.05% (v/v)

β-mercaptoethanol, and 1 mM ATP at 30˚C for 1 h. Catalytically inactive forms of GST-

NtCDPK1, GST-NtCDPK1 D219N, GST-NtCDPK1 S6A/D219N, GST-NtCDPK1 T21A/

D219N and GST-NtCDPK1 S6A/T21A/D219N, were autophosphorylated by His-NtCDPK1

in autophosphorylation buffer at 30˚C for 1 h. The phosphorylation state was examined using

Phosphate-binding tag (Phos-tag) SDS-PAGE [31].

In vitro pull-down assay

GST-NtCDPK1 (2.0 μg) was incubated with 20 μL glutathione-Sepharose 4B (GE Healthcare)

and MBP-RSG (3.0 μg) or His-NtCDPK1 (3.0 μg) in 400 μL of binding buffer containing 25

mM MOPS-NaOH, pH 7.5, 25 mM NaCl, 0.05% (v/v) β-mercaptoethanol, 0.1% (v/v) Triton

X-100, 0.1 mM phenylmethylsulfonyl fluoride, and 0.5 mM CaCl2 at 4˚C for 30 min. Proteins

bound to beads were washed with binding buffer, resolved by SDS-PAGE (Tris/glycine buffer)

or Phos-tag SDS-PAGE, and detected by Coomassie Brilliant Blue (CBB) staining or immuno-

blotting as described below.

In vitro kinase assay

The catalytic activity of GST-NtCDPK1 proteins was assayed in autophosphorylation buffer as

described above at 30˚C. GST-NtCDPK1 (1.0 μg/mL) and MBP-RSG (0.2 mg/mL) were used

for the assay. After aliquots of reaction mixture were subjected to SDS-PAGE, phosphorylated

RSG was detected by immunoblotting as described below. The intensities of bands were mea-

sured using ImageJ software (NIH, version 1.50i).

Autophosphorylation via an intermolecular mechanism is important for the functional regulation of NtCDPK1
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Immunoblotting analysis

After electrophoresis, separated proteins were transferred onto an Immobilon-P transfer

membrane (Millipore), and a wet transfer method was used for Phos-tag SDS-PAGE [32].

Membranes were probed with anti-NtCDPK1 [17], anti-GST (GE Healthcare), anti-MBP

(MBL), or anti-pS114 (antibody against the phosphorylated Ser-114 of RSG) [21], followed by

horseradish peroxidase-conjugated secondary antibody. Chemiluminescence was detected

using Immobilon Western Chemiluminescent HRP Substrate (Millipore) and quantified using

ImageQuant LAS 4000 with ImageQuant TL software (GE Healthcare).

Statistical analysis

Statistical analysis was performed using R (version 3.2.3, https://www.r-project.org/). Compari-

sons were performed using one-way ANOVA with Tukey’s honestly significant difference test.

Accession numbers

Sequence data from this article can be found in GenBank/EMBL data libraries under accession

numbers AF072908 (NtCDPK1) and AB040471 (RSG).

Results

Ser-6 is autophosphorylated faster than Thr-21

Autophosphorylation of Ser-6 and Thr-21 decreases the kinase activity of NtCDPK1 for RSG

within 2 min of starting the reaction [29], indicating rapid autophosphorylation. In phos-

phate-binding tag (Phos-tag) SDS-PAGE, phosphorylated protein bands migrate more slowly

[33]. To examine whether NtCDPK1 is already autophosphorylated within 2 min, we deter-

mined the autophosphorylation level of glutathione S-transferase (GST)-fused NtCDPK1 pro-

teins using Phos-tag SDS-PAGE. Multiple bands of autophosphorylated GST-NtCDPK1 wild-

type (WT) were observed at 1, 2, and 5 min, and a single band was observed at 30 min (Fig 1).

This result suggests that either Ser-6 or Thr-21 is autophosphorylated within 1–5 min, and the

autophosphorylation rate differs between Ser-6 and Thr-21. To examine the autophosphoryla-

tion rates of Ser-6 and Thr-21, we used GST-NtCDPK1 S6A and GST-NtCDPK1 T21A, in

which Ser-6 and Thr-21 were substituted with Ala, respectively [29]. Phos-tag SDS-PAGE

showed that GST-NtCDPK1 T21A was autophosphorylated within 1 min, whereas GST-

NtCDPK1 S6A required over 5 min to be completely autophosphorylated (Fig 1). These results

suggest that Ser-6 is autophosphorylated faster than Thr-21.

Fig 1. Ser-6 of NtCDPK1 is autophosphorylated faster than Thr-21. GST-NtCDPK1 WT, GST-NtCDPK1 S6A, and

GST-NtCDPK1 T21A were autophosphorylated for the indicated time periods. The autophosphorylation state of

GST-NtCDPK1 proteins was examined using Phos-tag SDS-PAGE. GST-NtCDPK1 proteins were visualized by

Coomassie Brilliant Blue (CBB) staining. This experiment was repeated three times with similar results.

https://doi.org/10.1371/journal.pone.0196357.g001
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Ser-6 and Thr-21 are autophosphorylated by different mechanisms

We previously found that NtCDPK1 can be autophosphorylated via an intermolecular mecha-

nism [29]. However, because the autophosphorylation rate differs between Ser-6 and Thr-21

(Fig 1), we assumed that the autophosphorylation mechanism may differ between Ser-6 and

Thr-21. A variant of NtCDPK1 with Asp-219 replaced by Asn is catalytically inactive and is

not intramolecularly autophosphorylated because Asp-219 of NtCDPK1 is an essential residue

for catalytic activity [29,34,35]. We constructed catalytically inactive forms of NtCDPK1, GST-

NtCDPK1 D219N, GST-NtCDPK1 S6A/D219N, GST-NtCDPK1 T21A/D219N, and GST-

NtCDPK1 S6A/T21A/D219N to examine whether Ser-6 and/or Thr-21 of GST-NtCDPK1 are

trans-phosphorylated by 10×His-tagged (His)-NtCDPK1 (Fig 2). Phos-tag SDS-PAGE showed

that GST-NtCDPK1 T21A/D219N migrated slower than S6A/D219N, and migration of GST-

NtCDPK1 S6A/D219N was comparable to that of unphosphorylated GST-NtCDPK1 WT and

GST-NtCDPK1 S6A/T21A/D219N, suggesting that Thr-21 is not trans-phosphorylated by His-

NtCDPK1. Meanwhile, migration of GST-NtCDPK1 T21A/D219N was comparable to that of

GST-NtCDPK1 D219N, suggesting that Ser-6 was trans-phosphorylated by His-NtCDPK1.

Thus, Ser-6 can be autophosphorylated in an intermolecular manner, whereas Thr-21 cannot.

Migration of GST-NtCDPK1 WT was even slower than that of GST-NtCDPK1 D219N and

GST-NtCDPK1 T21A/D219N, suggesting that Ser-6 and Thr-21 in GST-NtCDPK1 WT are

autophosphorylated by inter- and intramolecular mechanisms, respectively. Furthermore, these

results indicate that the faster autophosphorylation of Ser-6, as shown in Fig 1, may reflect the

difference in autophosphorylation mechanisms.

NtCDPK1 homodimerization is inhibited when either Ser-6 or Thr-21 is

autophosphorylated

NtCDPK1 forms a homodimer in a Ca2+-dependent manner [29]. Autophosphorylation

decreases not only the binding of NtCDPK1 to RSG, but also the dimerization of NtCDPK1. To

examine the effect of individual autophosphorylation of Ser-6 and Thr-21 on dimerization of

Fig 2. Ser-6 and Thr-21 are autophosphorylated by different mechanisms. Phosphorylation of GST-NtCDPK1

proteins by His-NtCDPK1 was by reacting GST-NtCDPK1 WT, GST-NtCDPK1 D219N, GST-NtCDPK1 S6A/

D219N, GST-NtCDPK1 T21A/D219N, and GST-NtCDPK1 S6A/T21A/D219N with His-NtCDPK1 WT in

autophosphorylation buffer. The autophosphorylation state of GST-NtCDPK1 proteins was examined using Phos-tag

SDS-PAGE. GST-NtCDPK1 proteins were detected by immunoblotting with anti-GST antibody. His-NtCDPK1 WT

was visualized by CBB staining. Letters represent phosphorylated GST-NtCDPK1 WT (a), unphosphorylated

GST-NtCDPK1 WT, GST-NtCDPK1 S6A/D219N, and GST-NtCDPK1 S6A/T21A/D219N (b), and phosphorylated

GST-NtCDPK1 D219N and GST-NtCDPK1 T21A/D219N (c). This experiment was repeated three times with similar

results.

https://doi.org/10.1371/journal.pone.0196357.g002

Autophosphorylation via an intermolecular mechanism is important for the functional regulation of NtCDPK1
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NtCDPK1, an in vitro pull-down assay was performed using GST-NtCDPK1 and His-NtCDPK1.

Autophosphorylated and unphosphorylated GST-NtCDPK1 WT, GST-NtCDPK1 S6A, GST-

NtCDPK1 T21A, and GST-NtCDPK1 S6A/T21A were immobilized on glutathione beads and

incubated with His-NtCDPK1 WT (Fig 3). The results showed that binding of His-NtCDPK1 to

GST-NtCDPK1 WT, GST-NtCDPK1 S6A, and GST-NtCDPK1 T21A was decreased by autopho-

sphorylation, but binding of GST-NtCDPK1 S6A/T21A was not. This result suggests that homo-

dimerization of NtCDPK1 is inhibited when either Ser-6 or Thr-21 is autophosphorylated.

NtCDPK1 decreases the binding affinity for RSG when either Ser-6 or Thr-

21 is autophosphorylated

We next examined the effect of individual autophosphorylation of Ser-6 and Thr-21 on the

binding affinity of NtCDPK1 for RSG using an in vitro pull-down assay because a previous

study showed that binding of NtCDPK1 to RSG is decreased following autophosphorylation

[29]. Autophosphorylated and unphosphorylated GST-NtCDPK1 proteins were immobilized

on glutathione beads and incubated with maltose-binding protein (MBP)-RSG (Fig 4). When

GST-NtCDPK1 was reacted in autophosphorylation buffer, GST-NtCDPK1 S6A and GST-

Fig 3. NtCDPK1 homodimerization is decreased by autophosphorylation of either Ser-6 or Thr-21.

Autophosphorylated and unphosphorylated GST-NtCDPK1 were immobilized on glutathione beads. After washing,

GST-NtCDPK1-immobilized beads were incubated with His-NtCDPK1. GST-NtCDPK1-bound proteins were

subjected to SDS-PAGE, followed by immunoblotting with anti-NtCDPK1 antibody for the detection of His-

NtCDPK1. GST-NtCDPK1 proteins were visualized by CBB staining. This experiment was repeated three times with

similar results.

https://doi.org/10.1371/journal.pone.0196357.g003

Fig 4. The binding affinity of NtCDPK1 for RSG is decreased by autophosphorylation of either Ser-6 or Thr-21.

Autophosphorylated and unphosphorylated GST-NtCDPK1 were immobilized on glutathione beads. After washing,

GST-NtCDPK1-immobilized beads were incubated with MBP-RSG. GST-NtCDPK1-bound proteins were subjected to

SDS-PAGE, followed by immunoblotting with anti-MBP antibody for the detection of MBP-RSG. GST-NtCDPK1

proteins were visualized by CBB staining. This experiment was repeated three times with similar results.

https://doi.org/10.1371/journal.pone.0196357.g004
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NtCDPK1 T21A decreased the binding to MBP-RSG as well as GST-NtCDPK1 WT, but

GST-NtCDPK1 S6A/ T21A did not. This result suggests that NtCDPK1 decreases the binding

affinity for RSG when either Ser-6 or Thr-21 is autophosphorylated.

Autophosphorylation of Ser-6 rapidly decreases NtCDPK1 kinase activity

for RSG

Autophosphorylation of NtCDPK1 negatively regulates the phosphorylation of RSG by decreasing

the binding affinity [29]. Because the binding affinity of NtCDPK1 for RSG was decreased by

autophosphorylation of either Ser-6 or Thr-21 (Fig 4), and because Ser-6 is autophosphorylated

faster than Thr-21 (Fig 1), we predicted that autophosphorylation of Ser-6 and Thr-21 is responsi-

ble for the rapid and slow reduction in kinase activity toward RSG, respectively. To test this, we

compared the time course of kinase activity between GST-NtCDPK1 WT, GST-NtCDPK1 S6A,

GST-NtCDPK1 T21A, and GST-NtCDPK1 S6A/T21A using MBP-RSG as a substrate. At all

timepoints, the kinase activity of NtCDPK1 T21A for RSG was comparable with that of NtCDPK1

WT (Fig 5). Phosphorylation of MBP-RSG was increased in the S6A or S6A/T21A mutants at

1–15 min, but NtCDPK1 S6A did not phosphorylate MBP-RSG as efficiently as NtCDPK1 S6A/

T21A at 30 and 60 min. These results suggest that autophosphorylation of Ser-6 alone is sufficient

to rapidly decrease the kinase activity of NtCDPK1 for RSG, and autophosphorylation of Thr-21

may play an auxiliary role in decreasing NtCDPK1 kinase activity for RSG.

Discussion

In vitro autophosphorylation sites have been mapped for several CDPKs [36,37]. However, lit-

tle is known about the autophosphorylation mechanism of CDPKs. NtCDPK2 participates in

plant defence signaling, and Thr-65 in the variable N-terminal domain is autophosphorylated

in response to stress [38]. The catalytically inactive form of NtCDPK2 (D241A mutant) is not

trans-phosphorylated, suggesting that Thr-65 is autophosphorylated in an intramolecular

manner. In the present study, we revealed that Ser-6 and Thr-21 of NtCDPK1 are autopho-

sphorylated in an inter- and intramolecular manner, respectively (Fig 2). To our knowledge,

this is the first report of a CDPK containing two sites that are autophosphorylated by different

mechanisms. However, we cannot exclude the possibility that Ser-6 is not autophosphorylated

in an intramolecular manner at present.

In this study, we revealed that autophosphorylation of Ser-6 by an intermolecular mecha-

nism occurs faster than autophosphorylation of Thr-21 by an intramolecular mechanism (Figs

1 and 2). This finding raises questions about why only Ser-6 is autophosphorylated in an in-

termolecular manner in spite of the close proximity of Ser-6 and Thr-21, and why autopho-

sphorylation by an intermolecular mechanism is faster than by an intramolecular mechanism.

Protein interactions often regulate kinase activity through allosteric effects [39,40]. Dimeriza-

tion of NtCDPK1 might contribute to stabilization of a unique conformation that promotes

autophosphorylation of Ser-6 by an intermolecular mechanism. For example, dimerization

might help Ser-6 of one NtCDPK1 monomer to orient the active site of another NtCDPK1

monomer, allowing Ser-6 to be rapidly autophosphorylated by an intermolecular mechanism.

Furthermore, Thr-21 might be structurally unlikely to access the active site of another NtCDPK1

monomer despite being positioned close to Ser-6. In the presence of Ca2+, NtCDPK1 forms a

homodimer and is immediately autophosphorylated, which causes the dissociation of the

NtCDPK1 homodimer. Therefore, NtCDPK1 is believed to form a transient homodimer, but

dimerization may be required for the efficient phosphorylation of Ser-6 via an intermolecular

mechanism. A mutant version of NtCDPK1 that does not form a homodimer could verify the

role of dimerization in the intermolecular autophosphorylation of Ser-6.

Autophosphorylation via an intermolecular mechanism is important for the functional regulation of NtCDPK1
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Our results suggest that autophosphorylation of Ser-6 alone can prevent excessive phos-

phorylation of RSG. However, the physiological importance of the autophosphorylation of

Thr-21 remains elusive because the kinase activity of NtCDPK1 for RSG is already decreased

Fig 5. Autophosphorylation of Ser-6 and Thr-21 leads to rapid and slow inhibition of phosphorylation of RSG, respectively. (A) MBP-RSG was

phosphorylated for the indicated time periods. Phosphorylation of Ser-114 of RSG was detected by immunoblotting using anti-pS114 antibody, which

specifically recognizes phosphorylated Ser-114 of RSG. MBP-RSG was visualized by CBB staining. GST-NtCDPK1 proteins were detected by

immunoblotting with anti-GST antibody. This experiment was repeated three times with similar results. (B) Statistical analysis of the data shown in (A). The

quantified band intensity of phosphorylated RSG by GST-NtCDPK1 S6A/T21A at 5 min (left panel) and 60 min (right panel) was set to 1, respectively. The

bar graph represents means and ± SE (n = 3). Significant differences in the phosphorylation of MBP-RSG by GST-NtCDPK1 proteins are determined by

one-way ANOVA with Tukey’s honestly significant difference test at each time point. Different letters above the bars indicate significant differences

between the relative intensities at each time point (P< 0.05). (C) Line graph represents the band intensities of phosphorylated RSG obtained from (A) and

(B).

https://doi.org/10.1371/journal.pone.0196357.g005
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by autophosphorylation of Ser-6 when Thr-21 is autophosphorylated. Gly-2 and Cys-4 in the

variable N-terminal domain of NtCDPK1 are potential myristoylation and palmitoylation

sites, respectively, that may associate the protein with the plasma membrane [17]. Ser-6 and

Thr-21 are located close to these acylation sites, and GA treatment induces autophosphoryla-

tion of both Ser-6 and Thr-21. Therefore, GA-induced autophosphorylation of Ser-6 and Thr-

21 would be assumed to cause the dissociation of NtCDPK1 from the plasma membrane.

However, autophosphorylation does not actually affect the intracellular localization of

NtCDPK1 [17,29]. We previously found that autophosphorylation decreases the phosphoryla-

tion efficiency of RSG, but increases that of myelin basic protein [29]. Although myelin basic

protein was merely used as a substrate for activity measurement, this finding raises the possi-

bility that autophosphorylated NtCDPK1 has physiological substrates other than RSG in

plants, and that the substrate preference of NtCDPK1 may be altered by autophosphorylation.

Autophosphorylation of Thr-21 could therefore be involved in the regulation of unknown

physiological substrates. Alternatively, autophosphorylation of Thr-21 via an intramolecular

mechanism might be required in cells where NtCDPK1 cannot form a homodimer, and/or

where intermolecular autophosphorylation cannot occur due to low expression levels of

NtCDPK1. Thus, autophosphorylation of Thr-21 might play a supportive role to that of Ser-6.

Cells generate transient increases in [Ca2+]cyt that vary in amplitude, frequency, and duration

in response to diverse environmental stimuli [2,41]. Different CDPKs evolved with divergent EF-

hands of CaM-like domains with different Ca2+-binding affinities, which appears to enable differ-

ent CDPKs to sense different Ca2+ thresholds [11]. Meanwhile, much is still unknown about how

the duration of increased [Ca2+]cyt affects the function of CDPKs. We found that autophosphory-

lation of Thr-21 requires a significantly longer period of time than that of Ser-6 (Fig 1), which

might suggest that an increase in [Ca2+]cyt for a short duration leads to autophosphorylation of

Ser-6 alone, whereas a longer-lasting increase results in autophosphorylation of both Ser-6 and

Thr-21 in plant cells. In conclusion, our findings suggest the possibility that short- and long-dura-

tion increases in [Ca2+]cyt cause different autophosphorylation events in CDPKs.

Supporting information

S1 Table. Primer sequences used in this study.

(PDF)

Acknowledgments

We thank Makoto Kusaba and Jutarou Fukazawa for their participation in helpful discussions,

and Shota Oe for his technical support.

Author Contributions

Conceptualization: Takeshi Ito.

Formal analysis: Takeshi Ito, Sarahmi Ishida.

Funding acquisition: Takeshi Ito, Yohsuke Takahashi.

Investigation: Sarahmi Ishida.

Supervision: Yohsuke Takahashi.

Writing – original draft: Takeshi Ito.

Writing – review & editing: Yohsuke Takahashi.

Autophosphorylation via an intermolecular mechanism is important for the functional regulation of NtCDPK1

PLOS ONE | https://doi.org/10.1371/journal.pone.0196357 April 23, 2018 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196357.s001
https://doi.org/10.1371/journal.pone.0196357


References
1. Dodd AN, Kudla J, Sanders D. The language of calcium signaling. Annu Rev Plant Biol. 2010; 61:593–

620. https://doi.org/10.1146/annurev-arplant-070109-104628 PMID: 20192754

2. Trewavas A, Knight M. Mechanical signalling, calcium and plant form. Plant Mol Biol. 1994; 26:1329–

1341. https://doi.org/10.1007/BF00016478 PMID: 7858194

3. Hrabak EM, Chan CWM, Gribskov M, Harper JF, Choi JH, Halford N, et al. The Arabidopsis CDPK-

SnRK superfamily of protein kinases. Plant Physiol. 2003; 132:666–680. https://doi.org/10.1104/pp.

102.011999 PMID: 12805596

4. Sanyal SK, Pandey A, Pandey GK. The CBL-CIPK signaling module in plants: a mechanistic perspec-

tive. Physiol Plant. 2015; 155:89–108. https://doi.org/10.1111/ppl.12344 PMID: 25953089

5. Harper JF, Harmon A. Plants, symbiosis and parasites: a calcium signalling connection. Nat Rev Mol

Cell Biol. 2005; 6:555–566. https://doi.org/10.1038/nrm1679 PMID: 16072038

6. Cheng S, Willmann MR, Chen H, Sheen J. Calcium signaling through protein kinases. The Arabidopsis

calcium-dependent protein kinase gene family. Plant Physiol. 2002; 129:469–485. https://doi.org/10.

1104/pp.005645 PMID: 12068094

7. Schulz P, Herde M, Romeis T. Calcium-dependent protein kinases: Hubs in plant stress signaling and

development. Plant Physiol. 2013; 163:523–530. https://doi.org/10.1104/pp.113.222539 PMID: 24014579

8. Simeunovic A, Mair A, Wurzinger B, Teige M. Know where your clients are: Subcellular localization and

targets of calcium-dependent protein kinases. J Exp Bot. 2016; 67:3855–3872. https://doi.org/10.1093/

jxb/erw157 PMID: 27117335

9. Harper JF, Sussman MR, Schaller GE, Putnam-Evans C, Charbonneau H, Harmon AC. A calcium-

dependent protein kinase with a regulatory domain similar to calmodulin. Science. 1991; 252:951–954.

https://doi.org/10.1038/nrm1679 PMID: 1852075

10. Suen KL, Choi JH. Isolation and sequence analysis of a cDNA clone for a carrot calcium-dependent pro-

tein kinase: Homology to calcium/calmodulin-dependent protein kinases and to calmodulin. Plant Mol

Biol. 1991; 17:581–590. https://doi.org/10.1007/BF00037045 PMID: 1912486

11. Harper JF, Breton G, Harmon A. Decoding Ca2+ signals through plant protein kinases. Annu Rev Plant

Biol. 2004; 55:263–288. https://doi.org/10.1146/annurev.arplant.55.031903.141627 PMID: 15377221

12. Takahashi Y, Ito T. Structure and function of CDPK: A sensor responder of calcium. In: Luan S, editor.

Coding and decoding of calcium signals in plants. Berlin, Heidelberg: Springer; 2011. pp. 129–146.

https://doi.org/10.1007/978-3-642-20829-4_9

13. Ito T, Nakata M, Fukazawa J, Ishida S, Takahashi Y. Alteration of substrate specificity: the variable N-

terminal domain of tobacco Ca2+-dependent protein kinase is important for substrate recognition. Plant

Cell. 2010; 22:1592–1604. https://doi.org/10.1105/tpc.109.073577 PMID: 20442373

14. Ito T, Nakata M, Ishida S, Takahashi Y. The mechanism of substrate recognition of Ca2+-dependent

protein kinases. Plant Signal Behav. 2011; 6:924–926. https://doi.org/10.4161/psb.6.7.15604 PMID:

21633192

15. Wernimont AK, Artz JD, Finerty P, Lin Y-H, Amani M, Allali-Hassani A, et al. Structures of apicomplexan

calcium-dependent protein kinases reveal mechanism of activation by calcium. Nat Struct Mol Biol.

2010; 17:596–601. https://doi.org/10.1038/nsmb.1795 PMID: 20436473

16. Wernimont AK, Amani M, Qiu W, Pizarro JC, Artz JD, Lin Y-H, et al. Structures of parasitic CDPK

domains point to a common mechanism of activation. Proteins. 2011; 79:803–820. https://doi.org/10.

1002/prot.22919 PMID: 21287613

17. Ishida S, Yuasa T, Nakata M, Takahashi Y. A tobacco calcium-dependent protein kinase, CDPK1, regu-

lates the transcription factor REPRESSION OF SHOOT GROWTH in response to gibberellins. Plant

Cell. 2008; 20:3273–3288. https://doi.org/10.1105/tpc.107.057489 PMID: 19106376

18. Fukazawa J, Sakai T, Ishida S, Yamaguchi I, Kamiya Y, Takahashi Y. Repression of shoot growth, a

bZIP transcriptional activator, regulates cell elongation by controlling the level of gibberellins. Plant Cell.

2000; 12:901–915. https://doi.org/10.1105/tpc.12.6.901 PMID: 10852936

19. Fukazawa J, Nakata M, Ito T, Yamaguchi S, Takahashi Y. The transcription factor RSG regulates nega-

tive feedback of NtGA20ox1 encoding GA 20-oxidase. Plant J. 2010; 62:1035–1045. https://doi.org/10.

1111/j.1365-313X.2010.04215.x PMID: 20345601

20. Igarashi D, Ishida S, Fukazawa J, Takahashi Y. 14-3-3 proteins regulate intracellular localization of the

bZIP transcriptional activator RSG. Plant Cell. 2001; 13:2483–2497. https://doi.org/10.1105/tpc.

010188 PMID: 11701883

21. Ishida S, Fukazawa J, Yuasa T, Takahashi Y. Involvement of 14-3-3 signaling protein binding in the

functional regulation of the transcriptional activator REPRESSION OF SHOOT GROWTH by gibberel-

lins. Plant Cell. 2004; 16:2641–2651. https://doi.org/10.1105/tpc.104.024604 PMID: 15377759

Autophosphorylation via an intermolecular mechanism is important for the functional regulation of NtCDPK1

PLOS ONE | https://doi.org/10.1371/journal.pone.0196357 April 23, 2018 10 / 11

https://doi.org/10.1146/annurev-arplant-070109-104628
http://www.ncbi.nlm.nih.gov/pubmed/20192754
https://doi.org/10.1007/BF00016478
http://www.ncbi.nlm.nih.gov/pubmed/7858194
https://doi.org/10.1104/pp.102.011999
https://doi.org/10.1104/pp.102.011999
http://www.ncbi.nlm.nih.gov/pubmed/12805596
https://doi.org/10.1111/ppl.12344
http://www.ncbi.nlm.nih.gov/pubmed/25953089
https://doi.org/10.1038/nrm1679
http://www.ncbi.nlm.nih.gov/pubmed/16072038
https://doi.org/10.1104/pp.005645
https://doi.org/10.1104/pp.005645
http://www.ncbi.nlm.nih.gov/pubmed/12068094
https://doi.org/10.1104/pp.113.222539
http://www.ncbi.nlm.nih.gov/pubmed/24014579
https://doi.org/10.1093/jxb/erw157
https://doi.org/10.1093/jxb/erw157
http://www.ncbi.nlm.nih.gov/pubmed/27117335
https://doi.org/10.1038/nrm1679
http://www.ncbi.nlm.nih.gov/pubmed/1852075
https://doi.org/10.1007/BF00037045
http://www.ncbi.nlm.nih.gov/pubmed/1912486
https://doi.org/10.1146/annurev.arplant.55.031903.141627
http://www.ncbi.nlm.nih.gov/pubmed/15377221
https://doi.org/10.1007/978-3-642-20829-4_9
https://doi.org/10.1105/tpc.109.073577
http://www.ncbi.nlm.nih.gov/pubmed/20442373
https://doi.org/10.4161/psb.6.7.15604
http://www.ncbi.nlm.nih.gov/pubmed/21633192
https://doi.org/10.1038/nsmb.1795
http://www.ncbi.nlm.nih.gov/pubmed/20436473
https://doi.org/10.1002/prot.22919
https://doi.org/10.1002/prot.22919
http://www.ncbi.nlm.nih.gov/pubmed/21287613
https://doi.org/10.1105/tpc.107.057489
http://www.ncbi.nlm.nih.gov/pubmed/19106376
https://doi.org/10.1105/tpc.12.6.901
http://www.ncbi.nlm.nih.gov/pubmed/10852936
https://doi.org/10.1111/j.1365-313X.2010.04215.x
https://doi.org/10.1111/j.1365-313X.2010.04215.x
http://www.ncbi.nlm.nih.gov/pubmed/20345601
https://doi.org/10.1105/tpc.010188
https://doi.org/10.1105/tpc.010188
http://www.ncbi.nlm.nih.gov/pubmed/11701883
https://doi.org/10.1105/tpc.104.024604
http://www.ncbi.nlm.nih.gov/pubmed/15377759
https://doi.org/10.1371/journal.pone.0196357


22. Ito T, Nakata M, Fukazawa J, Ishida S, Takahashi Y. Scaffold function of Ca2+-dependent protein

kinase: Tobacco Ca2+-DEPENDENT PROTEIN KINASE1 transfers 14-3-3 to the substrate REPRES-

SION OF SHOOT GROWTH after phosphorylation. Plant Physiol. 2014; 165:1737–1750. https://doi.

org/10.1104/pp.114.236448 PMID: 24920444

23. Ito T, Nakata M, Fukazawa J, Ishida S, Takahashi Y. Phosphorylation-independent binding of 14-3-3 to

NtCDPK1 by a new mode. Plant Signal Behav. 2014; 9:e977721. https://doi.org/10.4161/15592324.

2014.977721 PMID: 25517861

24. Beenstock J, Mooshayef N, Engelberg D. How do protein kinases take a selfie (autophosphorylate)?

Trends Biochem Sci. 2016; 41:938–953. https://doi.org/10.1016/j.tibs.2016.08.006 PMID: 27594179

25. Giese KP, Fedorov NB, Filipkowski RK, Silva AJ. Autophosphorylation at Thr286 of the alpha calcium-

calmodulin kinase II in LTP and learning. Science. 1998; 279:870–873. https://doi.org/10.1126/

science.279.5352.870 PMID: 9452388

26. Lochhead P a, Sibbet G, Morrice N, Cleghon V. Activation-loop autophosphorylation is mediated by a

novel transitional intermediate form of DYRKs. Cell. 2005; 121:925–936. https://doi.org/10.1016/j.cell.

2005.03.034 PMID: 15960979

27. De Nicola GF, Martin ED, Chaikuad A, Bassi R, Clark J, Martino L, et al. Mechanism and consequence

of the autoactivation of p38αmitogen-activated protein kinase promoted by TAB1. Nat Struct Mol Biol.

2013; 20:1182–1190. https://doi.org/10.1038/nsmb.2668 PMID: 24037507

28. Johnson LN, Noble ME, Owen DJ. Active and inactive protein kinases: structural basis for regulation.

Cell. 1996; 85:149–158. https://doi.org/10.1016/S0092-8674(00)81092-2 PMID: 8612268

29. Ito T, Ishida S, Oe S, Fukazawa J, Takahashi Y. Autophosphorylation affects substrate-binding affinity

of tobacco Ca2+-dependent protein kinase1. Plant Physiol. 2017; 174:2457–2468. https://doi.org/10.

1104/pp.17.00515 PMID: 28637832

30. Okegawa Y, Motohashi K. A simple and ultra-low cost homemade seamless ligation cloning extract

(SLiCE) as an alternative to a commercially available seamless DNA cloning kit. Biochem Biophys

Reports. Elsevier; 2015; 4:148–151. https://doi.org/10.1016/j.bbrep.2015.09.005 PMID: 29124198

31. Kinoshita E, Kinoshita-Kikuta E. Improved Phos-tag SDS-PAGE under neutral pH conditions for

advanced protein phosphorylation profiling. Proteomics. 2011; 11:319–323. https://doi.org/10.1002/

pmic.201000472 PMID: 21204258

32. Kinoshita-Kikuta E, Kinoshita E, Matsuda A, Koike T. Tips on improving the efficiency of electrotransfer

of target proteins from Phos-tag SDS-PAGE gel. Proteomics. 2014; 14:2437–2442. https://doi.org/10.

1002/pmic.201400380 PMID: 25266391

33. Kinoshita E, Kinoshita-Kikuta E, Takiyama K, Koike T. Phosphate-binding tag, a new tool to visualize

phosphorylated proteins. Mol Cell Proteomics. 2006; 5:749–757. https://doi.org/10.1074/mcp.

T500024-MCP200 PMID: 16340016

34. Hanks SK, Hunter T. Protein kinases 6. The eukaryotic protein kinase superfamily: kinase (catalytic)

domain structure and classification. FASEB J. 1995; 9:576–596. PMID: 7768349

35. McCubbin AG, Ritchie SM, Swanson SJ, Gilroy S. The calcium-dependent protein kinase HvCDPK1

mediates the gibberellic acid response of the barley aleurone through regulation of vacuolar function.

Plant J. 2004; 39:206–218. https://doi.org/10.1111/j.1365-313X.2004.02121.x PMID: 15225286

36. Hegeman AD, Rodriguez M, Han BW, Uno Y, Phillips GN, Hrabak EM, et al. A phyloproteomic charac-

terization of in vitro autophosphorylation in calcium-dependent protein kinases. Proteomics. 2006;

6:3649–3664. https://doi.org/10.1002/pmic.200500926 PMID: 16758442

37. Swatek KN, Wilson RS, Ahsan N, Tritz RL, Thelen JJ. Multisite phosphorylation of 14-3-3 proteins by

calcium-dependent protein kinases. Biochem J. 2014; 459:15–25. https://doi.org/10.1042/BJ20130035

PMID: 24438037

38. Witte C-P, Keinath N, Dubiella U, Demoulière R, Seal A, Romeis T. Tobacco calcium-dependent protein

kinases are differentially phosphorylated in vivo as part of a kinase cascade that regulates stress

response. J Biol Chem. 2010; 285:9740–9748. https://doi.org/10.1074/jbc.M109.052126 PMID:

20118232

39. Shi Z, Resing K a, Ahn NG. Networks for the allosteric control of protein kinases. Curr Opin Struct Biol.

2006; 16:686–692. https://doi.org/10.1016/j.sbi.2006.10.011 PMID: 17085044

40. Lavoie H, Li JJ, Thevakumaran N, Therrien M, Sicheri F. Dimerization-induced allostery in protein

kinase regulation. Trends Biochem Sci. Elsevier Ltd; 2014; 39:475–486. https://doi.org/10.1016/j.tibs.

2014.08.004 PMID: 25220378

41. Sanders D, Pelloux J, Brownlee C, Harper JF. Calcium at the crossroads of signaling. Plant Cell. 2002;

14:S401–417. https://doi.org/10.1105/tpc.002899 PMID: 12045291

Autophosphorylation via an intermolecular mechanism is important for the functional regulation of NtCDPK1

PLOS ONE | https://doi.org/10.1371/journal.pone.0196357 April 23, 2018 11 / 11

https://doi.org/10.1104/pp.114.236448
https://doi.org/10.1104/pp.114.236448
http://www.ncbi.nlm.nih.gov/pubmed/24920444
https://doi.org/10.4161/15592324.2014.977721
https://doi.org/10.4161/15592324.2014.977721
http://www.ncbi.nlm.nih.gov/pubmed/25517861
https://doi.org/10.1016/j.tibs.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/27594179
https://doi.org/10.1126/science.279.5352.870
https://doi.org/10.1126/science.279.5352.870
http://www.ncbi.nlm.nih.gov/pubmed/9452388
https://doi.org/10.1016/j.cell.2005.03.034
https://doi.org/10.1016/j.cell.2005.03.034
http://www.ncbi.nlm.nih.gov/pubmed/15960979
https://doi.org/10.1038/nsmb.2668
http://www.ncbi.nlm.nih.gov/pubmed/24037507
https://doi.org/10.1016/S0092-8674(00)81092-2
http://www.ncbi.nlm.nih.gov/pubmed/8612268
https://doi.org/10.1104/pp.17.00515
https://doi.org/10.1104/pp.17.00515
http://www.ncbi.nlm.nih.gov/pubmed/28637832
https://doi.org/10.1016/j.bbrep.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/29124198
https://doi.org/10.1002/pmic.201000472
https://doi.org/10.1002/pmic.201000472
http://www.ncbi.nlm.nih.gov/pubmed/21204258
https://doi.org/10.1002/pmic.201400380
https://doi.org/10.1002/pmic.201400380
http://www.ncbi.nlm.nih.gov/pubmed/25266391
https://doi.org/10.1074/mcp.T500024-MCP200
https://doi.org/10.1074/mcp.T500024-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16340016
http://www.ncbi.nlm.nih.gov/pubmed/7768349
https://doi.org/10.1111/j.1365-313X.2004.02121.x
http://www.ncbi.nlm.nih.gov/pubmed/15225286
https://doi.org/10.1002/pmic.200500926
http://www.ncbi.nlm.nih.gov/pubmed/16758442
https://doi.org/10.1042/BJ20130035
http://www.ncbi.nlm.nih.gov/pubmed/24438037
https://doi.org/10.1074/jbc.M109.052126
http://www.ncbi.nlm.nih.gov/pubmed/20118232
https://doi.org/10.1016/j.sbi.2006.10.011
http://www.ncbi.nlm.nih.gov/pubmed/17085044
https://doi.org/10.1016/j.tibs.2014.08.004
https://doi.org/10.1016/j.tibs.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25220378
https://doi.org/10.1105/tpc.002899
http://www.ncbi.nlm.nih.gov/pubmed/12045291
https://doi.org/10.1371/journal.pone.0196357

