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Summary

� Drought stress seriously limits crop productivity. Although studies have been carried out, it

is still largely unknown how plants respond to drought stress. Here we find that drought treat-

ment can enhance the phosphorylation activity of brassinosteroid-signaling kinase 1

(ZmBSK1) in maize (Zea mays).
� Our genetic studies reveal that ZmBSK1 positively affects drought tolerance in maize plants.

ZmBSK1 localizes in plasma membrane, interacts with calcium/calmodulin (Ca2+/CaM)-

dependent protein kinase (ZmCCaMK), and phosphorylates ZmCCaMK. Ser-67 is a crucial

phosphorylation site of ZmCCaMK by ZmBSK1.
� Drought stress enhances not only the interaction between ZmBSK1 and ZmCCaMK but also

the phosphorylation of Ser-67 in ZmCCaMK by ZmBSK1. Furthermore, Ser-67 phosphoryla-

tion in ZmCCaMK regulates its Ca2+/CaM binding, autophosphorylation and transphosphory-

lation activity, and positively affects its function in drought tolerance in maize.
� Our results reveal an important role for ZmBSK1 in drought tolerance and suggest a direct

regulatory mode of ZmBSK1 phosphorylating ZmCCaMK.

Introduction

Drought stress is one of the major abiotic stresses that limits crop
productivity (Porcel et al., 2003; Boutraa et al., 2010; Chai et al.,
2016). During long-term evolution, plants have developed mech-
anisms to protect themselves from stress damage. Antioxidant
defense systems, such as antioxidant defense enzymes superoxide
dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT)
and glutathione reductase (GR), can scavenge excess reactive oxy-
gen species (ROS) caused by drought stress and protect plants
from oxidative damage (Farooq et al., 2009; Xia et al., 2009;
Zhang et al., 2010; Anjum et al., 2011; Ahammed et al., 2013;
Xu et al., 2013; Hayat et al., 2014; Vardhini & Anjum, 2015;
Kaya et al., 2019). Previous studies suggested that protein
kinases, such as calcium/calmodulin-dependent protein kinase
(CCaMK) and mitogen-activated protein kinase (MAPK), posi-
tively regulate the responses of plants to drought stress by induc-
ing antioxidant defense system (Ma et al., 2012; Shi et al., 2012;
Zhu et al., 2016; Ni et al., 2019). However, the mechanism by
which plants cope with drought stress is unclear.

Calcium/calmodulin-dependent protein kinase is a plant-
specific protein kinase, which is characterized by a N-terminal
kinase domain, a calmodulin (CaM)-binding domain (CBD)
and a visinin-like domain (VLD) containing three Ca2+-binding

EF-hands in C-terminal (Mitra et al., 2004; Singh & Parniske,
2012; Miller et al., 2013; Poovaiah et al., 2013). Ca2+-stimulated
autophosphorylation increases the affinity of CCaMK to Ca2+/
CaM (Sathyanarayanan et al., 2000), resulting in the activation
of transphosphorylation. The roles of CCaMK have been well
studied in both arbuscular mycorrhizal symbiosis (AMS) and
root nodule symbiosis (RNS) (Levy et al., 2004; Gleason et al.,
2006; Tirichine et al., 2006; Hayashi et al., 2010; Shimoda et al.,
2012; Takeda et al., 2012; Miller et al., 2013; Jin et al., 2016).
CCaMK interacts with and phosphorylates the Interacting
Protein of DMI3 (IPD3)/CYCLOPS transcription factor to acti-
vate nodulation process (Yano et al., 2008; Kang et al., 2011;
Singh et al., 2014; Pimprikar et al., 2016; Diedhiou & Diouf,
2018). More and more studies show that CCaMK is also
involved in the responses of plants to abiotic stresses (Pandey
et al., 2002; C. Yang et al., 2010; L. Yang et al., 2010; Shi et al.,
2012; Zhu et al., 2016; Ni et al., 2019). In Arabidopsis, overex-
pressing Triticum aestivuml CCaMK (TaCCaMK) not only
improves the tolerance to salt stress during seed germination but
also reduces sensitivity to abscisic acid (ABA) (C. Yang et al.,
2010). Recently, biochemical and genetic analyses have shown
that Oryza sativa CCaMK, OsDMI3, positively regulates the tol-
erance of plants to water stress and oxidative stress (Ni et al.,
2019). In maize, ZmCCaMK phosphorylating NAC84 regulates
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ABA-induced antioxidant defense and drought stress (Zhu et al.,
2016). However, how CCaMK responds to drought stress
remains largely unknown.

Here, we identify Zea mays brassinosteroid-signaling kinase 1
(ZmBSK1) as an interaction protein of ZmCCaMK.
Brassinosteroid-signaling kinases belong to the subfamily of
receptor-like cytoplasmic kinases (RLCK-XII) containing an N-
terminal kinase domain and a C-terminal tetratricopeptide repeat
(TPR) domain (Shiu et al., 2004; Kim & Wang, 2010). Twelve
BSK proteins are identified in Arabidopsis. BSK1, BSK2 and
BSK3 are BR-responsive proteins (Tang et al., 2008). BSK1 plays
an important role in the BR signaling pathway (Nolan et al.,
2020). BSK1 is phosphorylated by brassinosteroid-insensitive 1
(BRI1) and then dissociates from the receptor complex to activate
BRI1-suppressor 1 (BSU1). Activated BSU1 dephosphorylates
and inhibits brassinosteroid-insensitive 2 (BIN2), which leads to
dephosphorylation of two transcription factors, brassinazole-
resistant 1 (BZR1) and BRI1 EMS suppressor 1 (BES1/BZR2),
by the protein phosphatase 2A (PP2A). Dephosphorylated BZR1
and BES1 accumulate in the nucleus and regulate BR-responsive
gene expression. BSK1 and BSK2 are also involved in the embry-
onic YODA (YDA) pathway and the ERECTA family/YDA
pathway (Neu et al., 2019). Brassinosteroid-signaling kinases are
required for normal plant growth and development, and func-
tional overlap exists among BSK3, BSK4, BSK6, BSK7 and
BSK8 (Tang et al., 2008; Sreeramulu et al., 2013; Zhang et al.,
2016; Jia et al., 2019; Ren et al., 2019).

Moreover, BSK family members also function in plant immu-
nity (Shi et al., 2013; Wang et al., 2017; Majhi et al., 2019).
BSK1 interacts with the immune receptor FLS2 and phosphory-
lates MAPKKK5 to regulate immunity (Shi et al., 2013; Yan
et al., 2018). OsBSK1-2 regulates flg22- and chitin-triggered
immune responses in rice plants (Wang et al., 2017). BSK5 func-
tions in pattern-triggered immunity by interacting with immune
receptors (Majhi et al., 2019). In addition to the roles in plant
immunity, BSKs also respond to abiotic stress. Li et al. (2012)
reported that Arabidopsis loss-of-function mutant bsk5 exhibits
sensitivity to salinity and ABA, and BSK5 is required for salt stress
and ABA-mediated drought stress tolerance. Recent studies show
that barley BSK2 is downregulated in XZ5 (drought-tolerant)
under drought treatment (Chen et al., 2019), while Populus
tomentosa BSK is upregulated under cold stress (Yang et al., 2019).
These findings suggest that BSKs play important roles in regulat-
ing multiple physiological processes. However, the mechanisms
by which BSKs function in plants in response to abiotic stresses
remain unclear. Here, we demonstrate that ZmBSK1-mediated
phosphorylation of ZmCCaMK plays an important role in regu-
lating the tolerance of maize plants to drought stress.

Materials and Methods

Plant materials and treatment

Maize (Zea mays L.) inbred line B73 and tobacco (Nicotiana
benthamiana L.) were used in this study. Maize seeds were sown
on pots containing sterile soil mixture (soil : vermiculite, 1 : 1, v/

v) in a growth chamber at a temperature of 25°C, photosynthetic
active radiation of 200 µmol m�2 s�1 and photoperiod
14 h : 10 h, light : dark, and were watered daily. For protoplast
isolation, maize plants were grown at 25°C under dark condi-
tions until the second leaves were fully expanded.

For polyethylene glycol (PEG) treatment, 10-d-old seedlings
were excised at the base of stem and placed in distilled water for
2 h to eliminate wound stress, then placed in beakers wrapped with
aluminum foil containing distilled water or 10% (w/v) PEG6000
solutions for various lengths of time. After PEG treatment, the sec-
ond leaves were sampled and used for further analysis.

GST pull-down assay

Glutathione S-transferase (GST) and GST-ZmBSK1 were
expressed in E. coli BL21 (DE3), and bacteria were lysed in lysis
buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4,
1.4 mM KH2PO4, pH 7.4). After centrifugation at 4°C for
20 min, the soluble proteins were incubated with MagneGST
glutathione particles (Promega) with gentle rotation at 4°C for
1 h. After washing three times with MagneGST wash buffer
(140 mM NaCl, 10 mM KCl, 4.2 mM Na2HPO4, 2 mM
KH2PO4, pH 7.2), the particles were incubated with purified
His-ZmCCaMK in MagneGST binding buffer (140 mM NaCl,
10 mM KCl, 4.2 mM Na2HPO4, 2 mM KH2PO4, 10% (w/v)
BSA (Solarbio, Beijing, China), pH 7.2) with gentle rotation at
4°C for 1 h. The particles were washed three times with
MagneGST wash buffer and boiled in sodium dodecyl sulfate
(SDS) loading buffer. Samples were separated on 12% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by
immunoblotting with monoclonal anti-His or monoclonal anti-
GST antibody (Abmart, Shanghai, China).

Coimmunoprecipitation assay

For tobacco leaves transformation system, the full-length coding
sequence of ZmCCaMK, ZmBSK1 and ZmCaM1 was introduced
into vector 1300-221-3*Flag or 1300-221-6*Myc driven by
cauliflower mosaic virus 35S promoter. The constructs were tran-
siently expressed in 4-wk-old tobacco leaves by Agrobacterium
tumefaciens strain GV3101 infiltration. After 3 d of infiltration,
total proteins were extracted from leaves using lysis buffer
(10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1%
(v/v) Triton X-100, 0.1% (w/v) SDS, 0.5 mM dithiothreitol
(DTT), and plant protease inhibitor cocktail). Protein extracts
(200 lg) were immunoprecipitated with monoclonal anti-Flag
antibody (1 : 300; Abmart) bound to protein A/G agarose in
immunoprecipitation buffer (20 mM Tris-HCl, pH 7.5, 20 mM
KCl, 150 mM NaCl, 10 mMMgCl2 and plant protease inhibitor
cocktail) at 4°C for 8 h. The agarose was washed three times with
immunoprecipitation buffer and boiled in SDS loading buffer.
After centrifugation, the supernatants were separated on 12%
SDS-PAGE and analyzed by immunoblotting with monoclonal
anti-Myc antibody (Abmart).

For 10-d-old maize seedlings, the detached plants were treated
with or without 10% (w/v) PEG6000 solutions for 90min. Total
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proteins were extracted from leaves using lysis buffer (10 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% (v/v) Tri-
ton X-100, 0.1% (w/v) SDS, 0.5 mM DTT, and plant protease
inhibitor cocktail). Protein extracts (200 lg) were immunoprecipi-
tated with anti-ZmCCaMK antibody (10 lg; Abmart) bound to
protein A/G agarose in immunoprecipitation buffer at 4°C for 8 h.
The agarose was washed three times with immunoprecipitation
buffer and boiled in SDS loading buffer. After centrifugation, the
supernatants were separated on 12% SDS-PAGE and analyzed by
immunoblotting with anti-ZmBSK1 antibody (Abmart).

Firefly luciferase complementation imaging (LCI) assay

The full-length coding sequence of ZmCCaMK and ZmBSK1 was
introduced into vector pCAMBIA1300-cLUC and
pCAMBIA1300-nLUC driven by cauliflower mosaic virus 35S
promoter, respectively. The N-terminal fragment of luciferase
(nLUC) was fused with ZmBSK1, and the C-terminal fragment of
luciferase (cLUC) was fused with ZmCCaMK. These constructs
were transformed into Agrobacterium strain GV3101 and infiltrated
into 4-wk-old tobacco leaves. Firefly luciferase complementation
imaging assay was performed as described previously (Chen et al.,
2008). After 3 d of infiltration, 1 mM D-luciferin (Sigma-Aldrich)
was sprayed onto the leaves and kept for 20min in the dark, and
then the LUC image was captured by a low-light cooled charge
coupled device camera (Tanon 5200 Multi, Shanghai, China).

Isolation of total RNA and qRT-PCR analysis

Total RNA was isolated from maize leaves using RNAiso Plus Kit
(TaKaRa, Beijing, China) according to the manufacturer’s protocol
and the cDNA was synthesized using 59All-In-One MasterMix
with AccuRT Genomic DNA Removal Kit (abm, Zhenjiang,
China). Real-time quantitative reverse transcription polymerase
chain reaction (RT-PCR) was performed on a CFX96 Touch (Bio-
Rad) system using EvaGreen 29qPCR MasterMix-No Dye (abm)
according to the manufacturer’s protocol. The primers are shown
in Supporting Information Table S1. The expression level was nor-
malized against that of ZmActin2.

Immunoprecipitation kinase assay and in vitro kinase assay

Proteins were extracted from maize leaves as described previously
(Ma et al., 2012). Protein content was measured according to the
method of Bradford (1976) with bovine serum albumin (BSA;
Solarbio) as standard. The anti-ZmCCaMK antibody was raised
against the full length of ZmCCaMK, and was purified from
serum of immunized rabbits. The anti-ZmBSK1 antibody was
raised against the full length of ZmBSK1, and was purified from
serum of immunized rabbits. Both of them were generated by
biotech company Abmart. Protein extracts (200 lg) were incu-
bated with polyclonal anti-ZmBSK1 antibody (10 lg) or poly-
clonal anti-ZmCCaMK antibody (10 lg) bound to protein A/G
agarose beads in an immunoprecipitation buffer according to
Zhang et al. (2006). Kinase activity in the immunocomplex was
determined by a gel kinase assay using myelin basic protein (MBP;

Sigma-Aldrich) as substrate. For ZmBSK1, 1 lg MBP was incu-
bated with immunoprecipitated ZmBSK1 in kinase reaction
buffer (25 mM Tris-HCl, pH 7.5, 15mM NaCl, 1 mM DTT,
5mM MnCl2 and 10 lCi [c-32P]ATP (Perkin-Elmer, Waltham,
MA, USA)) at 30°C for 30min. For ZmCCaMK, 1 lg MBP was
incubated with immunoprecipitated ZmCCaMK in kinase reac-
tion buffer (25 mM Tris-HCl, pH 7.5, 15mM NaCl, 1 mM
DTT, 5mM MgCl2, 1 mM CaCl2, 1 lM CaM (Sigma-Aldrich)
and 10 lCi [c-32P]ATP (Perkin-Elmer)) at 30°C for 30min.

For an in vitro kinase assay, purified GST-ZmBSK1, His-
ZmCCaMK and various mutant proteins were used. A quantity
of 5 lg GST-ZmBSK1 or its mutant proteins were incubated
with 10 lg His-ZmCCaMK or its mutant proteins or 1 lg MBP
in kinase reaction buffer (25 mM Tris-HCl, pH 7.5, 15 mM
NaCl, 1 mM DTT, 5 mM MgCl2 or MnCl2, 1 mM CaCl2,
1 lM CaM (Sigma-Aldrich) and 10 lCi [c-32P]ATP (Perkin-
Elmer)) at 30°C for 30 min. Reactions were stopped by the addi-
tion of SDS loading buffer and the reaction mixtures were sepa-
rated on 12% SDS-PAGE. The unincorporated [c-32P]ATP was
removed by washing with trichloroacetic acid (TCA) buffer con-
taining 5% (w/v) TCA and 1% (w/v) sodium pyrophosphate at
least three times. The gel was dried and exposed to autoradiogra-
phy. Signals were detected by a Typhoon 9410 phosphor imager
(Amersham Biosciences, Piscataway, NJ, USA).

LC-MS/MS analysis

To prepare samples for MS analysis, 5 lg GST-ZmBSK1 were
incubated with 10 lg His-ZmCCaMK in kinase reaction buffer
(25 mM Tris-HCl, pH 7.5, 15 mM NaCl, 1 mM DTT, 5 mM
MnCl2, 1 mM CaCl2 and 100 nM ATP) at 30°C for 30 min.
His-ZmCCaMK (10 lg) was incubated in kinase reaction buffer
(25 mM Tris-HCl, pH 7.5, 15 mM NaCl, 1 mM DTT, 5 mM
MgCl2, 1 mM CaCl2 and 100 nM ATP) at 30°C for 30 min.
Reactions were stopped by the addition of SDS loading buffer
and the reaction mixtures were separated on 12% SDS-PAGE
followed by Coomassie brilliant blue (CBB) staining. The corre-
sponding bands of His-ZmCCaMK were sliced and subjected to
in-gel digestion with trypsin (10 ng ll�1; Promega) at 37°C for
16 h. The phosphopeptides were enriched and analyzed using
Nano LC-LTQ Orbitrap XL LC-MS/MS System (Thermo Sci-
entific, Waltham, MA, USA) as previously described (Gampala
et al., 2007). The MS data were analyzed with Thermo Scientific
PROTEOMEDISCOVERER software (v.1.3), and the identified phos-
phorylated peptides were manually inspected to ensure high con-
fidence in phosphorylation site assignment according to the
highest post-translational modification score (Tables S2, S3).

Gel shift assay

The Ca2+-induced mobility shift assay of fusion proteins was per-
formed as described previously (Vallone et al., 2016). A quantity
of 10 lg of purified His-ZmCCaMK or its mutant proteins was
incubated with 5 mM CaCl2 or 10mM EGTA in binding buffer
(25 mM Tris-HCl, pH 7.5) at 25°C for 15min. The samples were
separated on 12% native PAGE and the gel was stained with CBB.
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45Ca2+ overlay assay

Calmodulin (Sigma-Aldrich), BSA (Solarbio), purified His, puri-
fied His-ZmCCaMK and its mutant proteins (5 lg) were spotted
on a nitrocellulose membrane (Pall Corporation, Port Washing-
ton, NY, USA). The membrane was incubated in binding buffer
(20 mM Tris-HCl, pH 7.0, 50 mM KCl) containing 1 lCi
45Ca2+ (Perkin-Elmer) at room temperature for 20 min. After
incubation, the membrane was washed with 50% ethanol three
times and exposed to autoradiography. Signals were detected
using a Typhoon 9410 phosphor imager (Amersham Bio-
sciences).

CaM-binding assay

Calmodulin-binding assays were performed as described previ-
ously with minor modification (Arazi et al., 1995). In brief, the
full-length coding sequence of ZmCaM1 was introduced into
vector pGEX-4T-1 for GST-ZmCaM1 fusion protein. Purified
His-ZmCCaMK or its mutant proteins were separated on 12%
SDS-PAGE and transferred to a polyvinylidene difluoride mem-
brane (Merck Millipore). The membrane was incubated with
15 lg purified GST-ZmCaM1 proteins in binding buffer
(10 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 5% (w/v)
skimmed milk powder) in the presence of 5 mM CaCl2 or
10 mM EGTA at 4°C for 8 h. After incubation, the membrane
was washed with binding buffer without skimmed milk powder
at least three times, and was then detected by immunoblotting
with anti-GST antibody (Abmart).

Maize transformation and regeneration

The full-length coding sequence of ZmBSK1, ZmCCaMK or its
mutants was introduced into plant expression vector pCUN-NHF
driven by ubiquitin promoter. The maize inbred line B73 was used
as the plant receptor. The Agrobacterium-mediated maize shoot-tip
transformation was performed as described by Liu et al. (2015)
with minor modifications; the transformation efficiency improved
from 2% to c. 8% after the following optimization. In brief, these
constructs were transformed into Agrobacterium strain LBA4404,
and the bacteria were suspended in distilled water containing
150 lM acetosyringone (Sigma-Aldrich) to OD600 at 0.65. The
injured maize shoot tips (exposed meristems) were soaked in the
bacterial suspension for 3 min at a pressure of 0.05MPa, and cul-
tured in sterile soil mixture (soil : vermiculite, 1 : 1, v/v) in the dark
at 25°C. After 3 d in the dark, the plants were grown routinely in
the light. Positive transformants were selected by spraying with
75mg l�1 herbicide Basta (Sangon Biotech, Shanghai, China), and
were then further confirmed by PCR amplification. Resistant T2

seedlings with 3 : 1 segregation of resistance were transferred to soil
to obtain homozygous T3 seeds from individual lines.

Phenotype and oxidative damage analysis

For the growth phenotype, 10-d-old maize seedlings were sub-
jected to progressive drought by withholding water for 6 or 8 d

and then rewatered and recovered for 3 d after which the survival
rates were counted. For the analysis of oxidative damage, 10-d-
old maize seedlings were subjected to progressive drought by
withholding water for 2 d; the content of malondialdehyde
(MDA) and the percentage of electrolyte leakage were measured
as described by Shi et al. (2012).

Antioxidant defense enzyme assay

The maize leaves were homogenized in 0.6 ml of 50 mM potas-
sium phosphate buffer (pH 7.0) containing 1 mM EDTA and
1% (w/v) polyvinylpyrrolidone 40. The homogenate was cen-
trifuged at 12 000 g for 30 min at 4°C and the supernatant was
used for the subsequent antioxidant defense enzyme assays. Total
activities of antioxidant defense enzymes (SOD and APX) were
measured as described previously (Zhu et al., 2016).

Statistical analysis

Statistical analysis was performed using the software SPSS 16.0
(https://www.ibm.com/products/spss-statistics). One-way or
two-way ANOVA corrected with Duncan’s multiple range test
was used to determine statistical significance. Differences were
considered significant at P < 0.05.

Results

ZmCCaMK interacts with ZmBSK1

Our previous study showed that ZmCCaMK functioned in the
responses of maize to drought stress (Ma et al., 2012; Yan et al.,
2015; Zhu et al., 2016). To understand how ZmCCaMK func-
tions, we identified an interaction protein, ZmBSK1. Fluorescence
was observed in tobacco leaves injected with ZmBSK1-nLUC and
cLUC-ZmCCaMK using firefly luciferase complementation imag-
ing (LCI) assay (Fig. 1a). For bimolecular fluorescence comple-
mentation (BiFC) assay, when split yellow fluorescent protein
(YFP) ZmBSK1-nYFP was cotransformed with ZmCCaMK-cYFP
into maize mesophyll protoplasts, a strong YFP fluorescence signal
was observed in the plasma membrane, indicating the physical
interaction between ZmBSK1 and ZmCCaMK (Fig. 1b; Methods
S1). To further investigate the interaction between ZmBSK1 and
ZmCCaMK, we expressed and purified the recombinant GST-
ZmBSK1 and His-ZmCCaMK proteins, and then performed glu-
tathione S-transferase (GST) pull-down assay (Methods S2, S3).
As shown in Fig. 1(c), His-ZmCCaMK was pulled down by GST-
ZmBSK1 but not GST alone, suggesting that ZmBSK1 can inter-
act with ZmCCaMK. Moreover, we also performed a coimmuno-
precipitation (Co-IP) assay to confirm the interaction between
ZmBSK1 and ZmCCaMK. The fusion constructs of Myc-
ZmBSK1 and Flag-ZmCCaMK were introduced into tobacco
leaves, and the crude protein extracts from leaves were immuno-
precipitated with anti-Flag antibody and then analyzed by
immunoblotting with anti-Myc antibody. And the interaction
between Myc-ZmBSK1 and Flag-ZmCCaMK was observed
(Fig. 1d). To further confirm this interaction in maize, we
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(a) (b)

(d)

(c)

(e)

Fig. 1 Zea mays calcium/calmodulin-dependent protein kinase (ZmCCaMK) physically interacts with Zea mays brassinosteroid-signaling kinase 1
(ZmBSK1) in vitro and in vivo. (a) Firefly luciferase complementation imaging (LCI) assay. Tobacco (Nicotiana benthamiana) leaves were cotransformed
with constructs 35S:cLUC-ZmCCaMK and 35S:ZmBSK1-nLUC. Combinations of 35S:cLUC-ZmCCaMK and 35S:nLUC, 35S:cLUC and 35S:ZmBSK1-nLUC,
and 35S:cLUC and 35S:nLUC constructs were used as negative controls. Image was collected from the detached leaves after infiltration for 3 d. Bar, 1 cm.
(b) Bimolecular fluorescence complementation (BiFC) assay. Fusion constructs 35S:ZmCCaMK-cYFP and 35S:ZmBSK1-nYFP were transformed into maize
protoplasts simultaneously. Combinations of 35S:ZmCCaMK-cYFP and 35S:nYFP, and 35S:cYFP and 35S:ZmBSK1-nYFP constructs were used as negative
controls. The fluorescence signals were visualized under laser confocal microscopy after incubation for 14 h. Plasma membrane was stained with N-[3-
triethylammoniumpropyl]-4-[6-(4-(diethylamino) phenyl) hexatrienyl] pyridinium dibromide (FM4-64; red). Bar, 8 lm. (c) Glutathione S-transferase (GST)
pull-down assay. Purified His-ZmCCaMK was used to incubate with GST-ZmBSK1 in glutathione particles, and the eluted fractions were detected by
immunoblotting with anti-His antibody. GST protein was used as control. (d) Coimmunoprecipitation (Co-IP) assay in tobacco leaves. Fusion constructs
35S:Myc-ZmBSK1 and 35S:Flag-ZmCCaMKwere transiently expressed in tobacco leaves simultaneously or separately. Total protein extracts were
immunoprecipitated with anti-Flag antibody. ZmBSK1 and ZmCCaMK were detected by immunoblotting with anti-Myc and anti-Flag antibodies,
respectively. (e) Co-IP assay of the effect of polyethylene glycol (PEG) on the interaction between ZmCCaMK and ZmBSK1 in maize leaves. Ten-day-old
seedlings were treated with or without 10% PEG6000 for 90min. Total protein extracts were immunoprecipitated with anti-ZmCCaMK antibody. ZmBSK1
and ZmCCaMK were detected by immunoblotting with anti-ZmBSK1 and anti-ZmCCaMK antibodies, respectively. The molecular weights are marked on
the left. All experiments were repeated at least three times with similar results.
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extracted the proteins from maize leaves and performed a Co-IP
assay using specific anti-ZmBSK1 and anti-ZmCCaMK antibodies
(Fig. S1; Methods S4, S5). Strong signals were detected when
immunoblotting with specific anti-ZmBSK1 antibody (Fig. 1e).

These observations suggest that ZmBSK1 physically interacts with
ZmCCaMK.

To support the interaction between ZmBSK1 and
ZmCCaMK, we transiently expressed ZmBSK1 or ZmCCaMK

(a)

(b) (c)

(d) (e)

(f)
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with a YFP tag in maize mesophyll protoplasts. When ZmBSK1-
YFP was transiently expressed in maize protoplasts, the YFP fluo-
rescence signal was observed in the plasma membrane. When
ZmCCaMK-YFP was transiently expressed in maize protoplasts,
a strong YFP fluorescence signal was also observed in the plasma
membrane (Fig. S2a,c; Methods S6). After expressing both
ZmCCaMK-mCherry and ZmBSK1-YFP in maize protoplasts,
colocalization of ZmCCaMK and ZmBSK1 in the plasma mem-
brane was observed (Fig. S2b,d). Moreover, to assist in the obser-
vation in maize mesophyll protoplasts, we isolated the nucleus,
the cytoplasm and the plasma membrane fractions from maize
leaves and conducted immunoblot analysis (Methods S7). As
shown in Fig. S2(e), the subcellular locations of ZmBSK1 and
ZmCCaMK were consistent with those in Fig. S2a. Combined
with the BiFC assay, we believe that ZmBSK1 interacts with
ZmCCaMK in the plasma membrane.

ZmBSK1 positively affects drought tolerance

Zea mays calcium/calmodulin-dependentprotein kinase functions
in drought stress responses (Ma et al., 2012; Zhu et al., 2016).
Here, we investigated the effects of PEG-simulated drought stress
(Duan et al., 2017) on the subcellular locations of ZmBSK1 and
ZmCCaMK, and found that PEG treatment did not affect the
subcellular locations of them (Fig. S2e). Next, whether PEG
treatment affects the interaction between ZmBSK1 and
ZmCCaMK was studied. We treated maize seedlings with 10%
PEG6000 for 90 min, extracted the proteins from maize leaves
and performed a Co-IP assay using specific anti-ZmBSK1 and
anti-ZmCCaMK antibodies. As shown in Fig. 1e, PEG treatment
obviously enhanced the interaction between ZmBSK1 and
ZmCCaMK, although the protein abundances of ZmBSK1 and
ZmCCaMK were not affected.

Based on these results, we hypothesized that ZmBSK1 might
have similar function to ZmCCaMK in response to drought.
To test this hypothesis, we first investigated whether PEG-
simulated drought stress activates ZmBSK1. The kinase activity
of ZmBSK1 responses to PEG in maize was analyzed by
immunoprecipitation kinase assays using specific anti-ZmBSK1
antibody. Myelin basic protein was used as an in vitro substrate
and the kinase activity of ZmBSK1 was detected in the presence
of Mn2+ (Fig. S3). As shown in Fig. S4, the activity of
ZmBSK1 was activated as early as 15 min and maximized at

60 min after PEG treatment in maize leaves. The results suggest
that drought can enhance the phosphorylation activity of
ZmBSK1 in maize.

Next, to reveal the role of ZmBSK1 in maize under drought
stress, we created transgene containing ZmBSK1 coding sequence
or RNA interference (RNAi) sequence and Ubi promoter, and
stably introduced it into maize inbred line B73 (Fig. S5a). Two
independent ZmBSK1-overexpressing lines (OE-ZmBSK1#2 and
OE-ZmBSK1#4) were generated and the expression of ZmBSK1
at both the mRNA and protein levels were confirmed by quanti-
tative RT-PCR and immunoblotting assays (Fig. S5b,c). Two
independent ZmBSK1-knockdown lines (RNAi-ZmBSK1#1 and
RNAi-ZmBSK1#2) were also generated. The gene expressions of
a total of nine ZmBSKs were tested and only the ZmBSK1 expres-
sion level was reduced by c. 75% in RNAi-ZmBSK1 lines com-
pared with the wild-type (Figs S5d, S6; Table S1). This shows
that ZmBSK1 expression is specially suppressed by RNAi.
ZmBSK1 protein abundance was also obviously suppressed in
RNAi-ZmBSK1 lines compared with that in the wild-type
(Fig. S5e).

Then, wild-type plants and OE-ZmBSK1 and RNAi-ZmBSK1
transgenic lines were subjected to drought stress. Under normal
growth conditions, there was no significant difference in the
growth of maize seedlings between wild-type and transgenic lines
(Fig. 2a). However, under drought treatment, OE-ZmBSK1 lines
exhibited less severe wilting and chlorosis than wild-type plants,
while RNAi-ZmBSK1 lines exhibited more severe wilting and
chlorosis (Fig. 2a). After recovery by rewatering, OE-ZmBSK1
lines had higher survival rates, but RNAi-ZmBSK1 lines had
lower survival rates, than wild-type plants (Fig. 2b). Moreover,
drought treatment obviously increased the activities of ZmBSK1
in wild-type and all transgenic lines (Fig. 2c). These results indi-
cate that ZmBSK1 positively affects the tolerance to drought
stress in maize.

Malondialdehyde content and electrolyte leakage are indicators
of oxidative damage during stress treatment (Jiang & Zhang,
2002; Zhang et al., 2011). Drought stress resulted in increases in
the MDA content and percentage of electrolyte leakage compared
with control conditions in wild-type plants, which were further
aggravated in RNAi-ZmBSK1 lines and were alleviated in OE-
ZmBSK1 lines (Fig. 2d,e). These results indicate that ZmBSK1
alleviates oxidative damage caused by drought stress in maize.
Antioxidant defense system can scavenge drought-produced

Fig. 2 Zea mays brassinosteroid-signaling kinase 1 (ZmBSK1) positively regulates the tolerance of maize plants to drought stress. (a) Phenotype of
overexpressing (OE)-ZmBSK1, RNA interference (RNAi)-ZmBSK1 compared with wild-type (WT) plants under normal and drought stress conditions. Ten-
day-old seedlings were subjected to progressive drought by withholding water for 6 d, and then rewatered and recovered for 3 d. Bar, 7 cm. All
experiments were repeated at least three times with similar results. (b) Survival rate (%) of maize plants in (a) after recovery for 3 d. At least 30 seedlings of
each line per replicate were used for survival rate analysis. Error bars represent SD (n = 3). Different letters indicate significant differences at P < 0.05
according to one-way ANOVA (Duncan’s multiple range test). (c) The kinase activity of ZmBSK1 in OE-ZmBSK1, RNAi-ZmBSK1 and WT plants exposed to
drought stress. Ten-day-old seedlings were subjected to progressive drought by withholding water for 2 d. Seedlings treated with distilled water under the
same conditions served as control. The kinase activity of ZmBSK1 was detected by immunoprecipitation kinase assay in vitro, and myelin basic protein
(MBP) was used as substrate. b-actin was used as a loading control. The molecular weights are marked on the left. (d, e) The malondialdehyde (MDA)
content (d) and the percentage leakage of electrolyte (e) in leaves of maize plants. Ten-day-old seedlings were subjected to progressive drought by
withholding water for 2 d, and then the MDA content and the percentage leakage of electrolyte were measured. (f) Activities of superoxide dismutase
(SOD) and ascorbate peroxidase (APX) in maize plants. Ten-day-old seedlings were subjected to progressive drought by withholding water for 2 d, and
then the activities of SOD and APX were measured. Seedlings treated with distilled water under the same conditions served as controls. In (b) to (f), error
bars represent SD (n = 3). Different letters indicate significant differences at P < 0.05 according to two-way ANOVA (Duncan’s multiple range test).
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(a) (b)

(d)

(f)(e)

(c)

Fig. 3 Zea mays brassinosteroid-signaling kinase 1 (ZmBSK1) phosphorylates Zea mays calcium/calmodulin-dependent protein kinase (ZmCCaMK)
in vitro. (a) ZmCCaMKK45R, a kinase dead form of ZmCCaMK, absolutely blocks its autophosphorylation and phosphorylation activities. The kinase
activities of purified His-ZmCCaMK and His-ZmCCaMKK45R were detected by gel kinase assay in vitro, and myelin basic protein (MBP) was used as
substrate. (b) ZmBSK1K100R, a kinase dead form of ZmBSK1, absolutely blocks its kinase activity. The kinase activities of purified glutathione S-transferase
(GST)-ZmBSK1 and GST-ZmBSK1K100R were detected by gel kinase assay in vitro, and MBP was used as substrate. (c) ZmBSK1 phosphorylates ZmCCaMK.
The phosphorylation of purified His-ZmCCaMK, His-ZmCCaMKK45R, GST-ZmBSK1 and GST-ZmBSK1K100R was detected by gel kinase assay in vitro.
(d) Statistical analysis of ZmCCaMK kinase activity as shown in (c). The kinase activity of ZmCCaMK alone was set to 1. Error bars represent SD (n = 3).
Different letters indicate significant differences at P < 0.05 according to one-way ANOVA (Duncan’s multiple range test). (e) Phosphorylation analysis of
the Ser67-phosphorylated peptides of ZmCCaMK by LC-MS/MS. The purified His-ZmCCaMK and GST-ZmBSK1 were incubated in kinase reaction buffer,
and the phosphorylated ZmCCaMK was analyzed by LC-MS/MS. (f) Ser-67 is a crucial phosphorylation site of ZmCCaMK by ZmBSK1. The kinase
activities of purified His-ZmCCaMKK45R�S67A and His-ZmCCaMKS67A were detected by gel kinase assay in vitro in the presence of GST-ZmBSK1.
ZmCCaMK and ZmBSK1 or their mutant proteins were analyzed by immunoblotting with anti-His or anti-GST antibody. The molecular weights are marked
on the left. All experiments were repeated at least three times with similar results.
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excess ROS to protect plants from oxidative damage (Jiang &
Zhang, 2002; Cruz de Carvalho, 2008). Under drought stress,
the activities of SOD and APX were increased in wild-type and
transgenic lines. OE-ZmBSK1 lines showed more increases in the
activities of SOD and APX than did the wild-type, while RNAi-
ZmBSK1 lines showed fewer increases (Fig. 2f). No difference in
SOD and APX activities was observed between wild-type plants
and transgenic lines under the control conditions. These data
indicate that ZmBSK1 positively regulates the antioxidant
defense system to protect maize plants from oxidative damage
under drought stress.

ZmBSK1 phosphorylates ZmCCaMK in vitro

Both BSK1 and CCaMK have kinase activity and can phosphory-
late their substrates to function in diverse biological processes
(Kim et al., 2009; Zhang et al., 2016; Zhu et al., 2016). To inves-
tigate what is the phosphorylation substrate between ZmCCaMK
and ZmBSK1, we attempted to generate the kinase-dead forms
of ZmCCaMK and ZmBSK1. The conserved ATP binding sites
Lys-45 (K45) in ZmCCaMK and Lys-100 (K100) in ZmBSK1
(Fig. S7) were mutated to Arg (R) to generate ZmCCaMK and
ZmBSK1 mutant forms (ZmCCaMKK45R and ZmBSK1K100R)
(Methods S8) (Yano et al., 2008; Bayer et al., 2009; Miller et al.,
2013; Shi et al., 2013; Pimprikar et al., 2016; Ren et al., 2019).
To determine whether ZmCCaMKK45R and ZmBSK1K100R are
kinase-dead, an in vitro kinase assay was performed using MBP as
substrate. As shown in Fig. 3(a), His-ZmCCaMK exhibited both
strong autophosphorylation and transphosphorylation activities,
whereas His-ZmCCaMKK45R showed neither autophosphoryla-
tion nor transphosphorylation activity. GST-ZmBSK1 and GST-
ZmBSK1K100R did not exhibit autophosphorylation activity, and
MBP was only phosphorylated by GST-ZmBSK1 but not GST-
ZmBSK1K100R (Fig. 3b). These results indicate that His-
ZmCCaMKK45R and GST-ZmBSK1K100R do not have kinase
activity, which are kinase-dead forms of ZmCCaMK and
ZmBSK1, respectively. Next, the phosphorylation between
ZmCCaMK and ZmBSK1 was studied. Our results showed that
the phosphorylation of His-ZmCCaMK was largely enhanced by
GST-ZmBSK1 compared with His-ZmCCaMK alone or by
GST-ZmBSK1K100R, suggesting that His-ZmCCaMK and His-
ZmCCaMKK45R could be phosphorylated by GST-ZmBSK1.
However, there was no phosphorylation of GST-ZmBSK1 or
GST-ZmBSK1K100R by His-ZmCCaMK (Fig. 3c,d). These
results indicate that ZmBSK1 can phosphorylate ZmCCaMK
in vitro.

To determine the phosphorylation site(s) of ZmCCaMK by
ZmBSK1, His-ZmCCaMK protein was incubated with or with-
out GST-ZmBSK1 protein in kinase reaction buffer and was
then analyzed by LC-MS/MS. The three independent experiment
results showed that some potential autophosphorylation sites of
ZmCCaMK were identified in the absence of ZmBSK1
(Table S2), while a novel phosphorylation site Ser-67 (S67, -
PPQQGpSNKGGG-) was detected in ZmCCaMK in the pres-
ence of ZmBSK1 (Fig. 3e; Table S3). To confirm Ser-67 is the
phosphorylation site of ZmCCaMK by ZmBSK1, we generated

His-ZmCCaMKS67A and His-ZmCCaMKK45R�S67A nonphos-
phorylation mutant forms by replacement of Ser-67 with Ala.
And the results showed that the phosphorylation of ZmCCaMK
by ZmBSK1 was dramatically abolished in ZmCCaMKS67A and
ZmCCaMKK45R�S67A mutants (Fig. 3f). These results indicate
that Ser-67 is a crucial site for ZmCCaMK phosphorylation by
ZmBSK1 in vitro.

ZmBSK1 phosphorylates ZmCCaMK at Ser-67 in vivo and
drought enhances this phosphorylation

To determine the phosphorylation of ZmCCaMK by ZmBSK1
in maize, we extracted total proteins from maize leaves and per-
formed an immunoblotting assay using specific anti-pSer67-
ZmCCaMK antibody (Fig. S8). As shown in Fig. 4(a), the phos-
phorylation of Ser-67 in ZmCCaMK was clearly observed, indi-
cating that ZmCCaMK is phosphorylated at Ser-67 in maize.
Furthermore, the activity of ZmCCaMK and the phosphoryla-
tion of Ser-67 of ZmCCaMK in OE-ZmBSK1 and RNAi-
ZmBSK1 transgenic lines were tested. The results showed that the
kinase activity of ZmCCaMK or the phosphorylation of Ser-67
of ZmCCaMK in OE-ZmBSK1 lines was stronger than that in
wild-type plants, while that in RNAi-ZmBSK1 lines was really
weaker (Fig. 4e–h). These results indicate that ZmBSK1 phos-
phorylates ZmCCaMK at Ser-67 in vivo.

To explore the effect of drought on the phosphorylation of
ZmCCaMK by ZmBSK1 and the kinase activity of ZmCCaMK,
maize plants were treated with 10% PEG6000 for various lengths
of time. The results showed that the phosphorylation of Ser-67
of ZmCCaMK and the kinase activity of ZmCCaMK had a more
significant enhancement in wild-type plants and OE-ZmBSK1
lines than that in RNAi-ZmBSK1 lines after PEG treatment
(Fig. 4). Taken together, these results indicate that drought
enhances the phosphorylation of Ser-67 of ZmCCaMK and the
kinase activity of ZmCCaMK in a ZmBSK1-dependent manner
in maize.

Ser-67 phosphorylation in ZmCCaMK affects its
autophosphorylation activity and transphosphorylation
activity

The kinase activity of CCaMK is regulated by autophosphoryla-
tion and transphosphorylation (Sathyanarayanan et al., 2000).
To understand the role of phosphorylation of Ser-67 in the acti-
vation of ZmCCaMK, Ser-67 of ZmCCaMK was also mutated
to Asp (ZmCCaMKS67D) to generate a phosphomimetic mutant.
Then we analyzed the autophosphorylation and transphosphory-
lation activities of ZmCCaMK, ZmCCaMKS67A and
ZmCCaMKS67D. In the absence of Ca2+, ZmCCaMK,
ZmCCaMKS67A and ZmCCaMKS67D all had very weak
autophosphorylation and transphosphorylation activities (Fig. 5).
In the presence of Ca2+, replacement of Ser-67 with Ala dramati-
cally weakened the autophosphorylation activity of ZmCCaMK,
while S67D mutation significantly enhanced its autophosphory-
lation activity (Fig. 5a,c). A similar pattern was also observed in
transphosphorylation activity of ZmCCaMK in the presence of
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Ca2+/CaM. His-ZmCCaMKS67A exhibited the weakest transpho-
sphorylation activity, while His-ZmCCaMKS67D showed the
strongest activity (Fig. 5b,d). These results suggest that Ser-67
phosphorylation affects the autophosphorylation and transphos-
phorylation activities of ZmCCaMK.

Ser-67 phosphorylation contributes to the role of
ZmCCaMK in drought stress tolerance in maize

Next, we wondered if the Ser-67 phosphorylation of ZmCCaMK
would affect its function in drought tolerance. To test this, two

(a) (b)

(c)

(e)

(f)

(h)

(g)

(d)
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independent ZmCCaMKS67A-overexpressing lines, two indepen-
dent ZmCCaMKS67D-overexpressing lines and two independent
ZmCCaMK-overexpressing lines were generated and confirmed
by qRT-PCR and immunoblotting assay using specific anti-
ZmCCaMK antibody (Fig. S4f,g). Then these transgenic lines
and wild-type plants were treated with drought and used to ana-
lyze the role of Ser-67 phosphorylation in ZmCCaMK. When
compared with ZmCCaMK-overexpressing and ZmCCaMKS67A-
overexpressing plants, ZmCCaMKS67D-overexpressing plants
showed less severe wilting and chlorosis after drought treatment
(Fig. 6a). After recovery by rewatering, the survival rate of
ZmCCaMKS67D-overexpressing lines was higher than that of
ZmCCaMK-overexpressing lines, while that of ZmCCaMKS67A-
overexpressing lines was lower (Fig. 6b). A similar pattern was
also observed in the activities of SOD and APX (Fig. 6e). More-
over, the MDA content (Fig. 6c) and the percentage of electrolyte
leakage (Fig. 6d) were lower in ZmCCaMKS67D-overexpressing
plants than those in ZmCCaMK-overexpressing plants, and
higher in ZmCCaMKS67A-overexpressing plants after exposure to
drought treatment. No significant difference was observed under
well-watered conditions. These results indicate that phosphoryla-
tion of Ser-67 in ZmCCaMK plays a positive role in drought tol-
erance of maize plants.

Ser-67 phosphorylation in ZmCCaMK promotes its binding
to Ca2+ and CaM

The autophosphorylation activity of CCaMK was regulated by
the binding of Ca2+ (Miller et al., 2013). To study whether phos-
phorylation of Ser-67 in ZmCCaMK affects Ca2+ binding to
ZmCCaMK, a gel shift assay (Vallone et al., 2016) was per-
formed. The results showed that ZmCCaMK, ZmCCaMKS67A

and ZmCCaMKS67D had no obvious migration in the absence of
Ca2+. However, in the presence of Ca2+, ZmCCaMKS67D dis-
played an especially faster mobility than ZmCCaMK, while
ZmCCaMKS67A showed a slower electrophoretic mobility
(Fig. 7a). Similarly, 45Ca2+ overlay assay (Masumi et al., 1998)
also showed that Ca2+ binding to ZmCCaMK was enhanced in

ZmCCaMKS67D but was sharply blocked in ZmCCaMKS67A

(Fig. 7b). These results indicate that phosphorylation of Ser-67
in ZmCCaMK promotes the binding of Ca2+ to ZmCCaMK.

Besides Ca2+, CaM also affected the transphosphorylation
activity of CCaMK (Sathyanarayanan et al., 2000; Miller et al.,
2013). We detected the CaM-binding capacity of ZmCCaMK
using a CaM-binding assay (Arazi et al., 1995). The purified His-
ZmCCaMK, His-ZmCCaMKS67D and His-ZmCCaMKS67A

were separated by SDS-PAGE, blotted onto polyvinylidene diflu-
oride membrane, and incubated with purified GST-ZmCaM1.
The overlay signal was then detected using anti-GST antibody.
As shown in Fig. 7(c), in the presence of Ca2+, ZmCCaMKS67D

exhibited stronger binding ability to ZmCaM1 than
ZmCCaMK, while ZmCCaMKS67A showed weaker binding
affinity. In the absence of Ca2+, none of ZmCCaMK,
ZmCCaMKS67A and ZmCCaMKS67D could bind to ZmCaM1.
To confirm the effects of phosphorylation of Ser-67 on the bind-
ing ability of ZmCCaMK to ZmCaM1, a Co-IP assay was subse-
quently performed. Similarly, ZmCCaMK bound to ZmCaM1,
which was enhanced by the phosphomimetic mutation
(ZmCCaMKS67D) and weakened by the nonphosphorylatable
mutation (ZmCCaMKS67A) (Fig. 7d). These results indicate that
phosphorylation of ZmCCaMK at Ser-67 promotes its binding
to Ca2+ and CaM.

Discussion

Brassinosteroid-signaling kinase proteins play a very important
role in BR signaling transduction, and BSK family proteins are
discovered in many species (Tang et al., 2008; Zhang et al., 2016;
Wang et al., 2017; Li et al., 2019). BSK1 and BSK2 in
Arabidopsis contribute to YDA activation in the early embryo
(Neu et al., 2019). OsBSK1-2 does not affect plant architecture
or response to BR, while OsBSK3 positively regulates BR signal-
ing in Arabidopsis and rice (Zhang et al., 2016; Wang et al., 2017;
Ren et al., 2019). Besides that, BSKs also function in stress
responses. BSK1 functions as a major regulator in plant immu-
nity and physically associates with FLS2 (Shi et al., 2013; Wang

Fig. 4 Polyethylene glycol (PEG) induces the phosphorylation of Ser67-Zea mays calcium/calmodulin-dependent protein kinase (ZmCCaMK) and the
kinase activity of ZmCCaMK in a Zea mays brassinosteroid-signaling kinase 1 (ZmBSK1)-dependent manner. (a) Phosphorylation of Ser67-ZmCCaMK
(pSer67-ZmCCaMK) in maize plants exposed to PEG treatment. The maize seedlings were treated with or without 10% PEG6000 for various lengths of
time, as indicated. Total proteins extracted from the leaves were used for immunoblotting with anti-phosphorylated Ser67 (pSer67)-ZmCCaMK antibody.
(b) Statistical analysis of pSer67-ZmCCaMK as shown in (a). The intensity of pSer67-ZmCCaMK in the control at 0 min was set to 1. (c) Kinase activity of
ZmCCaMK in maize plants exposed to PEG treatment. The maize seedlings were treated with or without 10% PEG6000 for various lengths of time, as
indicated. The kinase activity of ZmCCaMK was detected by immunoprecipitation kinase assay in vitro, and myelin basic protein (MBP) was used as
substrate. (d) Statistical analysis of the kinase activity of ZmCCaMK as shown in (c). The kinase activity of ZmCCaMK in the control at 0 min was set to 1.
(e) The kinase activity of ZmCCaMK in overexpressing (OE)-ZmBSK1#2, RNAi interference (RNAi)-ZmBSK1#1 and wild-type (WT) plants. Ten-day-old
seedlings were treated with or without 10% PEG6000 for 90min. The kinase activity of ZmCCaMK was detected by immunoprecipitation kinase assay
in vitro, and MBP was used as substrate. (f) Statistical analysis of the kinase activity of ZmCCaMK as shown in (e). The kinase activity of ZmCCaMK in the
control of WT was set to 1. (g) Phosphorylation of Ser67-ZmCCaMK (pSer67-ZmCCaMK) in OE-ZmBSK1#2, RNAi-ZmBSK1#1 and WT plants. Ten-day-
old seedlings were treated with or without 10% PEG6000 for 90min. Total proteins extracted from the leaves were used for immunoblotting with anti-
pSer67-ZmCCaMK antibody. (h) Statistical analysis of pSer67-ZmCCaMK as shown in (g). The intensity of pSer67-ZmCCaMK in the control of WT was set
to 1. In (a), (c), (e) and (g), the protein abundance of ZmCCaMK was analyzed by immunoblotting with anti-ZmCCaMK antibody and b-actin was used as
a loading control. The molecular weights are marked on the left. All experiments were repeated at least three times with similar results. In (b), (d), (f) and
(h), error bars represent SD (n = 3). Different letters indicate significant differences at P < 0.05 according to two-way ANOVA (Duncan’s multiple range
test).
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et al., 2017; Yan et al., 2018). BSK5 plays a role in pattern-
triggered immunity and responds to salt, drought, cold, BR and
ABA at the transcriptional level (Li et al., 2012; Majhi et al.,
2019). However, the function of BSKs is still quite limited. In
this study, we revealed an important role of ZmBSK1, an
ortholog of AtBSK1 in maize (Fig. S9; Methods S9, S10), in
drought stress response. ZmBSK1 increased the activities of
antioxidant defense enzymes, protected plants from oxidative
damage, and positively improved the tolerance to drought in
maize (Fig. 2). BSK5 loss-of-function mutant, bsk5, shows more
tolerance to water shortage (Li et al., 2012). ZmBSK1 exhibits
the opposite role to BSK5 in drought stress. The different
responses among the members of the BSK family are also
observed in other studies. Among 10 bsk mutants (bsk1, 2, 3, 4,
5, 6, 8, 10, 11, and 12), only the bsk3-1 mutant, different from
other mutants, does not exhibit obvious growth phenotypes and
BR resistance (Ren et al., 2019). Similarly, BSK3, BSK4, BSK7
and BSK8 belong to the same clade of the BSK family phyloge-
netic tree and appear to functionally overlap in regulating BR sig-
naling, while BSK1 shows distinct functional characteristics
(Sreeramulu et al., 2013). Genome-wide transcriptome analysis
reveals different transcriptional responses of BSKs to drought
stress in two Tibetan annual wild barley genotypes XZ5

(drought-tolerant) and XZ54 (drought-sensitive) (Chen et al.,
2019). BSK1 is upregulated in XZ5 but downregulated in XZ54
under drought stress. By contrast, BSK2 is downregulated in XZ5
but upregulated in XZ54, and BSK5 is downregulated in both
XZ5 and XZ54. Moreover, each of the BSKs displays a unique
expression pattern at various development stages (Sreeramulu
et al., 2013). These findings suggest the diversity of BSK func-
tion. BSKs may generate different signaling outputs and function
in different development or stress processes. Discovering the
detailed BSK function mechanisms requires the identification of
different components downstream of BSKs family members.

Brassinosteroid-signaling kinases interact with BRI1, BSU1,
BIN2 and the members of their family (Tang et al., 2008; Sreera-
mulu et al., 2013; Ren et al., 2019). Here, we identified that
ZmCCaMK is a novel interaction protein of ZmBSK1. Our
results showed that ZmBSK1 directly interacted with
ZmCCaMK in vitro and in vivo (Fig. 1). BSK1 has kinase activ-
ity. BSK1 phosphorylates its target BSU1 to transduce BR signal
to downstream targets (Kim et al., 2009) and phosphorylates
MAPKKK5 to regulate plant immunity (Yan et al., 2018). Mean-
while, CCaMK also has kinase activity and CIP73, IPD3/
CYCLOPS and NAC84 are identified as its substrates (Yano
et al., 2008; Kang et al., 2011; Zhu et al., 2016). Both ZmBSK1

(a) (b)

(d)(c)

Fig. 5 The phosphorylation of Ser67-Zea mays calcium/calmodulin-dependent protein kinase (ZmCCaMK) positively regulates its kinase activity.
(a) Phosphorylation of Ser67-ZmCCaMK enhances its autophosphorylation activity. The autophosphorylation activities of purified His-ZmCCaMK,
His-ZmCCaMKS67A and His-ZmCCaMKS67D were detected by gel kinase assay in vitro in the presence of 5 mM EGTA or 1 mM CaCl2. His-ZmCCaMK and
its mutant proteins were analyzed by immunoblotting with anti-His antibody. (b) Phosphorylation of Ser67-ZmCCaMK enhances its transphosphorylation
activity. The phosphorylation activities of purified His-ZmCCaMK, His-ZmCCaMKS67A and His-ZmCCaMKS67D were detected by gel kinase assay in vitro in
the presence of 5 mM EGTA, 1mM CaCl2 or 1 lM calmodulin (CaM) (containing 1mM CaCl2). Myelin basic protein (MBP) was used as substrate. His-
ZmCCaMK and its mutant proteins were analyzed by immunoblotting with anti-His antibody. (c) Statistical analysis of autophosphorylation activity as
shown in (a). The autophosphorylation activity of His-ZmCCaMK in the presence of 1mM CaCl2 was set to 1. (d) Statistical analysis of phosphorylation
activity as shown in (b). The transphosphorylation activity of His-ZmCCaMK in the presence of 1mM CaCl2 was set to 1. The molecular weights are
marked on the left. All experiments were repeated at least three times with similar results. In (c) and (d), error bars represent SD (n = 3). Different letters
indicate significant differences at P < 0.05 according to two-way ANOVA (Duncan’s multiple range test).
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and ZmCCaMK are kinase proteins, and therefore it is worthy to
clarify the phosphorylation relationship between ZmBSK1 and
ZmCCaMK. Interestingly, we identified ZmCCaMK as a down-
stream phosphorylation substrate of ZmBSK1 (Figs 1, 3, 4).
ZmBSK1 could directly phosphorylate ZmCCaMK, but
ZmCCaMK could not phosphorylate ZmBSK1, and Ser-67 was
a crucial phosphorylation site of ZmCCaMK by ZmBSK1.

ZmBSK1 localized in the plasma membrane and the N-
terminal myristoylation site (Gly-2) was responsible for its sub-
cellular localization (Fig. S10) (Thompson Jr & Okuyama,
2000). Membrane localization is essential to the function of

BSKs. AtBSK1G2A mutant form is unable to complement the
bsk1-1 phenotype (Shi et al., 2013) and overexpression of
OsBSK3G2A in bri1-5 plants is also unable to rescue the semi-
dwarf phenotype of the mutants (Zhang et al., 2016).
ZmCCaMK physically interacts with ZmBSK1 in the plasma
membrane, and has overlapping function in plant response to
drought stress (Figs 1, 2, 6, S2) (Ma et al., 2012; Zhu et al.,
2016), suggesting that ZmCCaMK and ZmBSK1 function in
drought stress together. Drought significantly enhanced the inter-
action between ZmBSK1 and ZmCCaMK (Fig. 1e). Accompa-
nied by the increasing kinase activity of ZmCCaMK, the

(a)

(b) (c) (d)

(e)

Fig. 6 The phosphorylation of Ser67-Zea mays calcium/calmodulin-dependent protein kinase (ZmCCaMK) positively regulates the tolerance of maize
plants to drought stress. (a) Phenotype of overexpressing (OE)-ZmCCaMK, OE-ZmCCaMKS67A, OE-ZmCCaMKS67D compared with wild-type (WT) plants
under normal and drought stress conditions. Ten-day-old seedlings were subjected to progressive drought by withholding water for 8 d, and then
rewatered and allowed to recovered for 3 d. Bar, 7 cm. All experiments were repeated at least three times with similar results. (b) The survival rate (%) of
maize plants in (a) after recovered for 3 d. At least 30 seedlings of each line per replicate were used for survival rate analysis. Error bars represent SD (n = 3).
Different letters indicate significant differences at P < 0.05 according to one-way ANOVA (Duncan’s multiple range test). (c, d) The malondialdehyde
(MDA) content (c) and percentage leakage of electrolyte (d) in leaves of maize plants. Ten-day-old seedlings were subjected to progressive drought by
withholding water for 2 d, and then the MDA content and the percentage leakage of electrolyte were measured. (e) Activities of superoxide dismutase
(SOD) and ascorbate peroxidase (APX) in maize plants. Ten-day-old seedlings were subjected to progressive drought by withholding water for 2 d, and
then the activities of SOD and APX were measured. Seedlings treated with distilled water under the same conditions served as control. In (c–e), error bars
represent SD (n = 3). Different letters indicate significant differences at P < 0.05 according to two-way ANOVA (Duncan’s multiple range test).
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phosphorylation at Ser-67 of ZmCCaMK kept growing in
response to drought stress (Figs 3, 4). More importantly, the
increases in both Ser-67 phosphorylation and the kinase activity
of ZmCCaMK were ZmBSK1-dependent in maize (Fig. 4e–h).
Furthermore, genetic analysis revealed that Ser-67 phosphoryla-
tion of ZmCCaMK by ZmBSK1 played a critical role in

regulating drought tolerance in maize (Fig. 6). Together, these
results confirm that ZmBSK1 phosphorylates ZmCCaMK at
Ser-67 in maize drought tolerance.

The revealed activation mechanisms of CCaMKs show that
Ca2+ binding to the EF-hands of CCaMK promotes its
autophosphorylation, and enhances the binding of Ca2+/CaM,

(a)

(b)

(c)

(d)

Fig. 7 The phosphorylation of Ser-67 in Zea

mays calcium/calmodulin-dependent protein
kinase (ZmCCaMK) modulates its ability to
bind Ca2+ and calmodulin (CaM). (a) Gel
shift assay of Ca2+ binding to His-ZmCCaMK
and its mutant proteins. The purified His-
ZmCCaMK, His-ZmCCaMKS67A and His-
ZmCCaMKS67D were incubated with 5 mM
CaCl2 or 10mM EGTA for 15min and then
separated by 12% native polyacrylamide gel
electrophoresis (PAGE) (upper panel). The
red arrows show the migrated location of
these proteins. Coomassie brilliant blue (CBB)
staining was used as a loading control (lower
panel). (b) 45Ca2+ overlay assay of Ca2+

binding to His-ZmCCaMK and its mutant
proteins. The purified His-ZmCCaMK, His-
ZmCCaMKS67A and His-ZmCCaMKS67D were
spotted on a nitrocellulose (NC) membrane
and incubated with 1 lCi 45Ca2+.
Calmodulin, His and bovine serum albumin
(BSA) were used as positive, blank and
negative control, respectively. 45Ca2+ signals
were detected by autoradiography (upper
panel). Ponceau S staining was used as a
loading control (lower panel).
(c) Calmodulin-binding assay of Z. mays

calmodulin 1 (ZmCaM1) binding to His-
ZmCCaMK and its mutant proteins. The
purified His-ZmCCaMK, His-ZmCCaMKS67A

and His-ZmCCaMKS67D were separated and
transferred to a polyvinylidene fluoride
(PVDF) membrane, and were probed with
purified glutathione S-transferase (GST)-
ZmCaM1 in the presence of 5mM CaCl2 or
10mM EGTA, and then the binding
ZmCaM1 was detected by immunoblotting
with anti-GST antibody. Glutathione
S-transferase was used as a negative control.
His-ZmCCaMK and its mutant proteins were
analyzed by immunoblotting with anti-His
antibody. (d) Coimmunoprecipitation (Co-IP)
assay of ZmCaM1 binding to His-ZmCCaMK
and its mutant proteins. Fusion constructs
35S:Myc-ZmCaM1 and 35S:Flag-ZmCCaMK

or its mutants were transiently expressed in
tobacco (Nicotiana benthamiana) leaves
simultaneously or separately. Total protein
extracts were immunoprecipitated with anti-
Flag antibody. ZmCaM1 and ZmCCaMK or
its mutant proteins were detected by
immunoblotting with anti-Myc and anti-Flag
antibodies, respectively. The molecular
weights are marked on the left. All
experiments were repeated at least three
times with similar results.
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which in turn promotes its transphosphorylation (Gleason et al.,
2006; Miller et al., 2013; Routray et al., 2013). The target sub-
strates of CCaMK, CIP73, IPD3/CYCLOPS and NAC84 are
also gradually identified (Yano et al., 2008; Kang et al., 2011;
Zhu et al., 2016). However, the upstream factor affecting Ca2+

binding and autophosphorylation of CCaMK is largely
unknown. Because ZmCCaMKS67D displays a much faster elec-
trophoretic mobility and an enhanced Ca2+-binding ability, in
contrast with the situation of ZmCCaMKS67A (Fig. 7a,b), it
becomes clear that the phosphorylation of Ser-67 promotes the
binding of ZmCCaMK to Ca2+. Following up on this, we further
find that Ser-67 phosphorylation of ZmCCaMK significantly
increases its autophosphorylation activity (Fig. 5a,c). Therefore,
as a novel upstream factor, ZmBSK1 phosphorylates ZmCCaMK
in Ser-67, which promotes ZmCCaMK binding to Ca2+ and
enhances ZmCCaMK autophosphorylation. The next important
step for CCaMK activation is CaM binding. The activation of
some autophosphorylation sites of CCaMK regulates its Ca2+/
CaM-binding ability, thus affecting its kinase activity. The
autophosphorylation at conserved sites Thr-271 in Medicago
truncatula CCaMK (or Thr-265 in Lotus japonicas CCaMK,
Thr-267 in Lilium longiflorum CCaMK or Thr-263 in Oryza
sativa CCaMK) and Ser-343/Ser-344 play positive or negative
roles in regulating CCaMK activity (Singh & Parniske, 2012;
Miller et al., 2013; Poovaiah et al., 2013; Routray et al., 2013; Ni
et al., 2019). Thr-271 autophosphorylation stimulates CCaMK
activation (Poovaiah et al., 2013) and Thr-263 autophosphoryla-
tion is required for the activation of OsDMI3 (Ni et al., 2019).
However, the phosphorylation at Ser-343 and Ser-344 is found
to be associated with the negative regulation of CCaMK (Liao
et al., 2012; Routray et al., 2013). These findings suggest the
complexity in the regulation mechanism of CCaMK activation.
In the current study, Ser-67 phosphorylation of ZmCCaMK
indeed exhibited stronger binding ability to ZmCaM1 and
higher transphosphorylation activity (Figs 5b,d, 7c,d). We thus
propose that Ser-67 phosphorylation enhances the binding of
ZmCCaMK to Ca2+ and CaM, and in turn increases both
autophosphorylation activity and transphosphorylation activity of
ZmCCaMK (Figs 5, 7). However, a more detailed molecu-
lar mechanism for understanding CCaMK activation is still
critical.

Besides the signal transduction, alternative splicing (AS) events
have been revealed to modulate plant abiotic stress tolerance. In
maize, Li et al. (2019) found that several BSKs have diverse splic-
ing transcripts, which are expressed in different tissues and
respond to various stimuli, indicating a novel post-transcriptional
regulation pattern in BSK genes. Sequential window acquisition
of all theoretical fragment ion spectra MS (SWATH-MS) has
emerged to detect AS and quantify proteome dynamics
(Blank-Landeshammer et al., 2019; Chen et al., 2020a,b, 2021a,b;
Zhu et al., 2020). Using OE-ZmBSK1 and RNAi-ZmBSK1
transgenic lines, we would like to find more targets that are
regulated by ZmBSK1 through SWATH-MS and transcriptome
analysis in future. Moreover, transgenic maize plants overexpress-
ing AS variants of BSKs will be generated to investigate whether
the AS of BSKs modulate maize drought tolerance.
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