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Light is a major environmental cue affecting various physiological and metabolic processes in plants. Although plant
photoreceptors are well characterized, the mechanisms by which light regulates downstream responses are less clear. In
Arabidopsis thaliana, the accumulation of photoprotective anthocyanin pigments is light dependent, and the R2R3 MYB
transcription factor MYB75/PAP1 regulates anthocyanin accumulation. Here, we report that MYB75 interacts with and is
phosphorylated by MAP KINASE4 (MPK4). Their interaction is dependent on MPK4 kinase activity and is required for full
function of MYB75. MPK4 can be activated in response to light and is involved in the light-induced accumulation of
anthocyanins. We show that MPK4 phosphorylation of MYB75 increases its stability and is essential for light-induced
anthocyanin accumulation. Our findings reveal an important role for a MAPK pathway in light signal transduction.

INTRODUCTION

Higher plants absorb light and convert it through photosynthesis
into chemical energy required for virtually all physiological pro-
cesses (Smith, 1982; Yiand Deng, 2005). However, excessive light
absorption leads to photoinhibition (repression of photosynthesis)
and accumulation of reactive oxygen species, which perturb
cellular metabolism and reduce yield (Long et al., 1994; Foyer
et al., 1994; Steyn et al., 2002). Plants have multiple mechanisms
to sense light and adjust energy capture to avoid radiation damage
(Yi and Deng, 2005). One such mechanism produces non-
photosynthetic pigments in vegetative tissues that function as
light screens. Anthocyanins are among the best studied such
pigments (Grotewold, 2006). Their accumulation confers deep red
to purple colors to plant tissues, and they greatly reduce the ir-
radiation of chloroplasts by light (Neill and Gould, 2000; Albert
et al., 2009). In addition, anthocyanins are likely to scavenge re-
active oxygen species produced under light stress (Gould, 2004).

The biosynthesis of anthocyanins, a subgroup of plant fla-
vonoids, can be divided into three stages: (1) the initial, general
phenylpropanoid reactions involving phenylalanine ammonia-
lyase, cinnamate-4-hydroxylase, and 4-coumaroyl CoA:ligase; (2)
the early flavonoid reactions catalyzed by chalcone synthase
(CHS), chalcone isomerase, flavanone 3-hydroxylase (F3H), and
flavonoid 3'-hydroxylase; and (3) the late anthocyanin-specific
reactions involving dihydroflavonol 4-reductase (DFR), leucoan-
thocyanidin dioxygenase (LDOX), and UDP-glucose:flavonoid
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3-O-glycosyl-transferase (UF3GT) (Holton and Cornish, 1995; Shi
and Xie, 2014). Expression of the structural genes of the antho-
cyanin biosynthetic pathway is controlled by WD40, MYB, and
basic helix-loop-helix (bHLH) transcription factors (TFs) (Gonzalez
et al., 2008; Shi and Xie, 2014). In Arabidopsis thaliana, the ternary
WD40-bHLH-MYB complex, composed of R2R3 MYB TFs
(MYB75, MYB90, MYB113, and MYB114), bHLH TFs (TT8, GL3,
and EGL3), and the WD40 protein TTG1, regulates anthocyanin
biosynthesis by enhancing expression of the late anthocyanin
biosynthetic genes DFR, LDOX, and UF3GT (Dooner et al., 1991;
Gonzalez et al., 2008; Shi and Xie, 2014). Overexpressing the MYB
TFs increases anthocyanin levels in Arabidopsis (Borevitz et al.,
2000; Gonzalez et al., 2008). Therefore, it seems that these MYB
TFsare limiting factors regulating anthocyanin biosynthesis (Maier
et al., 2013). In Arabidopsis seedlings, the expression of MYB75
predominates over the other three MYBs, indicating that MYB75,
also known as PRODUCTION OF ANTHOCYANIN PIGMENT1
(PAP1), is a key TF in activating anthocyanin biosynthetic genes
(Gonzalez et al., 2008). The identity of MYB75/PAP1 was con-
firmed by comparison of natural allelic variation and by insertion
mutant analyses (Teng et al., 2005).

In Arabidopsis, anthocyanins only accumulate in the light (Maier
et al., 2013). In agreement with its function in regulating antho-
cyanin biosynthesis, MYB75/PAP1 is regulated by light at both the
transcriptional and posttranslational levels. Consistent with its key
role in light-induced anthocyanin biosynthesis, MYB75/PAP1
gene expression is induced by light and precedes the expression
of MYB90/PAP2 and the structural genes (CHS, DFR, F3H, and
LDOX) (Cominelli et al., 2008). However, overexpression of
MYB75/PAP1 is insufficient on its own to stimulate anthocyanin
accumulation in the dark (Maier et al., 2013; Li et al., 2014). In
the dark, MYB75/PAP1 is targeted for degradation by the
CONSTITUTIVE PHOTOMORPHOGENIC1/SUPPRESSOR OF
PHYTOCHROME A (COP1/SPA) E3 ubiquitin ligase. When plants
are exposed to light, COP1/SPA is inactivated and MYB75/PAP1
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is stabilized and able to enhance anthocyanin biosynthesis (Maier
et al., 2013). Accordingly, anthocyanins accumulate even in the
dark in cop1 and spa mutants (Deng et al., 1991; Hoecker et al.,
1998; Laubinger et al., 2004). However, light can still enhance
anthocyanin accumulation in cop7 mutants because illuminated
cop1 and spa mutants accumulate much higher levels of an-
thocyanins than the wild type. These E3 ligase mutants are
therefore hyperresponsive to light (Maier and Hoecker, 2015). This
indicates that there is an additional regulatory process involved in
light-induced anthocyanin accumulation.

Plants use light not only as their energy source, but also as a cue
to adapt to changing environments (Sheerin et al., 2015). Such
cues are perceived by receptors/sensors and transduced to
physiological responses via intracellular signaling pathways
(Kholodenko, 2006). Mitogen-activated protein kinase (MAPK)
cascades represent a major set of such pathways. A canonical
MAPK cascade consists of three sequentially phosphorylated
protein kinases, a MAPK kinase kinase (MAP3K), a MAPK kinase
(MAP2K), and a MAPK (Widmann et al., 1999). Activated MAPKs
then phosphorylate effector/substrate proteins to induce ap-
propriate responses. Their substrates are diverse and include TFs
(Mao et al., 2011). Plant MAPKs regulate numerous processes,
including abiotic and biotic stress responses, hormonal signaling,
and developmental programs (Rodriguez et al., 2010; Meng and
Zhang, 2013). The Arabidopsis genome encodes 20 MAPKs in-
cluding MPK3, MPK6, and MPK4 with functions in responses to
various extracellular stimuli (Colcombet and Hirt, 2008). In-
terestingly, these three MAPKSs are activated by light (Lee, 2015).
However, the roles of MAPKSs in light responses and the mech-
anisms by which MAPKs may regulate light signaling remain
largely unknown.

Here, we report that MPK4 regulates the light-induced accu-
mulation of anthocyanins. Light can activate MPK4, and activated
MPK4 interacts with the transcription factor MYB75. Phosphor-
ylation of MYB75 by MPK4 increases MYB75 stability, which is
essential for anthocyanin accumulation in response to light. Our
work thus reveals an important role of a MAPK in light signaling.

RESULTS

MPK4 Interacts with the MYB Transcription Factor MYB75

Arabidopsis MPK4 regulates cellular responses including innate
immunity, hormone signaling, and cytokinesis (Petersen et al.,
2000; Kosetsu et al., 2010). We aimed to identify MPK4 substrate
proteins to link MPK4 to downstream functions. For example, we
previously identified MAP KINASE SUBSTRATE1 (MKS1) as an
MPK4 substrate by yeast two-hybrid (Y2H) screens using native
MPK4 as bait (Andreasson et al., 2005). However, phosphoryla-
tion-mediated activation of MAPKs is generally transient, as is
their interaction with downstream substrate proteins. This makes
it difficult to identify MAPK substrates by genome wide proteomic
or yeast two-hybrid approaches (Feilner et al., 2005). To cir-
cumvent this difficulty, we exploited a recently described, con-
stitutively active MPK4 form (CA-MPK4), which results from two
mutations (D198G/E202A) and retains its substrate specificity and
physiological functions (Berriri et al., 2012). In control Y2H assays,
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when a BD-CA-MPK4 bait construct in plasmid pGBKT7 was
cotransformed with the empty pGADT7 prey vector, expression of
selectable markers was not activated (Figure 1A). We then
screened an Arabidopsis cDNA library to isolate potential MPK4
substrates. Atotal of 1.5 X 107 clones were screened representing
4.6-fold redundancy of the Clontech library used. Among
157 positive clones isolated, two encoded full-length MYB75
(At1g56650), a MYB family transcription factor. Directed yeast
two-hybrid assays confirmed the interaction between CA-MPK4
and MYB75. Interestingly, the native form of MPK4 did not interact
detectably with MYB75 (Figure 1A).

To test whether MYB75 interacts with MPK4 in vivo, we per-
formed coimmunoprecipitation experiments in Nicotiana ben-
thamiana. Immunoprecipitates of transiently expressed MYB75-HA
in leaves transformed with MYB75-HA and Myc-CA-MPK4 or Myc-
MPK4 were found to contain MPK4 (Figure 1B). Native MPK4 was
foundto be associated with MYB75, most probably due to the basal
activity of MPK4 in planta. The MYB75 and MPK4 interaction was
further confirmed by bimolecular fluorescence complementation
(BiFC) assays on N. benthamiana leaves (Figure 1C). A direct in-
teraction between CA-MPK4 or MPK4 and MYB75 was observedin
nuclei. However, no interaction was found between MYB75 and
MPK4AEF a kinase-dead form with two mutations (T201A/Y203F) in
its activation loop (Petersen et al., 2000). Taken together, these data
indicate that MYB75 interacts with MPK4 in a kinase activity-
dependent manner.

MPK4 Is Involved in High Light-Induced
Anthocyanin Accumulation

The activation tag mutant pap7-D (production of anthocyanin
pigment 1-Dominant), harboring insertion of 35S enhancer ad-
jacent to the MYB75/PAP1 gene, constitutively overexpresses
MYB75/PAP1 (Borevitz et al., 2000). Since MYB75 can interact
with MPK4, we tested whether MPK4 regulates anthocyanin
accumulation. As a control, MYB75 knockout mutants were
generated in the Col-0 ecotype using the CRISPR-Cas9 system
and are referred to here as myb75-c (Supplemental Figure 1).

In Arabidopsis, anthocyanin accumulation only occurs in the
light (Maier et al., 2013) and the levels of anthocyanin accumu-
lation are light intensity dependent (Rowan et al., 2009; Shiand Xie,
2010). In this study, we maintained Arabidopsis seedlings under
weak light of 40 pmol m—2 s~ (hereafter called low light), a control
light intensity at which wild-type plants accumulate very low levels
of anthocyanins (Shi and Xie, 2010; Maier and Hoecker, 2015)
(Figures 2A and 2B). To induce anthocyanin biosynthesis,
seedlings were then shifted to moderate high light (175 pmol
m~2 s~ 1, hereafter called high light). To test whether the
moderate high lightinduces a stress response, we analyzed
transcript levels of general stress-responsive genes RESPONSIVE
TO DESICCATION 29A (RD29A), EARLY RESPONSIVE TO
DEHYDRATION10 (ERD10), LATE EMBRYOGENESIS ABUNDANT14
(LEA14), and KIN1 (At59g15960) (Kimura et al., 2003) under
low and moderate high light conditions. Expression of these
stress genes was only slightly stimulated by moderate high
light (Supplemental Figure 2), supporting that our moderate
high light regimen did not cause much stress to Arabidopsis
plants.
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Figure 1. Interaction of MYB75 with MPK4 Is Dependent on MPK4 Kinase Activity.

(A) Constitutively active MPK4 (CA-MPK4), but not native MPK4, interacts with MYB75 in yeast. Serial dilutions of transformed yeast cells were spotted on
the indicated amino acid dropout agar plates. Cotransformed MPK4 and MKS1 were used as a positive control. AD, GAL4 activation domain; BD, GAL4 DNA
binding domain. SD, synthetically defied medium; AbA, Aureobasidin A.

(B) Coimmunoprecipitation of MPK4 and CA-MPK4 with MYB75. MYB75-HA was coexpressed with Myc-MPK4 and Myc-CA-MPK4 in N. benthamiana
leaves by agroinfiltration. Leaf lysates were immunoprecipitated with anti-HA beads and stained with anti-MPK4. One-twentieth of the input proteins was
stained with the same antibodies as loading control. “+” and “—” denote presence and absence of the protein in each sample, respectively.

(C) A BiFC assay in N. benthamiana leaves showing that MYB75 interacts with MPK4 and CA-MPK4, but not with kinase-dead MPK4AEF, mCherry was
coexpressed as a transformation control. Yellow indicates a positive interaction signal, and red indicates signals from mCherry. Bars = 50 pm.

High light exposure induced anthocyanin accumulation in the
wild type and even more so in pap7-D seedlings. In contrast,
anthocyanin accumulation was minimal in the mpk4-3 and myb75-c
mutants (Figures 2A and 2B). The expression of anthocyanin bio-
synthetic genes was also greatly reduced in mpk4-3 under high light
(Figure 2C). Plants homozygous for three different loss-of-
function MPK4 alleles, mpk4-1, mpk4-2, and mpk4-3, all exhibited
similarly compromised accumulation (Supplemental Figure 3).
This indicates that their compromised anthocyanin accumulation
is not limited to a specific MPK4 mutation and is independent of
Arabidopsis ecotypes. Moreover, the wild-type MPK4 gene res-
cued the mpk4 phenotype (Supplemental Figure 3).

The mpk4 mutants exhibit autoimmunity because the MPK4
pathway is guarded by the immune receptor SUMM2, which is
regulated by SUMM1 (Kongetal.,2012; Zhangetal.,2012). Totest
whether mpk4 autoimmunity affects anthocyanin accumulation,
we analyzed their accumulation in mpk4-3 summ1 and mpk4-3
summ?Z2 double mutants. Their anthocyanin contents were only

slightly higher than that of the mpk4 mutant, but greatly lower than
that of summ1 and summ?2 (Supplemental Figure 3). This indicates
that the anthocyanin-deficient phenotype of the mpk4 mutant is
mostly not due to mpk4 autoimmunity and confirms that MPK4
functions in light-induced anthocyanin accumulation.

We next checked whether MPK4 is activated in response to
light. Shifts from low light to high light led to rapid activation of
MPK4, reaching its highest level at 15 min. Interestingly, MPK3
and MPKG6 were also activated in response to high light (Figure 2D),
confirming a recent report (Lee, 2015). We then investigated
whether MPK3 and MPK6 are also involved in anthocyanin ac-
cumulation. As shown in Figure 2E, high light-induced anthocy-
anin accumulation was unaffected in mpk3 or mpk6 mutants.
Since the mpk3 mpk6 double mutant is embryo lethal, we could
not analyze anthocyanin accumulation in the double mutant.
Thus, the possibleroles of MPK3 and MPKG6 in light signaling may
be addressed in future. In addition, MPK11 is the closest ho-
molog of MPK4. High light-induced anthocyanin accumulation
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Figure 2. MPK4 Is Involved in High Light-Induced Anthocyanin Accumulation.

(A) Twelve-day-old Arabidopsis seedlings of the wild type, pap 7-D, myb75-c, and mpk4-3 grown on plates under low light or moderate high light (high light).
Bars = 0.5 cm.

(B) Anthocyanin contents of the seedlings in (A). FW, fresh weight. Error bars represent sp of three replicates (representing three separate extractions from
separate samples of pooled aboveground tissue of seedlings grown on one plate for each genotype and treatment).

(C) Quantitative real-time PCR analysis of DFR, LDOX, and UF3GT transcript levels in 12-d-old wild-type and mpk4-3 seedlings grown on plates exposed to
low light and moderate high light (high light) for 9 h, respectively. Results were normalized to ACTINS, and expression levels of the genes in the wild type under
low light were set at one unit. Error bars indicate sp of three replicates (as described above).

(D) High light-induced MAPK activation. Twelve-day-old seedlings were exposed to high light and collected at the indicated time points. MAPK activity was
analyzed by immunoblot with Phospho-p44/42 MAPK (Erk1/2) antibody (top panel), the level of MPK4 was determined by immunoblotting (middle panel),
and ACTIN was used as a protein loading control (bottom panel).

(E) High light-induced anthocyanin accumulation is not affected in the mpk3 and mpk6 mutants. Twelve-day-old Arabidopsis seedlings were grown on
plates under low light and moderate high light (high light). FW, fresh weight. Error bars represent sp of three replicates (as described above).
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was also unaffected by MPK11 mutation (Supplemental Figure
4). This indicates that MPK11 is not required for anthocyanin
accumulation.

Interaction with MPK4 Is Required for MYB75 Function in
Anthocyanin Accumulation

To more directly confirm that MPK4 is required for MYB75-medi-
tated anthocyanin accumulation, the pap7-D mutant was crossed
with mpk4-3 to generate the mpk4-3 pap1-D double mutant. The
anthocyanin content of the mpk4-3 pap1-D double mutant was
significantly lower than that of pap7-D (Figures 3A and 3B). Con-
sistent with this, transcript levels of the anthocyanin biosynthetic
genes DFR,LDOX, and UF3GT were also lower in the mpk4-3 pap1-D
double mutant than in the pap7-D mutant (Figure 3C). These results
support a functional interaction between MPK4 and MYB75.

To identify the domains of MYB75 interacting with MPK4,
adirected Y2H analysis was performed with CA-MPK4 and a set of
N- and C-terminal truncations of MYB75. This indicated that both
the N- and C-terminal regions of MYB75 are necessary for in-
teraction with MPK4. We focused on the N-terminal region and

narrowed its interaction to two residues, Arg-84 and Trp-85
(Figure 4A). Mutation of these two residues (Arg-84 to Lys and Trp-
85 to Ala) showed that the Arg-84-to-Lys mutation abolished the
interaction between MYB75 and CA-MPK4 (Figure 4B).

To further examine the importance of the interaction between
MYB75 and MPK4 for anthocyanin accumulation, we generated
transgenic plants expressing MYB75884K and MYB75"7 driven by
the constitutive 35S promoter in the myb75-c mutant background.
The expression levels of these two transgenes were similar, but the
anthocyanin level of MYB75784K transgenic plants was much
lower than that of MYB75"T plants (Figures 4C and 4D). Con-
sistent with this, the levels of DFR, LDOX, and UF3GT transcripts
were also lower in MYB757384K transgenic plants compared with
MYB75"T plants (Figure 4E).

R84 is located in the R3 repeat of the MYB domain of MYB75,
whichis also responsible for EGL3 binding (Zimmermann et al., 2004).
The loss-of-function phenotype of plants expressing MYB75R84K
could therefore be due to loss of DNA binding and/or to loss of EGL3
interaction. To examine this, we first analyzed the interaction be-
tween MYB75R84K and EGLS3 in the Y2H system and found that the
R84K mutation did not alter the interaction (Supplemental Figure 5).
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Figure 3. MPK4 Is Required for MYB75-Mediated Anthocyanin Accumulation.

(A) Twelve-day-old Arabidopsis seedlings of mpk4-3, pap 1-D, and mpk4-3 pap 1-D were grown on plates under low light and moderate high light (high light).

Bars = 0.5 cm.

(B) Anthocyanin contents of the seedlings in (A). FW, fresh weight. Error bars represent sp of three replicates (as described in Figure 2B).

(C) Quantitative real-time PCR analysis of DFR, LDOX, and UF3GT transcript levels in 12-d-old mpk4-3, pap1-D, and mpk4-3 pap1-D seedlings grown on
plates exposed to low light and moderate high light (high light) for 9 h, respectively. Results were normalized to ACTINS, and expression levels of the genes in
mpk4-3 under low light were set at one unit. Error bars indicate sb of three replicates (as described in Figure 2B).
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Figure 4. Interaction with MPK4 Is Required for MYB75 Function in Anthocyanin Accumulation.

(A) Schematic representation of the MYB75 truncations and their interaction with CA-MPK4 in yeast two-hybrid assays. The numbers indicate the positions
of the amino acids in the constructs. “+” and “—” denote positive and negative results for interaction, respectively.

(B) Yeast two-hybrid assay showing that mutation R84K of MYB75, but not W85A, abolishes its interaction with CA-MPK4.

(C) Quantitative real-time PCR analysis showing comparable expression levels of the transgenes MYB75"7 and MYB75784Kin 35S5:MYB75WT/myb75-c and
35S:MYB75F84K/myb75-c transgenic seedlings. The forward and reverse primers for MYB75 and EGFP, respectively, were designed to detect transgene
transcripts of MYB75WT and MYB75R84K fused with EGFP, but not endogenous MYB75 transcripts. Results were normalized to ACTINS, and expression
levels of the genes in 35S:MYB75WT/myb75-c transgenic seedlings were set at one unit. Error bars indicate sp of three replicates (as described in Figure 2B).
(D) Anthocyanin contents of 12-d-old Arabidopsis seedlings of myb75-c, 35S:MYB75"T/myb75-c, and 35S:MYB75784K/myb75-c grown on plates under
low light and moderate high light (high light). FW, fresh weight. Error bars represent sp of three replicates (as described in Figure 2B).
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Furthermore, electrophoretic mobility shift assays revealed that the
R84K mutation did not affect the binding of MYB75 to its target gene
promoter (Supplemental Figure 6). Taken together, these data
support the idea that interaction with MPK4 is important for MYB75 to
regulate anthocyanin biosynthesis.

MPK4 Phosphorylates MYB75

To investigate whether MYB75 can be phosphorylated by MPK4,
His-tagged CA-MPK4 and MYB75 recombinant proteins were
purified and used in in vitro kinase assays. CA-MPK4 was able to
phosphorylate the standard MAP kinase substrate myelin basic
protein, which confirms the previous report that CA-MPK4 is
a constitutively active form of MPK4 (Berriri et al., 2012). MYB75
protein was also strongly phosphorylated by CA-MPK4 (Figure
5A). There are two potential MAPK phosphorylation sites (with
a Ser or Thr residue followed by a Pro residue) in MYB75, Thr-126,
and Thr-131 (Figure 5B). To initially identify the phosphorylation
site(s) of MYB75, these two Thr sites were mutated to Ala in-
dividually and together. MYB75T126A MYB75T'31A and
MYB75T126AT131A recombinant proteins were prepared and their
phosphorylation by CA-MPK4 was examined. The T126A or
T131Asingle substitutions had little effect on the phosphorylation of
MYB75. However, when both sites were mutated (T126A/T131A),
phosphorylation of MYB75 was greatly reduced (Figure 5C).

To further characterize the MPK4 phosphorylation sites on
MYB75, we enriched the phosphorylated peptides of recombinant
MYB75 by TiO, chromatography and analyzed them by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). This
identified several phosphopeptides (Supplemental Table 1). The
most abundant phosphopeptide contained Thr-126 and Thr-131
as phosphorylation sites (Figure 5D). Thr-130 was also found to be
phosphorylated (Supplemental Figure 7). However, Thr-130 is not
followed by a Pro residue and is unlikely to be a MAPK phos-
phorylation site. It is therefore possible that the Thr-130 phos-
phorylation detected was produced by the activity of an
Escherichia coli kinase. These results imply that MYB75 Thr-126
and Thr-131 are the major residues phosphorylated by MPK4.

To test whether MPK4 is able to phosphorylate MYB75 in vivo,
the 35S:MYB75-HA transgene was transformed into mpk4-3
heterozygotes. First, transgenic plants expressing MYB75-HA
were identified by RT-PCR and immunoblotting with anti-HA
antibody. Plants homozygous for the MYB75-HA transgene and
heterozygous for mpk4-3 were then used to produce segregating,
doubly homozygous progeny for further analysis. Total protein
was extracted fromthese plants at different time points exposed to
high light. MYB75 phosphorylation was detected using SDS-
PAGE gels containing Phos-tag, a ligand that retards the elec-
trophoretic mobility of phosphorylated proteins. The mobility shift
of MYB75 bands was revealed by immunoblotting with anti-HA
antibody. Retardation of MYB75 from the wild-type transgenic

plants was detected and peaked at 15 min after exposure to high
light. However, retardation due to phosphorylation of MYB75 was
largely absent in the mpk4-3 background (Figure 5E). These data
indicate that high light induces in vivo phosphorylation of MYB75
and that this phosphorylation is mediated by MPK4. Phosphor-
ylated MYB75 was also detected under low light, suggesting that
MPK4 maintains partial activity under this condition.

Phosphorylation of MYB75 Enhances
Anthocyanin Accumulation

To further confirm that MPK4-mediated phosphorylation is re-
quired for MYB75 function, we generated expression vectors with
the native form (MYB75"7), phosphomimic MYB75PP (Thr-126/
Thr-131 mutated to Asp), and phosphodeficient MYB7544 (Thr-
126/Thr-131 mutated to Ala) under control of the constitutive 35S
promoter. We used the 35S promoter rather than the native
MYB75 promoter as suggested in a previous report (Maier et al.,
2013). Wild-type plants expressing MYB75PP accumulated sig-
nificantly more anthocyanin under both low light and high light
conditions (Figures 6A and 6B), despite the comparable ex-
pression levels of the MYB75PD, MYB75WT, and MYB75°A
transgenes (Figure 6C). In addition, the anthocyanin levels of
MYB75%4 and MYB75"T transgenic plants were not significantly
different (Figure 6B). As shown in Figure 6D, the expression levels
of the anthocyanin biosynthetic genes DFR and LDOX paralleled
their anthocyanin contents. These data indicate that MYB75 func-
tions downstream of MPK4 in regulating anthocyanin accumulation.

Phosphorylation by MPK4 Increases the Stability of MYB75

Since the phosphomimic and phosphodeficient alterations in
MYB75 did not affect its binding to the target gene promoter
(Supplemental Figure 6), we compared MYB75 protein levels in
wild-type plants expressing MYB75WT, MYB75PP, and MYB75/A,
As shown in Figure 7A, MYB75PP accumulated to higher levels in
the transgenic plants although the mRNA levels of the three
MYB75 variants were comparable (Figure 6C). Since the stability
of MYB75 has been shown to be regulated by light (Maier et al.,
2013), we examined the levels of MYB75 proteins in dark-adapted
seedlings to further demonstrate whether MYB75 phosphoryla-
tion affects its stability. This showed that MYB75WT and MYB75A4
were almost undetectable in dark-adapted seedlings, whereas
MYB75PP accumulated to high levels (Figure 7B). This indicates
that the phosphomimic alteration increased MYB75 stability. In
addition, when we treated dark-adapted seedlings with 100 pM
MG132, aninhibitor of the 26S proteasome, the levels of MYB75WT
and MYB75% increased greatly, whereas that of MYB75PP was
only slightly increased above its already high level (Figure 7B).
These findings indicate that MYB75 is degraded via the 26S
proteasome and that phosphorylation of MYB75 opposes

Figure 4. (continued).

(E) Quantitative real-time PCR analysis of DFR, LDOX, and UF3GT transcript levels in 12-d-old seedlings grown on plates exposed to low light and moderate
high light (high light) for 9 h, respectively. Results were normalized to ACTINS, and expression levels of the genes in myb75-c under low light were set at one

unit. Error bars indicate sp of three replicates (as described in Figure 2B).
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Figure 5. MPK4 Phosphorylates MYB75.

(A) Phosphorylation of recombinant MYB75 by CA-MPK4. CA-MPK4 was used to phosphorylate purified His-tagged MYB75. Side-by-side control re-
actions using myelin basic protein (MBP) as a substrate confirmed the kinase activity of CA-MPK4. Phosphorylated MYB75 was visualized by autora-

diography after gel electrophoresis.

(B) Putative MAPK phosphorylation sites (marked in red) in the MYB75 protein sequence.
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Figure 6. Phosphorylation of MYB75 Enhances Its Function in Anthocyanin Accumulation.

(A) Twelve-day-old Arabidopsis seedlings of wild-type, 35S:MYB75"T/WT, 35S:MYB75PP/WT, and 35S:MYB754/\WT transgenic seedlings grown on
plates under low light and moderate high light (high light). Bars = 1 cm.

(B) Anthocyanin contents of the seedlings in (A). FW, fresh weight. Error bars represent sp of three replicates (as described in Figure 2B).

(C) Quantitative real-time PCR analysis showing comparable MYB75 expression levels in 35S:MYB75WT/WT, 35S:MYB75PP/WT, and 35S:MYB754/WT
transgenic seedlings. Primers were designed to detect both transgenic and endogenous MYB75 transcripts. Results were normalized to ACTINS, and
expression levels of the genes in the 35S:MYB75WT/WT transgenic seedlings were set at one unit. Error bars indicate s of three replicates (as described in
Figure 2B).

(D) Quantitative real-time PCR analysis of DFR and LDOX transcript levels in 12-d-old wild type, 35S:MYB75WT/WT, 35S:MYB75PP/WT, and 35S:MYB75°4/\WT
transgenic seedlings grown on plates exposed to low light and moderate high light (high light) for 9 h, respectively. Results were normalized to ACTINS, and
expression levels of the genes in the wild type under low light were set at one unit. Error bars indicate sp of three replicates (as described in Figure 2B).

degradation and thus increases MYB75 stability. MYB75** and MKK1 is the MAPK kinase upstream of MPK4 (Gao et al., 2008;
MYB75WT exhibited similar protein stability and effects on an- Qiu et al., 2008). MKK1PP is a constitutively active, phosphomimic
thocyanin accumulation (Figures 6B and 7A) in the transgenic form of the MKK1 generated by mutating the conserved serine and
plants. One explanation for these results is that overexpression of threonine residues in the kinase activation loop to aspartate (Asai
these proteins saturates the activity of MPK4. et al., 2002). We transiently expressed MYB75WT, MPK4, and

Figure 5. (continued).

(C) Mutation of the putative MAPK phosphorylation sites greatly reduces the phosphorylation of MYB75 by CA-MPK4. Recombinant MYB75, MYB75T126A,
MYB75T131A and MYB75T126AT131A were incubated with CA-MPK4. Phosphorylated MYB75 was visualized by autoradiography after gel electrophoresis.
(D) LC-MS/MS analysis showing that MYB75 Thr-126 and Thr-131 are phosphorylated. The sequence of the doubly charged peptide ion at m/z 713.84,
score 106.6, matches DIpTPIPTpTPALK of MYB75. “b” and “y” denote peptide fragment ions retaining charges at the N and C terminus, respectively. The
subscript numbers indicate positions in the identified peptide. pT indicates phosphorylated Thr.

(E) In vivo phosphorylation of MYB75. Twelve-day-old seedlings of 35S:MYB75WT/WT and 35S:MYB75"7/mpk4-3 were exposed to high light for the
indicated times. Protein extracts were separated on SDS-PAGE gels with Phos-tag reagent, and MYB75 was detected with anti-HA antibody. Due to the low
MYBY75 levels in mpk4-3, double the amount of total protein extract was loaded for the mpk4-3 samples than from the wild type for comparative purposes.
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Figure 7. Phosphorylation of MYB75 by MPK4 Increases Its Stability.

(A) Immunoblot analysis showing accumulation of the MYB75 variants in 35S:MYB75"7, 35S:MYB75PP, and 35S:MYB75/4 transgenic seedlings in the wild-
type background under low light. The levels of these MYB75 variants were determined by immunoblotting with anti-HA antibody. ACTIN was used as loading
control.

(B) Phosphomimic alteration increases MYB75 stability. Dark-adapted, transgenic seedlings expressing 35S:MYB75"7, 356S:MYB75PP, and 356S:MYB75°4
were treated with MG132 or DMSO for 12 h in darkness. The levels of these MYB75 variants were determined by immunoblotting with anti-HA antibody.
ACTIN was used as loading control.

(C) Coexpression of MPK4 and MKK1PP increases the stability of MYB75. MYB75WT-HA was coexpressed with Myc-MPK4 and MKK1PP-FLAG in the
leaves of N. benthamiana by agroinfiltration. EGFP was coexpressed as an internal control. “+” and “—" denote presence and absence of the proteinin each
sample.

(D) MPK4 regulates the stability of MYB75 in planta. 35S:MYB75WT/WT and 35S:MYB75"T/mpk4-3 were segregated from the same transformed mpk4-3
heterozygous plants. Twelve-day-old seedlings grown on plates were exposed to low light or moderate high light (high light) for 9 h. Immunoblot analysis
showing the differential accumulation of MYB75WT in the wild-type and mpk4-3 backgrounds under both low light and moderate high light (high light).

MKK1PPin leaves of N. benthamiana. As seen in Figure 7C, MYB75
accumulated to a higher level only in the presence of MKK1PP and
MPK4. This again indicates that MPK4-mediated phosphorylation
stabilizes MYB75.

We then examined MYB75 protein levels in the wild type and
mpk4-3 mutants expressing the MYB75"T transgene. The levels of
MYB75 were greatly decreased in mpk4-3 under both low light and
high light conditions compared with the wild type (Figure 7D). This
confirms that MPK4 regulates MYB75 stability. Interestingly,
MYB75 could still be induced by light in the mpk4-3 mutant,
suggesting that additional factors also regulate its stability.

MPK4 and COP1 Have Opposing Effects on
Anthocyanin Accumulation

Transgenic plants expressing MYB75WT, MYB75PP, and MYB75°4
in the mpk4-3 background were also tested for high light-induced

anthocyanin accumulation. mpk4-3 plants expressing MYB75PP
accumulated more anthocyanins than MYB75WT and MYB75°
transgenic plants (Supplemental Figure 8; Figure 8A). The ex-
pression pattern of DFR, LDOX, and UF3GT transcripts was con-
sistent with these anthocyanin levels (Figure 8B). However, these
plants still retained high light responsiveness, implying the exis-
tence of an MPK4-independent pathway also regulated by light.
The E3 ubiquitin ligase COP1 mediates ubiquitination and
degradation of MYB75 in the dark (Maier et al., 2013). Light in-
activates COP1 and thereby stabilizes MYB75 (Osterlund et al.,
2000; Maier et al., 2013). Increased anthocyanin accumulation is
a phenotype of cop? mutants (Deng et al., 1991). The increased
anthocyaninlevelin cop 7 mutants requires MYB75, indicating that
COP1 functions upstream of MYB75 (Maier et al., 2013). To in-
vestigate whether COP1 is required for the effect of MPK4 on
anthocyanin accumulation, we generated a cop7-6 mpk4-3
double mutant. Remarkably, anthocyanin accumulation was
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Figure 8. MPK4 and COP1 Have Opposing Effects on Anthocyanin Accumulation.

(A) Anthocyanin contents of 12-d-old Arabidopsis seedlings of mpk4-3, 35S:MYB75WT/mpkd4-3, 355:MYB75PP/mpk4-3, and 35S:MYB754/mpk4-3 transgenic
seedlings grown on plates under low light and moderate high light (high light). FW, fresh weight. Error bars represent sp of three replicates (as described in Figure 2B).
(B) Quantitative real-time PCR analysis of DFR, LDOX, and UF3GT transcript levels in 12-d-old mpk4-3, 35S:MYB75WT/mpk4-3, 355:MYB75PP/mpk4-3,
and 35S:MYB754/mpk4-3 transgenic seedlings grown on plates exposed to low light and moderate high light (high light) for 9 h, respectively. Results were



greatly decreased in the double mutant (Figures 8C and 8D). This
indicates that MPK4 does not simply function through COP1 to
regulate anthocyanin accumulation.

Plants expressing MYB75WT, MYB75PP, and MYB75** were
also generated in the cop7-6 background by crossing with wild-
type transgenic plants. Anthocyanin levels were higher in the
transgenic plants in cop7-6 mutant background than in wild-type
background, and the MYB75PP expressing plants appeared to
accumulate still more anthocyanin (Figure 8E). This indicates that
MPK4 and COP1 function at least partially independently. Taken
together, the data suggest that MPK4 and COP1 have opposing
effects on MYB75 stability and thereby together regulate light-
induced anthocyanin accumulation.

MYB75 transcripts are upregulated by light (Cominelli et al.,
2008) and are affected by the COP1/SPA complex (Maier et al.,
2013). To investigate whether MPK4 regulates MYB75 at the
transcriptional level, transcripts of MYB75 were measured in wild-
type, mpk4-3, and cop1-6 seedlings. The levels of MYB75 tran-
scripts were only slightly higher in dark-grown mpk4-3 than in the
wild type but were greatly increased in dark-grown cop -6 (Figure
8F). This indicates that MPK4 may not directly regulate MYB75 at
the transcriptional level. However, MYB75 transcript levels were
strongly downregulated in mpk4-3 in low light (Figure 8F). This
again indicates that MPK4 is involved in light signaling and is
consistent with a dual regulation of anthocyanin accumulation by
MPK4 and by the COP1/SPA complex. Therefore, MPK4 regulates
the function of MYB75 both by directly affecting MYB75 protein
stability and by indirectly affecting its transcript levels.

MPK4 Regulates Light-Induced Anthocyanin Accumulation

To further confirm that MPK4 is involved in light responses, we
investigated its activation and role in anthocyanin accumulation
under far-red and weak white light. Wild-type and mpk4-3
seedlings were grown in the dark for 4 d and then exposed to weak
white light (40 umol m~2 s=1) for various times. Exposure to light
led to rapid activation of MPK4, MPK3, and MPKG6 (Figure 9A). This
exposure induced accumulation of low levels of anthocyanin in
wild-type seedlings, but this accumulation was again greatly
decreased in mpk4-3 seedlings (Figure 9B). Moreover, we com-
pared MYB75 protein levels in wild-type and mpk4-3 seedlings
expressing MYB75WT grown in the dark and under weak light
(Figure 9C). Inthe dark, MYB75 protein in the wild type was almost
undetectable, but it accumulated under weak light. In contrast,
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MYB75 protein levels in mpk4-3 were much lower than in the wild
type. Interestingly, MYB75 protein levels could still be induced by
light in mpk4-3, suggesting that factors in addition to MPK4 are
involved in regulating the stability of MYB75.

Far-red light with a fluence rate of around 10 umol m—2 s~
rapidly activated MPK4, MPK3, and MPKG® in wild-type seedlings
but not in a phyA phyB double mutant seedlings (Supplemental
Figure 9). This suggests that MPK4 functions downstream of these
photoreceptors. Similarly, far-red-light-induced anthocyanin ac-
cumulation was greatly reduced in mpk4-3 seedlings and almost
abolished in myb75-c and in the phyA phyB seedlings (Figure 9D).
In contrast, the blue light receptor double mutant cry 1 cry2 was still
fully responsive to far-red light (Figure 9D). Together these findings
show that MPK4 is required for light-induced anthocyanin ac-
cumulation.

DISCUSSION

Light is a predominant environmental stimulus affecting plant
development and growth (Jiao et al., 2007). Being sessile, plants
have evolved complicated mechanisms to sense, respond, and
adapt to varying light conditions (Xu et al., 2015). Although plant
photoreceptors are well characterized (Galvdo and Fankhauser,
2015), downstream signaling processes are less clear. In Arabi-
dopsis, anthocyanin accumulation is light-regulated (Chalker-Scott,
1999; Maier et al., 2013) and the transcription factor MYB75 activates
the expression of anthocyanin biosynthetic genes (Borevitz et al.,
2000; Gonzalez et al., 2008). In this study, we report that MYB75 is
a substrate of the MAP kinase MPK4 and that phosphorylation of
MYB75 by MPK4 is required for light-induced anthocyanin accu-
mulation. Our work demonstrates an important role fora MAP kinase
in the light response.

MAPK signaling specificity is to a large extent conferred by their
diverse substrates (Mao et al., 2011). The identification of MAPK
substrates thus provides mechanistic insight into their regulatory
functions (Meng and Zhang, 2013). However, only a few plant
MAPK substrates have been identified because both MAPK ac-
tivation and their interactions with substrates are transient
and rapid. We reasoned that a constitutively active MAPK form
(CA-MAPK) could largely overcome these transient features.
Ouridentification of MYB75 as an MPK4 substrate successfully
demonstrates this new approach to identify MAPK substrates
through Y2H screening using CA-MAPK as bait. Our approach
should be applicable to different MAPKs in many species.

Figure 8. (continued).

normalized to ACTINS8, and expression levels of the genes in mpk4-3 under low light were set at one unit. Error bars indicate sb of three replicates (as

described in Figure 2B).

(C) Twelve-day-old Arabidopsis seedlings of cop 1-6, mpk4-3, and cop 1-6 mpk4-3 grown on plates under low light and moderate high light (high light). Bars =

0.5 cm.

(D) Anthocyanin contents of the seedlings in (C). FW, fresh weight. Error bars represent sp of three replicates (as described in Figure 2B).

(E) Anthocyanin contents of 12-d-old Arabidopsis seedlings of the 35S5:MYB75WT, 35S:MYB75PP, and 35S:MYB7544 transgenic lines in the wild-type and
cop1-6 backgrounds grown on plates under low light. FW, fresh weight. Error bars represent sp of three replicates (as described in Figure 2B).

(F) Quantitative real-time PCR analysis of MYB75 expression in wild-type, mpk4-3, and cop1-6 seedlings. Seedlings were placed in the dark or continuous
low light for 4 d. Results were normalized to ACTINS8, and expression levels of the genes in wild type in the dark were set at one unit. Error bars indicate sb of

three replicates (as described in Figure 2B).
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Figure 9. MPK4 Is Involved in Light-Induced Anthocyanin Accumulation.

(A) Weak white light-induced MAPK activation. Four-day-old dark-grown wild-type seedlings were exposed to weak white light (40 pmol m—2 s~1) for the
indicated times. MAPK activity was analyzed by immunoblotting with Phospho-p44/42 MAPK (Erk1/2) antibody (top panel), and MPK4 protein was
determined by immunoblotting (bottom panel).

(B) Anthocyanin contents of 8-d-old seedlings of the wild type, mpk4-3, and myb75-c grown on plates under continuous dark or weak white light (40 pwmol
m~2 s~1). FW, fresh weight. Error bars represent sp of three replicates (as described in Figure 2B).

(C) Protein levels of MYB75 in the wild type and mpk4-3 grown under weak white light. 356S:MYB75WT/WT and 35S:MYB75WT/mpk4-3 were segregated from
mpk4-3 heterozygous plants. Eight-day-old seedlings grown on plates under weak white light were dark-adapted for 4 d and then placed in the dark or
continuous weak white light for another 9 h. The levels of MYB75 were determined by immunoblotting with anti-HA antibody.

(D) Anthocyanin contents of 8-d-old seedlings of the wild type, mpk4-3, myb75-c, phyA phyB, and cry1 cry2 grown on plates under continuous dark and far-
red light (10 wmol m~=2 s=). FW, fresh weight. Error bars represent sb of three replicates (as described in Figure 2B).

We used several strategies to show that MYB75 phosphory-
lation by MPK4 increases MYB75 stability (Figure 7). MYB75 has
been reported to be targeted by the COP1/SPA E3 ubiquitin ligase
for degradation in the dark. Light represses COP1/SPA activity
(Maier et al., 2013), thereby stabilizing MYB75 protein (Maier et al.,
2013; Li et al.,, 2014). It was therefore possible that MYB75
phosphorylation by MPK4 prevents MYB75 recognition by COP1,
thereby enhancing MYB75 stabilization. However, our genetic
analysis of a cop7-6 mpk4-3 double mutant revealed that MPK4
primarily functions independently of COP1 (Figure 8). Previous
studies with cop7 and spa mutants also demonstrated that they
accumulate low levels of anthocyanins in darkness, but are hy-
perresponsive to light and accumulate anthocyanins to higher
levels in light compared with the wild type (Maier and Hoecker,
2015). Similarly, the mpk4-3 mutant also retained light-induced
responses (Figures 3 and 8), and MYB75 protein levels could still
be induced by light in the mpk4-3 mutant (Figures 7 and 9).

However, the light-induced accumulation of anthocyanins in
cop1-6 single mutants was greatly reduced in cop7-6 mpk4-3
double mutants (Figure 8). It is therefore most likely that MPK4 and
COP1/SPA antagonistically regulate MYB75 protein levels. This
dual regulation may provide more flexible and precise control of
MYB75 protein levels such that anthocyanin accumulation in
vegetative organs is optimized for protective light screening
versus photosynthetic light harvesting (Albert et al., 2009).
Light-induced phosphorylation of TFs occurs mostly at Ser/Thr
sites (Hardtke et al., 2000; Ni et al., 2013). Arabidopsis casein
kinase Il (CKI) is activated in darkness and phosphorylates HY5,
which becomes less susceptible to degradation (Hardtke et al.,
2000). However, this CKll activity is reduced in light (Hardtke et al.,
2000). In contrast, the activation of Arabidopsis MAPK cascade
components in response to light has recently been described. For
example, high light-induced expression of CSD1 and CSD2 was
found to be mediated by the MAPK kinase MKK5 (Xing et al., 2013).



In addition, the MKK3-MPK6 module was shown to be activated
by blue lightin aMYC2-dependent manner and to beinvolvedin
blue light-mediated seedling development (Sethi et al., 2014).
Most recently, the mkk3-1 mutant was found to be impaired in
responses to red light (Lee, 2015). Our results demonstrate that
MPK4 plays a role in light-induced anthocyanin accumulation,
probably through phosphorylation of MYB75. Even though
MPK4 was not much activated in the dark (Figure 9A), we cannot
exclude the possibility that MPK4 constitutively phosphorylates
MYB75 but exerts its affect mainly in light-grown seedlings due
to the low MYB75 protein accumulation in darkness. Since the
MYB75 knockout mutant retains light responsive anthocyanin
accumulation (Figure 2B), it is most likely that other proteins in
addition to MYB75, such as MYB90/PAP2, are involved in light-
induced anthocyanin accumulation. However, MPK4 does not
interact with PAP2 in yeast (Supplemental Figure 10). Thus, the
mpk4-3 mutant and the cop7-6 mpk4-3 double mutant are still
able to respond to light. Moreover, there may be additional
MPK4 substrates that affect anthocyanin biosynthesis.
In agreement with this, MYB75PP could not fully rescue the
anthocyanin-deficient phenotype of the mpk4-3 mutant (Fig-
ures 6 and 8).

We conclude that the involvement of MAPKs in light-induced
responses appears to be a general mechanism deserving further
study. Such a study might link MAPKs to signaling pathways
controlled by specific light receptors and/or to more or less
specific stress response pathways triggered by changes in light
intensity. Moreover, the production of anthocyanin is promoted by
various extracellular stimuli including nutrient depletion, sucrose,
jasmonic acid, cold, pathogen attack, and wounding (Chalker-
Scott, 1999; Teng et al., 2005; Shi and Xie, 2014; Gan et al., 2014).
Since MPK4 is known to play an important role in plant immunity
and jasmonic acid signaling (Petersen et al., 2000), and to be
activated by cold, osmotic stress, and wounding (Teige et al.,
2004; Droillard et al., 2004; Schweighofer et al., 2007), MPK4 may
substantially contribute to anthocyanin accumulation induced by
these signals. Intriguingly, the production of anthocyanins in the
dark-grown cop7-6 mutant is enhanced by jasmonic acid treat-
ment (Lietal.,2014). This implies the existence of a COP1-independent
pathway in light-independent induction of anthocyanins. Further
work is required to establish the general role of MPK4 in anthocyanin
biosynthesis.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana mutants and transgenic lines were all in Col-0, except
the mpk4-1 mutant (Petersen et al., 2000) in the Ler background. The mpk4-3
(Gao et al., 2008), pap1-D (Borevitz et al., 2000), summ1 (Kong et al., 2012),
summ2 (Zhang et al., 2012), cop7-6 (McNellis et al., 1994), phyA phyB (Liu
etal.,2001),andcry1 cry2 (Mockler et al., 1999) mutants have been described
previously. The myb75-c mutant was generated using the CRISPR-Cas9
system following standard procedures (Shan et al., 2013), and Cas9-free T3
plants were used.

Arabidopsis seeds were surface sterilized and plated on half-strength
Murashige and Skoog medium supplemented with 2% sucrose. Plates
were stratified at 4°C for 3 d and transferred to a growth chamber at 22°C
under different light conditions. White light was supplied by white
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fluorescent bulbs (TSZJD2-T5-28W; TOPSTAR), and far-red light was
supplied by LED light sources (model E-30LEDLS3; Percival Scientific). For
high light-induced analyses, plates were exposed to low light (40 pwmol
m~2 s~ white light) or high light (175 umol m=2 s~ white light) with
a 16-h-light/8-h-dark photoperiod. For far-red light and weak white light-
induced analyses, plates were exposed to continuous 40 umolm=—2s~!
white light or 10 pmol m~2 s~ far-red light for 8 d. MG132 treatments
were performed on 12-d-old seedlings grown under low light with a 16-h-
light/8-h-dark photoperiod. Seedlings were dark-adapted for 1 d and
then treated with 100 M MG132 or DMSO (control) for 12 h in the dark
(Liu et al., 2013).

Plasmid Construction and Plant Transformation

For recombinant protein expression, the full-length MYB75 and CA-MPK4
coding regions were amplified and cloned into the pET-28a vector in frame
with an N-terminal 3xHis epitope tag. MYB757726A, MYB7577374, and
MYB75T126A/T131A were generated using a site-directed mutagenesis kit
(Takara) and confirmed by sequencing. A 1.5-kb genomic fragment of
MYB75 including the coding region without stop codon was fused 3’ with
a 3xHA tag, then cloned into the pCambia1300 binary vector to generate
the 35S:MYB75-HA (MYB75"7) construct. The MYB75PP and MYB7544
constructs were produced by site-directed mutagenesis. Primers for
plasmid construction are listed in Supplemental Table 2. These constructs
were transformed into heterozygous mpk4-3 plants by Agrobacterium
tumefaciens (strain GV3101) via floral dip (Clough and Bent, 1998). Het-
erozygous mpk4-3 plants homozygous for the transgenes with similar
expression levels were obtained in the T3 generation. Wild-type and ho-
mozygous mpk4-3 T4 segregants homozygous for the MYB75%7,
MYB75PP, and MYB75A transgenes were then selected for experiments.

Yeast Two-Hybrid Assays

Assays were performed using the Matchmaker Gold System (Clontech)
according to the manufacturer’s instructions. The CA-MPK4 coding region
was cloned into pGBKT7 vector as bait to screen an Arabidopsis cDNA
library from Clontech. For directed yeast two-hybrid assays, MYB75
coding sequence was cloned in pGADT?7 as an activation domain fusion.

BiFC Assays

Genomic sequences of MYB75 and the coding sequences of MPK4,
CA-MPK4, and MPK4AEF were individually cloned into binary YFP BiFC
vectors (Song et al., 2011) to generate MYB75-cYFP and nYFP-MPK4/
CA-MPK4/MPK4AEF constructs. Agrobacterium carrying the con-
structs were coinfiltrated into leaves of Nicotiana benthamiana. The
plants were keptin darkness for 48 h before detecting YFP fluorescence
with a Leica confocal laser scanning microscope (Leica Microsystems).

Coimmunoprecipitation Assay

MYB75-HA and Myc-MPK4 or Myc-CA-MPK4 were transiently expressed
in N. benthamiana by Agrobacterium infiltration. Protein was extracted and
resuspended in IP buffer (100 mM Tris-Cl, pH 7.4, 75 mM NaCl, 1 mM EDTA,
0.05% SDS, 0.1% Triton X-100, 10% glycerol, protease inhibitor cocktail
[Roche], and PhosSTOP [Roche]). Coimmunoprecipitation was performed
as previously described (Fiil et al., 2008).

Transient Expression Assay

Agrobacterium carrying the indicated constructs was coinfiltrated into
leaves of N. benthamiana. The plants were kept in darkness for 48 h, and
total proteins were extracted for immunoblotting.
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Recombinant Protein Expression and Purification

Recombinant proteins were expressed in Escherichia coli strain BL21 (DE3)
and induced with 0.5 mM IPTG (isopropylthio-B-galactoside) overnight at
16°C. The proteins were purified with HisTrap column on an AKTA purifier
automatic chromatograph (GE Healthcare) and concentrated with a 10 K
filter (Millipore).

In Vitro Phosphorylation Assay

Assays were performed as previously described (Andreasson et al., 2005).
Briefly, recombinant MYB75 or its mutant forms were mixed with recombinant
CA-MPK4 protein at a ratio of 2:1 in kinase reaction buffer (20 mM Tris-HCI, pH
7.4, 2 mM EGTA, 30 mM MgCl,, 1 mM DTT, and PhosSTOP phosphatase
inhibitor) and 50 M cold ATP and [y-32P]JATP (2 wCi per reaction). Reactions
were performed at 30°C for 60 min and stopped by the addition of SDS sample
buffer. Proteins were separated on 10% SDS-PAGE gels and phosphorylated
proteins visualized by autoradiography.

LC-MS/MS Analysis

To prepare samples for mass spectrometry analysis, ~2 mg of recombi-
nant MYB75 protein was mixed with 1 mg recombinant CA-MPK4 proteinin
kinase reaction buffer with 1XPhosSTOP phosphatase inhibitor (Roche)
and 50 wM cold ATP. Reactions were incubated at 30°C for 60 min and then
digested with trypsin. Phosphopeptides were enriched with TiO, and
analyzed with a Q Exactive LC-MS/MS system (Thermo Scientific). MS/MS
spectra were analyzed with MaxQuant (version 1.5.1.2), and the identified
phosphorylated sites were confirmed manually.

Protein Extraction and Immunoblot Analysis

Arabidopsis tissues were ground in liquid nitrogen and total protein extracted
with protein extraction buffer (50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 2 mM
EDTA, 0.5% Triton X-100, 0.5% SDS, 5% glycerol, 2.5 mM DTT, protease
inhibitor cocktail [Roche], and PhosSTOP [Roche]) (Su et al., 2013). Protein
concentration was determined by the Bradford assay. Immunoblotting was
performed following standard procedures. Antibodies used were as follows:
anti-HA (Cwbiotech, catalog no. CW0260M; 1:1000 dilution), anti-FLAG
(Sigma-Aldrich, catalog no. F1804; 1:1000 dilution), anti-MPK4 (Sigma-
Aldrich, catalog no. A6979; 1:1000 dilution), anti-ACTIN (Abmart, catalog no.
M20009L; 1:2500 dilution), peroxidase-conjugated goat anti-mouse IgG
antibody (Sigma-Aldrich, catalog no. A4416; 1:10,000 dilution), and goat anti-
rabbit IgG antibody (Sigma-Aldrich, catalog no. A6154; 1:10,000 dilution).

Phos-Tag Gel Electrophoresis

Total proteins were extracted with buffer containing 50 mM Tris-HCI, pH
7.5,100 mM NaCl, 1 mM DTT, 0.5% Triton X-100, 0.1% SDS, and 10%
glycerol supplemented with protease inhibitor cocktail (ETDA-free; Roche)
and PhosSTOP (Roche). Proteins were separated on 10% SDS-PAGE gels
containing 50 mM Phos-tag (Wako Chemicals) and 100 mM MnCl, as
previously described (Xie et al., 2014).

Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assay was performed as previously
described (Mao et al., 2011). A synthetic oligonucleotide (5'-GAC-
GAGGTAACCACCACGTGTTATTTCTTA-3’) containing the MYB75/PAP1
cis-regulatory element from the promoter of the DFR gene (Dare et al.,
2008) was used as probe. The probe was radiolabeled with [y-32P]
ATP using T4 polynucleotide kinase. One micrograms of recombinant
protein corresponding to each MYB75 variant was incubated with 1 pmol
labeled DNA probe for 30 min at room temperature in binding buffer [10 mM

Tris, pH7.5, 50 mM KCI, 1 mM DTT, 2.5% glycerol, 5 mM MgCl,, 10 mM
EDTA, 50 ng/mL poly(dl-dC), and 0.05% Nonidet P-40] in the presence or
absence of unlabeled competitor DNA (10-, 50-, and 100-fold of labeled
probes). The protein-DNA complexes were separated on 5% native PAGE
gels in half-strength TBE buffer. Following electrophoresis, gels were dried
on filter paper and visualized by autoradiography.

MAPK Assay

For high light-induced MAPK activity, seedlings were grown on 0.5X MS
plates for 12 d under 40 wmol m—2 s~ white light and then exposed to
moderate high light (175 pmol m—2s~") for the indicated times. For far-red light
or weak white light-induced MAPK activity, seedlings were grown in darkness
for 4 d and then exposed to far-red light (10 pmol m=2 s~) or white light
(40 wmol m—2 s~ for the indicated times. Proteins were extracted in lysis
buffer (50 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 15 mM EGTA, 100 mM NaCl,
2 mM DTT, 1 mM sodium molybdate, 30 mM B-glycero-phosphate, 0.1%
NP-40, protease inhibitor cocktail [Roche], and PhosSTOP [Roche]). MAPK
activities were detected by immunoblotting with Phospho-p44/42 MAPK
(Erk1/2) antibody (Cell Signaling) as previously described (Boutrot et al., 2010).

Real-Time PCR Analysis

Total RNA was extracted from aboveground tissue of seedlings with
TRNzol reagent (Tiangen) and treated with RNase-free DNase, then reverse
transcribed to synthesize first-strand cDNA using PrimeScript RT reagent lit
(TaKaRa). Real-time PCR analysis was performed using SYBR Premix Ex Taq ll
(TaKaRa) and run in a Bio-Rad CFX96 PCR system (Bio-Rad Laboratories).
Normalized expression levels were calculated with CFX Manager Software
(Bio-Rad) using the 272ACT method. ACTIN8 was used as an internal reference
gene. The primers used are listed in Supplemental Table 2.

Anthocyanin Measurement

Anthocyanin was measured as previously described with some mod-
ifications (Lange et al., 1971; Wu et al., 2014). Arabidopsis seedlings were
quickly weighed, boiled for 3 min in extraction solution (propanol:HCI:
H,O = 18:1:81), and incubated at room temperature in the dark for at
least 2 h. Samples were centrifuged, and the absorbance of the su-
pernatants was measured at 535 and 650 nm. Anthocyanin content was
calculated as (Agzs — 2.2A450)/9-FW.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative database under the following accession numbers: MYB75
(AT1G56650), MPK3 (AT3G45640), MPK4 (AT4G01370), MPK6 (AT2G43790),
MPK11 (AT1G01560), RD29A (AT5G52310), ERD10 (AT1G20450), LEAT4
(AT1G01470), KINT (AT5G15960), DFR (AT5G42800), LDOX (AT4G22880),
UF3GT (AT5G54060), EGL3 (AT1G63650), ACTIN8 (AT1G49240), COP1
(AT2G32950), MKS1 (AT3G18690), PHYA (AT1G09570), PHYB (AT2G18790),
CRY1 (AT4G08920), and CRY2 (AT1G04400).
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