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Mitogen-Activated Protein Kinase Kinase 3 Is
Required for Regulation during Dark-Light Transition

Horim Lee*

Plant growth and development are coordinately orchestrat-
ed by environmental cues and phytohormones. Light acts
as a key environmental factor for fundamental plant growth
and physiology through photosensory phytochromes and
underlying molecular mechanisms. Although phytochromes
are known to possess serine/threonine protein kinase ac-
tivities, whether they trigger a signal transduction pathway
via an intracellular protein kinase network remains un-
known. In analyses of mitogen-activated protein kinase
kinase (MAPKK, also called MKK) mutants, the mkk3 mu-
tant has shown both a hypersensitive response in plant
hormone gibberellin (GA) and a less sensitive response in
red light signaling. Surprisingly, light-induced MAPK acti-
vation in wild-type (WT) seedlings and constitutive MAPK
phosphorylation in dark-grown mkk3 mutant seedlings
have also been found, respectively. Therefore, this study
suggests that MKK3 acts in negative regulation in dark-
ness and in light-induced MAPK activation during dark-
light transition.

INTRODUCTION

Light is one of the most important environmental factors affect-
ing the physiological and developmental growth of plants, which
is the major source of energy for plant life. Phytochrome (phy)
is a photoreceptor that senses light signals and regulates light-
mediated plant growth. Once phytochromes sense light signals,
they translocate immediately from the cytoplasm to the nucleus
and make complexes with certain proteins in subnuclear
photobodies (speckles), where light-induced phys regulate
positive or negative regulatory transcription factors (TFs) of
photomorphogenesis (Chen and Chory, 2011; Leivar and Quail,
2011). Positively acting TFs including ELONGATED HYPO-
COTYL 5 (HY5), LONG HYPOCOTYL IN FAR-RED 1 (HFR1),
and LONG AFTER FAR-RED LIGHT 1 (LAF1) are stabilized by
the inhibition of COP1 E3 ubiquitin ligase-mediated degradation
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(Jang et al., 2005; Saijo et al., 2003; Seo et al., 2003; Yang et
al., 2005). Negatively acting TFs such as PHYTOCHROME-
INTERACTING FACTORs (PIFs), which promote skotomor-
phogenic growth, are degraded through the direct interaction
with light-induced phys (Leivar and Quail, 2010). Notably, PIFs
have recently been reported to be regulated by other
phytohormones such as gibberellin (GA) and brassinosteroid
(BR), because PIFs directly interact with DELLA and BZR1
proteins in each signaling pathway, respectively (de Lucas et al.,
2008; Feng et al., 2008; Oh et al., 2012), suggesting that PIFs
integrate multiple signaling pathways for the downstream mor-
phogenesis (Leivar and Quail, 2010).

Both positive and negative regulatory TFs involved in light
signaling are commonly regulated by ubiquitin-proteasome-
mediated degradation and phosphorylation is one of the im-
portant post-translational modifications in this process. Recently,
casein kinase Il (CK2), a ubiquitous Ser/Thr protein kinase, has
been reported to phosphorylate both PIF1 at multiple sites and
also the positively acting regulator HFR1 (Bu et al., 2011; Park
et al., 2008). Although phosphorylation is known to be crucial to
proteasome-mediated degradation for the promotion of positive
regulator’s stabilities and the repression of negative regulators,
the kinases that phosphorylate the regulatory TFs involved in
light signaling have not been completely investigated.

The mitogen-activated protein kinase (MAPK) cascade usu-
ally functions as an important signaling network involved in
physiological and developmental processes in eukaryotes. This
MAPK cascade is usually composed of sequential activations
of three classes of Ser/Thr protein kinases: 20 MAPK (MPK),
10 MAPK Kinase (MKK), and 60 MAPK Kinase Kinase (MKKK)
(Hamel et al., 2006; Ichimura et al., 2002). Since plants cannot
move to avoid environmental damage such as biotic and abiotic
stresses, they have evolved with complex signaling networks to
deal with various environmental challenges. Indeed, plant ge-
nomes encode the largest number of MAPK cascade genes in
all sequenced eukaryotes (Hamel et al., 2006; Ichimura et al.,
2002), suggesting that plant MAPK cascade genes have func-
tional redundancies.

The MAPK Kinase (MKK) gene family has relatively few
members in canonical MAPK cascade gene families, which are
classified into four groups (A to D) based on the sequence
similarities. MKK1, MKK2, and MKK6 are classified into group
A MKK gene family (Hamel et al., 2006). Previous studies
showed that MKK1 and MKK2 are activated by various stress-
es such as wound, cold, drought, and salt (Matsuoka et al.,
2002; Teige et al., 2004). Because the mutant phenotypes of
the mkk1 mkk2 double mutant are similar to those of mpk4 and
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mekk1, the MEKK1-MKK1/2-MPK4 cascade module was ge-
netically established and this cascade was revealed to nega-
tively regulate innate immune response and ROS signaling
(Gao et al., 2008; Pitzschke et al., 2009). MKK6 was identified
to activate MPK13 using the functional complementation of
mutant yeasts (Melikant et al., 2004) and NQK17, an MKK6
ortholog in tobacco, was revealed to regulate the formation of
the cell plate during cytokinesis (Soyano et al., 2003). MKK4
and MKKS5 belonging to group C MKK gene family are known to
activate MPK3 and MPK®6 in the microbe-associated molecular
pattern-triggered immune response through the transient ex-
pression system in protoplasts (Asai et al., 2002). Several stud-
ies also suggest that MKK4 and MKK5, with YDA as an
MAPKKK and MPK3 and MPK6 as MAPKs, control the cell-
type specification in each developmental stage of the stomatal
lineage (Wang et al., 2007). More recently, a different YDA
cascade module, including MKK7 and MKK9 of group D MKK
gene family, was found to show overlapping function with
MKK4 and MKK5 in stomatal development (Lampard et al.,
2009; 2014). MKK7 and MKK9 were also reported to be in-
volved in auxin and ethylene signaling pathways, respectively
(Dai et al., 2006; Yoo et al., 2008).

MKK3 is the only member classified into group B MKK gene
family, and has an unusual gene structure in its C-terminal
extension encoding a nuclear transfer factor (NTF) domain
(Hamel et al., 2006). Although the biological function of the NTF
domain in the MKK3 is not clear, since the unicellular green
algae Chlamydomonas contains a single MKK with the NTF
domain in the genome, it seems to be evolutionarily conserved
in photosynthetic eukaryotes (Hamel et al., 2006). A recent
study showed that the MKK3-MPK6 cascade module is activat-
ed by jasmonic acid (JA) signals and that this cascade module
negatively regulates AtIMYC2 in the JA-dependent gene ex-
pression (Takahashi et al., 2007). By promoter analysis, MKK3
expression was observed in vascular tissues, and was also
induced by Pseudomonas syringae pv tomato strain DC3000
(Pst DC3000) (Déczi et al., 2007). In transient expression ap-
proaches, the MKK3-MPK6 cascade module was activated by
flg22 peptides, whereas H,O, signals activated MPK7 in an
MKK3-dependent manner (Déczi et al., 2007). Most recently,
the MKK3-MPK6-MYC2 cascade module was also revealed to
be involved in blue light-mediated signaling (Sethi et al., 2014).
Although the involvement of MKKS in blue light-mediated seed-
ling development has just been revealed, the role of MAPK
cascades in light signaling remains largely unclear. Here | de-
scribe the MAPK phosphorylation induced by light signals and
the repressed MAPK activation by MKK3 in darkness. Since
the mkk3 mutant also showed a GA-hypersensitive phenotype,
these results suggest the vigorous involvement of MAPK cas-
cades in light and GA signaling pathways.

MATRIALS AND METHODS

Plant materials and growth conditions

Columbia-0 (Col-0) was used as the wild-type (WT) Arabidop-
sis plant. The mkk3-1 (Salk_051970) mutant was in Col-0
background and was obtained from the Arabidopsis Biological
Resource Center (ABRC). Sequence information of genotyping
primers of Salk_051970 was obtained from the T-DNA primer
design program of SIGnAL (LP: 5-GAA CAA ACG TTT TCT
CAT GTG TG-3'; RP: 5-AGA AGG ATC CAG ATG CTC GAC-
3). WT and mutant plants were grown in soil at 22°C, 65%
humidity, and 80 pmol m? s™ light intensity under intermediate
light conditions (12 h light/12 h dark photoperiod) in a growth
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room. For seedling analysis, Arabidopsis seeds were germinat-
ed and grown in 6-well plates containing 1 ml of liquid medium
[0.5 X Murashige and Skoog (MS) and 0.5 % sucrose, pH 5.8
adjusted with KOH] or MS plates containing 0.5 X MS, 1 %
sucrose, and 0.7 % phytoagar, pH 5.8 adjusted with KOH. To
measure hypocotyl length, seedlings were vertically grown in
MS plates with/without sucrose for 4 days at red light (7 umol
m? s™) or dark conditions. For the MAPK analysis during dark-
light transition, seedlings were grown in liquid medium for 7 days
in darkness and then exposed to white light (80 umol m? s™) for
10, 30 and 60 min.

RT-PCR analysis

To harvest tissues, seedlings were instantaneously frozen by
liquid nitrogen in 1.5 ml tubes. Frozen tissues were ground
using a blue pestle and a motor-driven grinder. Total RNA was
isolated from ground powder of tissues with TRIzol reagent
(Life Technologies, USA). First strand cDNA was synthesized
from 1 ng of total RNA with M-MLV reverse transcriptase
(Promega, USA). For analyzing the knock-out state in the
mkk3-1 mutant, semi-quantitative RT-PCR was performed with
WT and mkk3-1 plants using gene-specific primers for the 3’
partial fragment of MKK3 (forward: 5-CAG TTA TTC TTATCC
AGC TG-3 reverse: 5'-AAG CCA AGA TCT TTG AAA CTC
GG-3') (Takahashi et al., 2007) and the 5’ partial fragment of
MKK3 (forward: 5-TCA TCT TCC ACA TCT CAA GGA-3';
reverse: 5-TCT ATG ATT AGG GAT ATG AAT AG-3). TUB4
(TUBULIN BETA CHAIN 4, At5g44340) was used as a control
gene (forward: 5'-ATG AGA GAG ATC CTT CAT ATC C-3;
reverse: 5-AAT GAA TGA CAC ACT TGG AAA C-3). All
quantitative RT-PCR analyses were performed by StepOne
Real-Time PCR System with the Power SYBR Green PCR
Master Mix (Applied Biosystems) and specific primers for PIF3
(forward: 5-GAC GGC GTG ATA GGA TCA ACG A-3'; re-
verse: 5'-CTG CAC TTG AAG TTG GAG TGA-3'), PIF4 (for-
ward: 5'-GCC AAA ACC CGG TAC AAA ACC A-3'; reverse: 5'-
CGC CGG TGA ACT AAA TCT CAA CAT C-3), HY5 (forward:
5-AAG AGA ACA AGC GGC TGA AG-3; reverse: 5-TCT
TGC TTG CTG AGC TGA AA-3), and ELF4 (forward: 5'-TTG
ACC GGA ATT TCA GAC AAG TGC-3; reverse: 5-TTC GAC
ATG TTA TCA GCC ATT CTC G-3). ACT2 (ACTINZ,
At3g18780) was used as a control gene (forward: 5-TCC CTC
AGC ACA TTC CAG CAG AT-3;; reverse: 5-AAC GAT TCC
TGG ACC TGC CTC ATC-3)).

In vivo protein kinase assay

For an in-gel kinase assay, seedling extracts containing 300 ng
of proteins were fractionated in 10 % SDS-PAGE gel containing
0.25 mg ml™ of myelin basic protein (MBP), a general MAPK
substrate. The protein denaturing, renaturing, and kinase activi-
ty assay in the gel were performed as previously described
(Zhang and Klessing, 1997). For an immunoblot assay, pro-
teins were fractionated in 10 % SDS-PAGE gel. Phosphory-
lated MAPKs were detected using an anti-phospho-MAP ki-
nase (p42/44) antibody (Cell Signaling Technology, USA) as
previously described (Sharma and Carew, 2002).

RESULTS AND DISCUSSION

The mkk3 mutant has a developmental phenotype
depending on the day length

Plant genomes contain a huge number of MAPK cascade
genes compared to those of other eukaryotes including, yeast
and human. Although the plant MKK gene family has relatively
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Fig. 1. The phenotype of the mkk3-1 mutant is co-segregated with
the T-DNA insertion. (A) Arabidopsis WT and mkk3-1 plants were
grown in soil at 22°C, 65% humidity, and 80 pmol m? s™ light inten-
sity under a 12 h photoperiod in a growth room. Scale bar, 10 mm.
(B) The genome structure of MKK3. Gray color boxes, 5'- or 3'-
untranslated regions. Black color boxes, exons. Lines between
boxes, introns. T-DNA is inserted at the 7" exon of the MKK3 gene
in SALK_051970. (C) Genotype analysis of WT, heterozygous, and
homozygous plants. The SALK_051970 line was identified using LP,
RP, and LB primers obtained from the T-DNA primer design pro-
gram of SIGnAL. (D, E) Semi-quantitative RT-PCR of MKK3 was
performed using different sets of primers. White arrowheads, for-
ward and reverse primers for 5' partial MKK3 (D). Black arrowheads,
forward and reverse primers for 3' partial MKK3 (E).

few members from MKK7 to MKK10 among MAPK cascade
gene families, they genetically display the functional redundan-
cies in various signaling pathways (Gao et al., 2008; Lampard
et al., 2014; Pitzschke et al., 2009; Teige et al., 2004). Hence, it
is very hard for a single mkk mutant to have a specific pheno-
type under normal growth conditions. However, | found one
mkk3 mutant with a striking phenotype showing a long petiole
in leaf development (Fig. 1A), which was initially obtained from
the ABRC (Fig. 1B). Interestingly, this phenotype was stronger
in shorter day lengths and developmental stages (Supplemen-
tary Fig. 1) than in long day conditions (data not shown). In
addition, | also observed the additional phenotype of yellowish
leaf veins (chlorosis around leaf veins) (Supplementary Fig. 2).
To eliminate the possibility of multiple mutations, backcrossing
the mkk3 mutant (Salk_051970) with the WT was performed.
As expected, none of the F1 plants showed any phenotype (Fig.
1C and Supplementary Fig. 3), and when self-pollinated, they
then produced F. plants showing the segregation of pheno-
types. For instance, under the homozygous recessive mkk3
mutant background, plants were still segregated into approxi-
mately 3:1 ratio for the yellowish leaf vein phenotype (WT leaf
vein : yellowish leaf vein = 58 : 22, * = 0.217, p < 0.5), which
was not correlated with the T-DNA insertion at the 7" exon of
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Fig. 2. The mkk3-1 mutant shows GA-hypersensitive responses.
(A) Arabidopsis WT and mkk3-1 plants were vertically grown on MS
plates with 1 and 100 uM GA; for 7 days under long-day conditions.
Scale bar, 5 mm. (B) Arabidopsis WT, mkk1, mkk2, mkk3-1, and
mkk4 plants were vertically grown on MS plates with 1, 10, or 100
uM GA; or 1 uM paclobutrazol (PAC), a GA biosynthetic inhibitor.
Error bars, s.d. (n=10).

the MKK3 gene (Figs. 1B and 1C; Supplementary Fig. 4). Alt-
hough 5’ partial transcripts of MKK3 were still abundant (Fig.
1D), the full-length transcript of MKK3 was completely wiped
out by T-DNA insertion (Figs. 1B and 1E). In the end, the T-
DNA insertion of the Salk_051970 line was revealed to co-
segregate only with the long petiole phenotype in intermediate
light conditions (12 h light/12 h dark photoperiod), which hereaf-
ter refers to mkk3-1 based on a previous report (Takahashi et
al., 2007). However, the mkk3-1 phenotype should be repro-
duced by another allele before finally claiming that mkk3-1
caused the enhanced growth in hypocotyls and petioles.

The mkk3-1 mutant displays a GA-hypersensitive
phenotype in hypocotyl elongation

Phytohormone GA regulates hypocotyl elongation and the re-
pression of light-regulated genes, which usually resembles the
etiolated responses of seedlings grown in darkness (Alabadi et
al., 2004). In addition to the long petiole phenotype shown in
mkk3-1 mutant plants, they also displayed a GA-hypersensitive
phenotype on hypocotyl elongation (Fig. 2A). Among the mkk
mutants, surprisingly, only mkk3-1 seedlings showed longer
hypocotyl lengths in the treatment of exogenous GAs (Fig. 2B
and Supplementary Fig. 5) and hypocotyl elongation was pro-
portionally increased depending on the concentrations of exog-
enous GA; (Fig. 2). Since the elongated hypocotyl length of the
mkk3-1 mutant was retained in the presence of paclobutrazol
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Fig. 3. The mkk3-1 mutant is partially impaired in red light signaling.
(A) The mkk3-1 mutant showed a less sensitive response to red light
signals in the hypocotyl elongation. Arabidopsis WT, phyB-9, and
mkk3-1 plants were vertically grown on MS plates for 4 days at 22°C
under red light conditions (7 umol m? s light intensity) in the growth
chamber. (B) The mkk3-1 mutant showed longer hypocotyl length in
red light conditions but other mkk1 and mkk5 mutants did not. Hypo-
cotyl length was measured using the Image J program. RL-S, red
light without sucrose. D-S, dark without sucrose. RL+S, red light with
1 % sucrose. D+S, dark with 1 % sucrose. Error bars, s.d. (n = 10).

(PAC), an inhibitor of GA biosynthesis (Fig. 2B), this suggests
that other regulatory mechanisms are also required for the coor-
dinated regulation of the hypocotyl elongation shown in the mkk3-
1 mutant. To investigate the possibility of MAPK activation in GA
signaling, MAPK phosphorylation was examined. However, | did
not observe any significant activation of MAPKs, when the Ara-
bidopsis protoplast system was applied with the treatment of
exogenous 100 uM GAs (Supplementary Fig. 6). Thus, it sug-
gests that the role of MAPK cascades in GA signaling is probably
mediated through the sharing of common downstream target(s).

The mkk3-1 mutant shows a less sensitive phenotype in
light signaling

Because the phenotypes of elongated hypocotyls and petioles
usually resemble those of the phyB mutant (Figs. 1A and 2A)
(Reed et al., 1993), | tested whether the lesion of the mkk3-1
mutant is correlated with red light signaling. As shown in Fig.
3A, the WT seedling showed photomorphogenic growth in red
light conditions, whereas this response of the mkk3-1 mutant
was strongly impaired like the phyB-9 mutant, demonstrating
that MKK3 is probably involved in red light-mediated signaling
pathway. Moreover, this less sensitive phenotype was only
shown in the mkk3-1 mutant among other mkk mutants (Fig.
3B). In contrast, it has recently been reported that hypocotyl
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Fig. 4. Light-induced MAPK activation is affected in the mkk3-1
mutant. (A) A scheme for analyzing light-induced MAPK activation.
Seedlings grown in the dark for 7 days were sampled at 10, 30, 60,
or 90 min after exposure to white light. (B) MAPKs were activated
by light signals. Endogenously activated MAPKs were detected in
SDS-PAGE gel containing MBP, a general MAPK substrate. Aster-
isks, phosphorylated MAPKs. (C) Constitutive MAPK activation was
shown in mkk3-1 and mpk6 mutant seedlings. MAPK activation
was detected by an anti-phospho-MAPK antibody. An anti-TUB
antibody was used to compare the quantity of loading amounts.
Triangles indicate 0, 30, and 60 min.

a-TUB antibody

lengths of the mkk3-1 mutant did not differ from those of WT
grown in red light conditions (Sethi et al., 2014). However, since
the hypocotyl elongation in the previous report was examined
with relatively higher fluence rate (60 umol m? s™) compared to
the condition (7 pmol m? s™) used in this study, sensitive hypo-
cotyl responses of the mkk3-1 mutant in red light conditions may
be affected by different fluence rates. Indeed, hypocotyl growth is
strongly suppressed depending on the increase of fluence rate
(Carvalho and Folta, 2014; Oh et al, 2012). Therefore,
photomorphogenic responses of the mkk3-1 mutant in different
light conditions and intensities must be further elucidated.

MAPKSs are activated by light signals

To assess the possible role of MAPK cascades in light signal-
ing, | first tested the MAPK phosphorylation activated by light
signals. For this, seedlings were grown in darkness for 7 days
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and exposed to white light for 10, 30, 60, and 90 min (Fig. 4A).
Interestingly, endogenous MAPKs were phosphorylated from
10 min and gradually disappeared, which is the general behav-
ior of the MAPK phosphorylation stimulated by input signals
(Fig. 4B). Consistent with a previous report (Sethi et al., 2014),
MPK6 seemed to be mainly activated and MPK3 and MPK4
were also slightly phosphorylated by light signals (Fig. 4B). In
the same context, five other mkk mutants, namely mkk1, mkk2,
mkk4, mkk6, and mkk10, showed very similar patterns of
MAPK phosphorylations detected in WT seedlings, whereas
the kinetics of MAPK phosphorylations was accelerated in
mkk5, mkk7, and mkk9 (Fig. 4C). Unlike other mkk mutants,
constitutive MPK6 phosphorylations were consistently ob-
served in the mkk3-1 mutant displayed under dark conditions
(Fig. 4C) (Sethi et al., 2014), which might be not affected by
endogenous levels of MPK6 proteins (Supplementary Fig. 7).
Although the mkk3-1 mutant showed similar hypocotyl elonga-
tion like the phyB-9 mutant (Fig. 3A), MAPKSs in the phyB-9
mutant were still phosphorylated by light signals shown in WT
seedlings (Supplementary Fig. 8). This suggests that a less
sensitive phenotype of the mkk3-1 mutant in red light signaling
seems to be indirectly affected by phyB.

Meanwhile, MPK3 was also constitutively phosphorylated in
the mpk6 mutant, whereas a similar pattern of light-induced
MPK6 phosphorylation was still observed in the mpk3 mutant
(Fig. 4C). The activation of MPK3 and MPK6 is usually en-
hanced when the other MPK is mutated to compensate for the
missing functions (Wang et al., 2008). Because MPK3 and
MPKG6 are closely related for sharing redundant functions in
various signaling pathways, this data shows that MPK3 was
presumably involved in light signaling in the absence of MPK®.

Although the MKK3-MPK6 cascade module has recently
been reported to be specifically activated by blue light signals
(Sethi et al., 2014), as shown in this study, MKK3 also seems
to play a crucial role in red light signaling (Fig. 3) and in the
negative regulation of MAPK phosphorylation in darkness (Fig.
4C). Moreover, we still cannot rule out the redundant involve-
ment of other MKKs in addition to MKK3. Therefore, this finding
sheds new light on the complicated function of MAPK cascades
during dark-light transition.

In 2008, Deng’s and Prat’s groups showed that the crosstalk
between light and GA is regulated by the destabilization of PIF
proteins that bind to their target promoter and regulate gene
expression related with the cell elongation (de Lucas et al.,
2008; Feng et al., 2008). Interestingly, since the mkk3-1 mutant
has both phenotypes on light and GA responses (Figs. 2 and 3),
it is therefore hypothesized that light-mediated MAPK signaling
presumably regulates PIF members directly or indirectly. Alt-
hough the light-mediated regulation of genes such as ELF4 and
HY5 was impaired in the mkk3-1 mutant (Supplementary Fig.
9A) (Molas et al., 2006; Sethi et al., 2014), since the transcript
levels of PIF genes such as PIF3 and PIF4 were not significant-
ly changed between WT and mkk3-1 plants (Supplementary
Fig. 9B), future research should investigate how the stability of
PIF proteins is regulated by ubiquitin-proteasome-mediated
degradation through the phosphorylation caused by MAPK
cascades. Furthermore, the light-signal-induced subcellular
localization of MPK3 and MPK®6 should be studied.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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