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ABSTRACT
The covalent histone modifications were associated with plant development. However, the function of
histone modification factors involved in gibberellins (GAs) signaling pathway remains unclear. In recent
study, we reported that histone modification factors MUT9p-LIKE KINASE1 (MLK1) and MLK2 coordinate
GA and circadian clock signaling in hypocotyl elongation. MLK1 and MLK2 interact with the DELLA protein
REPRESSOR OF ga1-3 (RGA), and antagonize the function of RGA to interact with CIRCADIAN CLOCK
ASSOCIATED1 (CCA1), resulting in promoting hypocotyl elongation. In this addendum to the report, we
presented and discussed the results related to the function of MLK1 and MLK2 in GA pathway. MLK1 and
MLK2 interact with RGA, which is independent on 17-amino acid DELLA, TVHYNP, or Poly S/T/V motif,
suggesting that MLK1 and MLK2 might have novel functions beyond the protein degradation.
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Casein Kinase I, the serine/threonine protein kinase, plays
important roles in vesicular trafficking, DNA repair, circadian
rhythm, and morphogenesis in mammalian cells.1 In the alga
Chlamydomonas reinhardtii, MUT9p is related to casein kinase
I and phosphorylates histone H3 at threonine 3.2 The Arabi-
dopsis MUT9p-LIKE KINASE1 (MLK1), MLK2, MLK3, and
MLK4 are closely related to MUT9p(3, 4). MLK1 and MLK2
were first identified as kinases for phosphorylation of H3 at
threonine 3 in vivo and are associated with the osmotic stress
response,3 while MLK4 was characterized as a kinase for phos-
phorylation of histone H2A at serine 95 and promoted flower-
ing time under long-day conditions,4 suggesting that MLK4
might evolved the divergent function from MLK1 and MLK2.

The GA signaling pathway is controlled by the DELLA
repressors, which have a characteristic DELLA domain. The
Arabidopsis thaliana genome encodes five DELLA proteins and
REPRESSOR OF ga1-3 (RGA) is one of the most important
DELLA proteins in elongation growth.5 In the absence of gib-
berellins (GAs), DELLA proteins interact with transcription
factors to inhibit the transcription of GA-responsive genes.6,7

In response to GAs, the DELLA proteins were inactivated and
degradated by the 26S proteasome system.6-8 The roles of GA-
induced phosphorylation of DELLA proteins in degradation
were controversial.9-11

Our recent study suggested that histone modification factors
MLK1 and MLK2 coordinate GAs and circadian clock signaling
in hypocotyl elongation.12 MLK1 and MLK2 interact with the
DELLA protein RGA, and antagonize the interaction between
RGA and CIRCADIAN CLOCK ASSOCIATED1 (CCA1), thus
to promote hypocotyl elongation. We therefore examined
which domain is critical for this interaction. We deleted the N-
terminus of RGA (N-terminal DELLA regulatory domain)

containing the DELLA, TVHYNP, and Poly S/T/V motifs, or
C-terminal GRAS domain. Both N-terminal DELLA regulatory
domain and C-terminal GRAS domain were necessary for this
interaction (Fig. 1). We then deleted the motif one by one. In
C-terminal GRAS domain, each motif was indispensible for
this interaction. In N-terminal DELLA regulatory domain, 17-
amino acid DELLA, TVHYNP, or Poly S/T/V alone is not
essential for this interaction. However, deletion of TVHYNP
and Poly S/T/V motifs lost interaction between MLK1/2 and
RGA (Fig. 1). These results suggested that MLK1 and MLK2
might be not directly involved in RGA degradation.

In the absence of GAs, DELLA proteins interact with
transcriptional factors and this interaction helped DELLA

Figure 1. MLK1 and MLK2 interact with different motifs of RGA. Yeast two-hybrid
analysis revealed an interaction between MLK1/2 and the different motifs of RGA.
Different regions of RGA were indicated. The positive interactions were indicated
withx, and the negative interactions were indicated with £. Dindicated the dele-
tion domain.
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proteins bind to transcriptional factors and reduced their
transcriptional activity.6,7 However, how did these transcrip-
tional factors get rid of DELLA proteins repression is still
unclear. Our study shown RGA interacts with CCA1 and
suppressed the ability of CCA1 to bind to the promoter of
DWARF4 (DWF4), whereas this repression were reversed in
the presence of MLK1/2.12

MLK1 and MLK2 were nuclear proteins (Fig. 2A) and expressed
in vascular tissues of the cotyledons, hypocotyls, and roots (Fig. 2B),
suggesting MLK1/2 might be involved in transcription regulation.
Loss ofMLK1 andMLK2 function resulted in late flowering pheno-
type, similar to that of mlk4.4-12 The transcripts of CO and FT were
downregulated in mlk1 mlk2 at night (Fig. 2C), suggested MLK1
and MLK2 might be involved in photoperiod pathway like MLK4.
mlk1 mlk2 mlk4 triple mutant displayed the flowering time later
than mlk4 and mlk1 mlk2 double mutant, suggesting that MLK1/2
and MLK4 are redundant in flowering time.13 The similar expres-
sion pattern and interaction with CCA1 might contribute to the
redundancy in flowering time. MLK1 and MLK2, but not MLK4,
interact with RGA, suggesting that the functions of MLK1 and
MLK2 in hypocotyl elongation were different from those ofMLK4.
Together, our study demonstrated MLK1 and MLK2 integrate the
GAs and the circadian clock signaling to modulate plant
development.
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Figure 2. The subcellular localization of MLK2 and expression pattern of MLK2. A. MLK1 and MLK2 are located in nucleus. B. The expression pattern of MLK2 revealed that
MLK2 expressed in vascular tissues of the roots (a, c), cotyledons (b, d), and hypocotyls (c). C. The relative transcripts of CO and FT in wild-type mlk1 mlk2 plants. RNA was
isolated from the leaves of 3-week-old plants and was used to test the transcription levels of CO (left panel) and FT (right panel). The black bars indicate the dark period,
and the white bars indicate the light period. Experiments were repeated at least three times, and each data point indicates the mean§ SE, nD 3 replicates. ZT, Zeitgeber
time.
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