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The circadian clock is a cellular time-keeper mechanism that regulates biological rhythms with a period of ~24 h. The circadian
rhythms in metabolism, physiology, and development are synchronized by environmental cues such as light and temperature. In
plants, proper matching of the internal circadian time with the external environment confers fithess advantages on plant survival
and propagation. Accordingly, plants have evolved elaborated regulatory mechanisms that precisely control the circadian oscillations.
Transcriptional feedback regulation of several clock components has been well characterized over the past years. However, the
importance of additional regulatory mechanisms such as chromatin remodeling, protein complexes, protein phosphorylation, and
stability is only starting to emerge. The multiple layers of circadian regulation enable plants to properly synchronize with the
environmental cycles and to fine-tune the circadian oscillations. This review focuses on the diverse posttranslational events that
regulate circadian clock function. We discuss the mechanistic insights explaining how plants articulate a high degree of complexity in
their regulatory networks to maintain circadian homeostasis and to generate highly precise waveforms of circadian expression and

activity.

INTRODUCTION

The circadian clock is a cellular time-keeper mechanism able to
perceive external synchronizing inputs to generate endogenous
rhythmic outputs with a period of ~24 h. In many plant species,
synchronization of the clock with the environment confers fitness
advantages by controlling key essential processes, such as
photosynthetic activity, hypocotyl elongation, and the floral tran-
sition (Doyle et al., 2002; Green et al., 2002; Imaizumi et al., 2003;
Dodd et al., 2005; Zhang et al., 2008; Niwa et al., 2009; Resco
et al., 2009; Yerushalmi and Green, 2009; Nusinow et al., 2011). A
large fraction of the plant transcriptome is clock controlled, sug-
gesting that the circadian clock globally modulates diverse sig-
nals and metabolic pathways that mediate development and
environmental adaptation responses (Nagel and Kay, 2012).

The transcriptional regulation of several clock components has
been well characterized at a molecular level over the past years
(reviewed in Carré and Veflingstad, 2013). Multiple intertwined
regulatory networks define the basic architecture of the Arabidopsis
thaliana circadian clock. Two single MYB transcription factors,
CIRCADIAN CLOCK-ASSOCIATED1 (CCA1) (Wang and Tobin,
1998) and LATE ELONGATED HYPOCOTYL (LHY) (Schaffer et al.,
1998), and TIMING OF CAB EXPRESSION1/ PSEUDO-RESPONSE
REGULATOR1 (TOC1/PRR1) (Strayer et al., 2000; Makino et al.,
2002) comprise a central regulatory module (Alabadi et al., 2001).
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CCA1 and LHY repress TOCT expression that in turn represses the
transcription of CCA7 and LHY (Gendron et al., 2012; Huang et al.,
2012). This regulatory module is interlocked with a morning loop
and an evening loop (Locke et al., 2006). In the morning loop,
members of the PRR family (PRR5, PRR7, and PRR9) bind to pro-
moters of CCA7 and LHY and repress their expression (Nakamichi
et al., 2010). CCA1 and LHY in turn promote the expression of
PRR7 and PRR9 by direct association with their promoters (Farré
et al., 2005). The reciprocal regulation between TOC1 and GIGANTEA
(Gl) together with the recently identified evening complex (EC) com-
prise the evening loop (Locke et al., 2006). The EC is composed of
EARLY FLOWERING3 (ELF3), ELF4, and LUX ARRYTHMO
(LUX)/PHYTOCLOCK?1 and acts at dusk as a transcriptional
repressor of PRR9 expression (Helfer et al., 2011; Nusinow
et al., 2011). Further connections between the different loops
are exemplified by the widespread repressing function of
TOCH1, regulating nearly all of the components of the morning
and evening loops (Huang et al., 2012).

The complex network of transcriptional regulators at the core
of the clock underscores the role of transcriptional regulation as
a central regulatory mechanism for circadian oscillation. However,
emerging evidence reinforces the notion that circadian clock com-
ponents are further regulated by additional regulatory mechanisms
(Mas and Yanovsky, 2009). In this review, we summarize some of
the recent advances on the role of chromatin remodeling and
posttranslational clock protein modification as key regulatory
mechanisms controlling the circadian function in Arabidopsis.
Many excellent recent reviews (Harmer, 2009; Adams and Carré,
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2011; Sanchez et al., 2011; Nagel and Kay, 2012; Haydon et al.,
2013; Kinmonth-Schultz et al., 2013) cover in detail other par-
ticular aspects of clock organization and function that are not
addressed in this review.

POSTTRANSLATIONAL REGULATION

Ubiquitination and Degradation

Covalent attachment of ubiquitin is a common mechanism of
modulating protein stability. The ubiquitination process that leads
to protein degradation is mediated by the sequential action of three
enzymes: ubiquitin-activating enzyme (E1), ubiquitin-conjugating
enzyme (E2), and ubiquitin-ligase (E3). The fact that ~5% of Arabi-
dopsis genes are involved in ubiquitination underscores the signifi-
cance of this regulatory process in plants (Mazzucotelli et al., 2006;
Lee and Kim, 2011; Sadanandom et al., 2012).

To date, two E3 ligases and three F-box proteins have been
characterized as circadian clock regulators in Arabidopsis: the E3s
CONSTITUTIVE PHOTOMORPHOGENESIS1 (COP1) and SINAT5
and the F-box proteins ZEITLUPE (ZTL), FLAVIN BINDING, KELCH
REPEAT AND F-BOX1 (FKF1), and LOV KELCH PROTEIN2 (LKP2)
(Yu et al., 2008; Baudry et al., 2010; Park et al., 2010). The ZTL,
FKF1, and LKP2 proteins contain three specific domains: a blue
light-absorbing PAS domain (Per-ARNT-Sim/LOV [for light, oxy-
gen, or voltage]), which binds the flavin mononucleotide chromo-
phore (lto et al., 2012), an F-box domain with E3 ligase activity as
a component of the SKP-Cullin-Rbx-F-box (SCF) complex, and
a Kelch domain responsible for interactions with substrates. ZTL,
FKF1, and LKP2 contribute to the ubiquitin-mediated clock protein
degradation by conferring substrate specificity to the SCF E3
ubiquitin ligase complexes (lto et al., 2012).

ZTL assembles into a functional SCF complex by interacting
with the SKP1 homolog ARABIDOPSIS SKP-LIKE PROTEINT,
with CULLIN1, and with the RING finger protein RBX1 (Han et al.,
2004; Harmon et al., 2008). ZTL regulation of circadian period is
accomplished via regulation of TOC1 and PRR5 stability. The LOV
domain of ZTL directly interacts with TOC1 and PRR5 through
their pseudo-receiver domain and mediates the dark-dependent
protein degradation by the 26S proteasome (Mas et al., 2003;
Kiba et al., 2007). Genetic analyses further demonstrated the
physiological relevance of these interactions. The long period
phenotype of zt/ mutants is abolished in the absence of a func-
tional TOC1 (Mas et al., 2003); likewise, the phenotypes of zt/
mutant are also suppressed by the prr5 mutation (Kiba et al.,
2007). Notably, toc? prr5 double mutants phenocopy transgenic
plants overexpressing ZTL, which is consistent with the ZTL-
dependent regulation of TOC1 and PRR5 protein stability (lto
et al., 2008). Recent studies have shown that FKF1 and LKP2 are
also involved in proper circadian oscillation. While fkf1-deficient
mutants have no obvious alterations in circadian period, the fkf1
mutation enhances the long period phenotype of ztl mutants
(Baudry et al., 2010). Moreover, the zt/ fkf1 Ikp2 triple mutants
further lengthen the circadian period relative to the zt/ fkf1 double
mutant. Consistently, FKF1 and LKP2 also interact with and degrade
TOC1 and PRR5 (Wang et al., 2010), thus contributing along with
ZTL to their protein oscillation (Figure 1).
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Figure 1. Phosphorylation Modulates TOC1 Protein Stability.

Phosphorylation of TOC1 enhances the interaction with ZTL, which leads
to proteasomal degradation. ZTL also targets PRR5 for degradation.
Phosphorylation also favors TOC1 stabilization both by PRR3-mediated
competitive inhibition of the proteasomal degradation and by PRR5
nuclear sequestration. ZTL is stabilized by interaction with Gl and
HSP90. Gl is regulated by the COP1-ELF3 complex. P, phosphorylation;
Ub, ubiquitination.

Interestingly, ZTL is also targeted by proteasomal degradation
(Kim et al., 2003). ZTL mRNA accumulation does not oscillate,
but the protein cycles with significant variation in amplitude. The
rhythmic oscillation of ZTL protein is controlled by phase-specific
degradation through the proteasome (Kim et al., 2003). This pro-
teasome-dependent degradation of ZTL is antagonized by the
flowering regulator and clock component Gl. ZTL interacts with Gl
in a blue light-dependent manner and cooperatively enhances
stability of both proteins (Kim et al., 2007). Therefore, the cyclic
accumulation of Gl protein facilitates the rhythmic regulation of
ZTL turnover and the subsequent control in the oscillations of
TOC1 and PRR5 (Figure 1). Regulation of ZTL maturation into its
active conformation and assembly into a functional SCF E3 ligase
is also modulated by the chaperone protein HEAT SHOCK
PROTEIN90 (HSP90). HSP90 physically interacts with ZTL
and protects it from denaturation and aggregation (Kim et al.,
2011). Inactivation of HSP90 diminishes ZTL protein accu-
mulation and lengthens the circadian period, most likely
through accumulation of TOC1 protein (Kim et al., 2011).
Indeed, TOC1 and PRR5, the proteolytic targets of ZTL, are
more stable in plants with defects in HSP90 function. This
chaperone protein may contribute to maintaining an intact
structure of the F-box protein, thus ensuring clock-controlled pro-
teome homeostasis (Kim et al., 2011) (Figure 1).

Degradation and regulation of clock protein stability might be
dependent on COP1 function. COP1 is an E3 ubiquitin ligase
previously shown to be involved in the degradation of compo-
nents of the light signaling pathway associated with photomor-
phogenesis and floral transition. The COP17-deficient mutants also
display shortened circadian oscillations (Yu et al., 2008), most
likely as the result of the interaction of COP1 with ELF3, which
undergoes ubiquitination and proteasome-dependent degradation



in a COP1-dependent manner. Notably, the ELF3 degradation
does not lead to an antagonistic functional relationship with COP1
(Yu et al., 2008) but allows the recruitment of newly synthesized
ELF3 to further enhance the extent of ELF3 function. COP1 and
ELF3 appear to act together to control the stability of Gl. COP1
and ELF3 accumulate at night and promote Gl destabilization
through the proteasome pathway (Figure 1). ELF3 appears to act
as a substrate adaptor that facilitates the interaction of COP1 and
Gl, and the subsequent COP1-mediated degradation of ELF3
controls the extent of ELF3 function (Yu et al., 2008). Thus, the
time-dependent interaction of COP1 and ELF3 might be key to
ensuring a precise shaping of Gl protein accumulation.

Another component involved in clock protein degradation is the
light signaling mediator DE-ETIOLATED1 (DET1), which regulates
LHY protein stability (Song and Carré, 2005). Although LHY
undergoes proteasome-dependent proteolysis by the E3 ligase
SINATS5, DET1 suppresses turnover by physical interaction with
LHY (Song and Carré, 2005; Park et al., 2010). In the det7-1
mutant, LHY degradation is accelerated, which is concomitant
with a short circadian period of gene expression, a phenotype that
is similar to the one observed in /hy loss-of-function mutants
(Song and Carré, 2005).

Deubiquitinating enzymes counteract the functions of the F-box
proteins. The Arabidopsis genome contains 27 predicted ubiquitin-
specific proteases (UBPs), with a role in a variety of cellular sig-
naling pathways (Doelling et al., 2001, 2007). In particular, UBP12
and UBP13, which are circadian-regulated genes, play a role in the
control of circadian period. Consistently, the rhythmic oscillation of
LHY and TOCT1 transcripts is shortened in ubp12-deficient and
ubp12 ubp13 double mutants (Cui et al., 2013). Taken together,
these studies show that dynamic and reversible modulation of
ubiquitin attachment to clock proteins fine-tunes circadian oscilla-
tion and facilitates daylength measurement.

Phosphorylation

Phosphorylation is a fundamental regulatory mechanism by which
protein activity is dynamically regulated mostly through regulation
of complex formation, protein turnover, and nuclear localization
(Budde and Chollet, 1988). The expression of a considerable
number of genes encoding kinases and phosphatases is under
the control of the circadian clock (Kusakina and Dodd, 2012). The
first studies connecting phosphorylation with the Arabidopsis
circadian system came from a yeast two-hybrid screening that
identified the Ser/Thr protein kinase CK2 (formerly CASEIN
KINASE2) as an interacting partner of CCA1 (Sugano et al., 1998).
In Arabidopsis, the CK2 holoenzyme comprises two catalytic
a-subunits and two regulatory B-subunits, forming a o,pB,
tetramer (Pinna, 2002; Salinas et al., 2006). While the a-subunits
have catalytic activity and are critical for phosphorylation, the
B-subunits enhance the catalytic activity and define substrate
specificity (Sugano et al., 1998). Thus, the Arabidopsis CK2
B-subunits interact with and facilitate the phosphorylation of CCA1
and LHY (Sugano et al., 1998, 1999; Daniel et al., 2004).

Several lines of evidence suggest that CK2-mediated phos-
phorylation antagonistically regulates CCA1 transcriptional ac-
tivity (Portolés and Mas, 2010). The dephosphorylated CCA1
protein is preferentially bound to the promoters of its target clock
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genes. Consistently, the Arabidopsis ckala2a3 triple mutants,
which have both reduced CK2 kinase activity and CCA1 phos-
phorylation, lengthen the circadian period in a similar fashion to
that observed in CCA7-overexpressing plants (Lu et al., 2011b). By
contrast, transgenic plants overexpressing either CK2 3-SUBUNIT3
(CKB3) or CKB4, which show enhanced CK2 activity, exhibit
a shortened period of expression similar to the phenotype of cca
mutant plants (Sugano et al., 1998, 1999; Perales et al., 2006). The
phosphorylation state of CK2 might be important in the modulation
of CCA1 and LHY phosphorylation. Indeed, the regulatory subunit
CKB4 is also phosphorylated and the CKB4 hyperphosphorylated
isoforms are more susceptible to ubiquitination and degradation
through the proteasome pathway (Perales et al., 2006). Degradation
of CKB4 preferentially occurs during the day and is under the
control of the circadian clock (Perales et al., 2006). These results
are in agreement with a previous observation showing that CK2
activity is reduced during the light period (Hardtke et al., 2000).

Insights about the biological relevance of CK2 and CCA1 in-
teraction in clock function were provided in a recent study. The
study shows that CK2 phosphorylation does not affect CCA1
protein accumulation or subcellular localization but interferes with
CCA1 binding activity to the promoters of the oscillator genes.
High temperature enhances both CCA1 binding and CK2 phos-
phorylation. This parallel regulation in opposite directions gen-
erates a balance that contributes to maintaining a stable period
across a physiological range of temperatures, a clock property
known as temperature compensation. Therefore, two counter-
balanced and temperature-dependent activities (CCA1 and CK2)
underlie, at least in part, the mechanism behind clock temperature
compensation in Arabidopsis (Portolés and Mas, 2010).

TOC1 and other PRRs are also phosphorylated in a time
of day-dependent manner, although the specific kinases re-
sponsible for this phosphorylation remain elusive (Fujiwara
et al., 2008). Overall, phosphorylation of PRRs affects their
protein—protein interactive networks and makes the proteins
more susceptible to degradation (Fujiwara et al., 2008). This is
illustrated by the interaction of TOC1 and PRR5 with ZTL,
whereby the binding affinity of TOC1 and PRR5 to ZTL is en-
hanced following TOC1 and PRR5 phosphorylation (Fujiwara
et al., 2008). On the other hand, TOC1 phosphorylation also
contributes to its stabilization. Phosphorylation of both TOC1
and PRRS3 also boosts their interaction (Fujiwara et al., 2008). As
PRR3 and ZTL interact with TOC1 through the same region at
the TOC1 N terminus, PRR3 competes with ZTL for the in-
teraction with TOC1 and thereby relieves TOC1 from the ZTL-
dependent degradation (Para et al., 2007; Fujiwara et al., 2008).
PRR5 interacts with TOC1 regardless of their phosphorylation
status but the interaction favors the phosphorylation of TOC1
(Wang et al., 2010). Phosphorylation of TOC1 triggers its nuclear
localization (Wang et al., 2010), preventing the cytoplasmic
ZTL-dependent degradation (Kim et al., 2007). Altogether, the
studies indicate a dual effect of TOC1 phosphorylation on its
stability. Phosphorylation of TOC1 not only facilitates its protein
degradation by enhancing the interaction with ZTL but also
stabilizes it through competitive inhibition by PRR3 and nuclear
sequestration by PRR5 (Figure 1). Complete characterization of
this dual mode of regulation of TOC1 protein phosphorylation is
still lacking.
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Protein-Protein Interaction

Protein—protein interaction networks are also critical for regulation
of circadian clock function. Dynamic dimer formation of central
clock components is an important way to ensure proper circadian
oscillation. For instance, CCA1 and LHY contain a single MYB
DNA binding domain, but at least two MYB domains are required
for DNA binding (Jin and Martin, 1999). Hence, CCA1 and LHY
form homo and heterodimers in the nucleus (Lu et al., 2009; Yakir
et al., 2009). Although the molecular and biochemical functions of
the dimers have not yet been described in detalil, it seems likely
that the interactions may affect nuclear localization, transcrip-
tional activity, DNA binding affinity and specificity, and protein
complex stability, which clearly diversify their requlatory schemes
at the basis of their circadian function.

The protein—protein interaction network buildup from CCA1 and
LHY further extends the repertoires of their circadian control. In
addition to the role in the ubiquitination pathway, DET1 also acts as
a transcriptional corepressor together with CCA1 and LHY (Lau
et al., 2011). By interacting with CCA1 and LHY, DET1 localizes to
the promoters of their target genes and represses their expression
(Lau et al., 2011). Consistently, binding of DET1 to gene promoters
is substantially diminished in ccal /hy double mutant plants. The
det1-1 mutant shows no alterations in CCA1 and LHY protein
abundance but displays a shortened period of TOC7 and Gl ex-
pression, a similar phenotype observed in cca? and lhy loss-of-
function mutants. Furthermore, the circadian phenotypes of CCA7-ox
transgenic plants are compromised in CCA7-ox/det1-1 plants, in-
dicating that DET1 is required for proper function of CCA1.

CCA1 also bolsters circadian oscillation of clock output ex-
pression through additional protein—protein interaction networks.
Indeed, CCAT1 interacts with key regulators of light signaling, such
as ELONGATED HYPOCOTYL5 (HY5), FAR RED-IMPAIRED
RESPONSE1 (FAR1), and FAR RED-ELONGATED HYPOCOTYL3
(FHY3), which provide important crosstalk points between the
clock and the light signaling pathways (Andronis et al., 2008; Li
et al.,, 2011). Notably, CCA1 synergistically increases the DNA
binding activity of HY5 on the LHCB1*1 promoter (Andronis et al.,
2008), while CCA1 disrupts the transcriptional activating function
of FHY3, HY5, and FAR1 on the ELF4 promoter through inhibition
of their DNA binding in a time of day-specific manner (Li et al.,
2011). Further experiments are required to decipher the mecha-
nistic and molecular insights behind the differential modulation of
transcriptional activity by CCA1.

At the core of the evening oscillator, ELF3, ELF4, and LUX are
known to be important for sustaining circadian oscillation. It has
been demonstrated that the three proteins function as tran-
scriptional repressors through the formation of the EC that is
diurnally regulated and peaks at dusk (Nusinow et al., 2011;
Herrero et al., 2012). LUX is a bona fide DNA binding tran-
scription factor, while ELF3 and ELF4 are plant-specific nuclear
proteins with no known functional domains. ELF3 seems to
provide the basic platform of the complex and interacts in-
dependently both with ELF4 and LUX (Nusinow et al., 2011;
Herrero et al., 2012). The EC is associated with the promoters of
PRR9, PIF4, and PIF5 (Helfer et al., 2011; Nusinow et al., 2011),
which is relevant for circadian rhythms and phase-dependent
gating of growth and development.

A recent study has shown that TOC1 is associated with the
promoters of nearly all the oscillator genes to repress their ex-
pression (Huang et al., 2012). TOC1 directly binds to DNA through
its conserved CCT domain (for CONSTANS, CONSTANS-Ilike,
TOCH1) (Gendron et al., 2012). The regulation specificity of TOC1
to target genes seems to be determined by time-of-day inter-
actions with other regulatory proteins. For example, regulation
of CCA1 expression might be facilitated by TOC1 interaction
with CHE, a transcription factor from the TCP (for TEOSINTE
BRANCHED1, CYCLOIDEA, and PCFs) family (Pruneda-Paz
et al., 2009). CHE directly binds to CCA71 promoter through the
TCP binding site and represses its expression. CCA1 and LHY
reciprocally regulate CHE expression, forming a transcriptional
feedback loop (Pruneda-Paz et al., 2009).

In addition to its interaction with TOC1 and PRR5, ZTL also
interacts with the putative transcription factor EARLY BIRD (EBI).
EBI-deficient mutant plants show defects in circadian rhythmicity
with an advanced phase in the expression of clock genes, a pe-
riod of shortening, and an early flowering (Johansson et al., 2011).
Notably, the interaction of EBI with ZTL does not lead to EBI
protein degradation; rather, ZTL regulates the transcriptional ac-
tivity of EBI in a time-dependent manner. Thus, different modes of
action characterize ZTL role on the circadian clock.

Subcellular Compartmentalization

Some clock components are localized both in the nucleus and
in the cytoplasm. The subcellular compartmentalization of clock
proteins might provide an efficient way to regulate circadian os-
cillation. Subcellular compartmentalization as a circadian regulatory
event is also complemented with other regulatory mechanisms, as
exemplified by the PRR5-TOCH interaction (Wang et al., 2010).

The function of some clock factors such as ELF4 seems to be
related to the translocation of several clock components to the
nucleus. Indeed, on one hand, ELF4 recruits ELF3 in the nu-
cleus, which leads to nuclear accumulation and nuclear body
formation (Chow et al., 2012; Herrero et al., 2012). Concomi-
tantly, ELF4 interaction with ELF3 facilitates their transcriptional
repressive action as a component of EC (Herrero et al., 2012).
On the other hand, ELF4 is also involved in the nuclear com-
partmentalization of Gl. Gl is expressed both in the nucleus and
in the cytoplasm, but its nuclear localization is modulated in part
by ELF4 (Kim et al., 2013b). In the nucleus, Gl forms nuclear
bodies, and ELF4 is required for this process. The ELF4 se-
questration of Gl from the nucleoplasm provides a mechanism
for retaining Gl activity without exhaustion.

The biological relevance of the nucleocytoplasmic distribution
of Gl has been further investigated. Nuclear and cytoplasmic lo-
calization of Gl have different roles in regulating LHY expression
(Kim et al., 2013a). Nuclear Gl activates LHY expression, whereas
cytoplasmic Gl delays the induction kinetics of LHY, forming an
incoherent feed-forward loop. Notably, robust rhythms of LHY
expression require the coordinated action of nuclear and cyto-
plasmic Gl, which demonstrate that spatial partitioning is a regu-
latory event that enhances the robustness of the clock.

In addition, the dynamic interaction of clock components with
nuclear proteins may facilitate their nuclear sequestration. For
example, the LKP2 protein is clearly transported to the nucleus



and forms nuclear bodies when coexpressed with the flowering-
related components CONSTANS or CONSTANS-LIKE1 (Fukamatsu
et al., 2005). Although there are only few examples, further studies
would confirm whether this regulatory scheme is important for clock
control.

POSTTRANSLATIONAL MODIFICATIONS OF HISTONES

Chromatin architecture modulates the accessibility of transcriptional
regulatory proteins and thereby dynamically alters gene expression
in response to developmental and environmental cues (Pfluger and
Wagner, 2007). Multiple chemical and reversible modifications
regulate chromatin activity and function. The modifications include,
among others, DNA methylation/demethylation by DNA methyl-
transferases and methylcytosine DNA glycosylases, histone
acetylation/deacetylation by histone acetyltransferases (HATS)
and histone deacetylases (HDACSs), histone methylation/deme-
thylation by histone methyltransferases and histone demethy-
lases, and histone variant exchange (Pandey et al., 2002; Pfluger
and Wagner, 2007; Chen et al., 2011). According to structural
and functional analyses, a number of chromatin remodeling
factors have been identified in Arabidopsis. Some of them have
been shown to be implicated in plant growth and development,
floral transition, cellular differentiation, and genomic imprinting
(Chaudhury and Berger, 2001; Baroux et al., 2002; Berger and
Gaudin, 20083; Jarillo et al., 2009; Zografos and Sung, 2012).
Recent studies have also shown that changes in chromatin
architecture also modulate circadian function (Table 1). Indeed, the
pattern of histone acetylation at the TOC7 promoter follows a cir-
cadian oscillation that is closely associated with TOC7 rhythmic
expression (Perales and Mas, 2007). At dawn, TOC1 expression is
repressed, and this repression is concomitant with CCA1 binding
to the TOC1 promoter. Circadian-regulated binding of CCA1 an-
tagonizes H3 acetylation most likely by blocking HAT accessibility
(Stratmann and Més, 2008). As CCA1 binding decreases during
the day, a yet to be identified HAT is recruited to the TOC7
promoter and thereby TOCT is transcriptionally derepressed.
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The declining phase of TOC1 is facilitated by HDAC activities at
the light-to-dark transition (Perales and Mas, 2007). The HDACs
lead to histone H3 hypoacetylation that favors a repressive
chromatin state at the TOC7 promoter.

Dynamic changes in chromatin structure at the TOC7 promoter
are further regulated by another moming-expressed MYB tran-
scription factor, REVEILLES/LHY-CCA1-LIKE5 (RVE8/LCLS5) (Farinas
and Mas, 2011). Despite their structural similarities, the molecular
function of CCA1 and RVE8/LCL5 markedly differs. Although both
RVE8/LCL5 and CCA1 bind to the TOC7 promoter, CCA1 favors
histone hypoacetylation, while RVE8/LCL5 leads to H3 hyper-
acetylation at the TOC1 promoter. Overexpression of RVES/LCL5
results in a short circadian period with an advanced rising phase of
TOCT expression, which coincides with increased H3 acetylation
(Farinas and Mas, 2011). The opposite phenotypes for period,
phase, and histone acetylation are observed in rnve8/lcl5 loss-of-
function mutant. These results indicate that RVE8/LCL5 acts during
the rising phase of TOC1 by facilitating histone acetylation and thus
counterbalancing the repressing activity of CCA1 (Farinas and Mas,
2011). Following TOCT peak of expression, the relevant HDAC ac-
tivities at the TOC17 promoter interfere with and antagonize RVE8/
LCL5 function, thus contributing to the formation of repressive
chromatin structures that lead to the declining phase of TOC1.

Regulation of circadian expression by oscillating histone marks
are not exclusive of TOC17 but also pervades other oscillator
genes (Hemmes et al., 2012; Malapeira et al., 2012; Song and
Noh, 2012). Indeed, histone acetylation (H3K56ac and H3K9/
14ac) and methylation (H3K4me3) closely correlate with the
rhythmic expression of LHY, CCA1, and TOC7 (Hemmes et al.,
2012; Malapeira et al., 2012; Song and Noh, 2012) as well as
PRR9, PRR7, and LUX (Malapeira et al., 2012). As inferred by their
rhythmic phase and by the results obtained following treatment
with specific inhibitors, histone acetylation (H3ac) and methylation
(H3K4me3) seem to be active marks promoting the rhythmic
activation of the oscillator genes (Malapeira et al., 2012). How-
ever, histone acetylation and methylation are not fully redundant
activating marks. Histone acetylation contributes to the circadian

Table 1. Posttranslational Regulation of Arabidopsis Clock Proteins

Core Clock Component  Epigenetic Regulators

Phosphorylation

Ubiquitination Degradation  Protein—Protein Interaction

CCA1 SDG2/ATXR3, JMJ30/JMJD5, CK2
TPL-HDA6

LHY SDG2/ATXR3, JMJ30/JMJD5, CK2
TPL-HDA6

TOC1 CCA1, LCL5, SDG2/ATXR3 Unknown

PRR3 Unknown

PRR5 Unknown

PRR7 SDG2/ATXR3

PRR9 SDG2/ATXR3

Gl

CHE

ELF3

ELF4

LUX SDG2/ATXR3

CK2, CCA1, LHY, DET1, FHY3

SINATS CK2, CCA1, LHY, DET1

ZTL, FKF1, LKP2 PRRS3, PRR5, CHE, ZTL, FKF1, LKP2
TOCH

TOCH1, ZTL, FKF1, LKP2, TPL

TPL

TPL

ELF3, COP1, HSP9O, ZTL, FKF1, LKP2
TOCH

ELF4, LUX, COP1, GI

ELF3, LUX

ELF3, ELF4

ZTL, FKF1, LKP2

COP1

The molecular components responsible for the different posttranslational regulatory mechanisms at the core of the clock are listed. In some instances,
the specific molecular components responsible for the modification remain to be discovered (unknown).
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peak of expression, while H3K4me3 regulates clock repressor
binding, ensuring a proper timing and duration of gene activation
(Malapeira et al., 2012) (Figure 2).

The molecular components responsible for histone modifications
are just beginning to emerge. For instance, H3K4me3 accumulation
at the oscillator gene promoters is regulated by the HMT SET
DOMAIN GROUP2/ARABIDOPSIS TRITHORAX-RELATEDS (SDG2/
ATXR3) (Malapeira et al., 2012). The SDG2/ATXR3-deficient mu-
tants globally decrease H3K4me3 in the Arabidopsis genome.
Decreased H3K4me3 accumulation correlates with reduced oscil-
lator gene expression in sdg2/atxr3 mutant plants (Malapeira et al.,
2012). Consistent with the role of H3K4me3 regulating repressor
activity, in sdg2/atxr3 mutant plants, the timing of clock repressor
binding is affected. Altogether, these results support a direct
function of histone marks in fine-tuning the shape of the circadian
waveforms at the core of the clock.

Regarding the possible components involved in histone acetylation-
deacetylation, it was recently shown that the TOPLESS/TOPLESS
RELATED PROTEIN (TPL/TPR) members of the Groucho/Tup1 family
interact with the PRRs and repress transcription. TPL also asso-
ciates with HISTONE DEACETYLASE6 (HDA®) to repress circadian
gene expression (Wang et al., 2013). HATSs involved in photomor-
phogenesis, such as TATA BINDING PROTEIN-ASSCIATED
FACTOR1 and GENERAL CONTROL NONREPRESSEDS5, are
plausible candidates controlling chromatin-dependent circadian
clock oscillation (Stratmann and Mas, 2008) (Figure 2). Further
studies are required to examine these hypotheses.

Another component recently found to be involved in regulating
histone marks is the E3 ligase HISTONE MONOUBIQUITINATION1
(HUBH1) (Himanen et al., 2012b). This protein controls histone H2B
monoubiquitination, a modification that does not entail protein
degradation. H2B monoubiquitination is associated with H3K4me3

accumulation at the gene coding regions (Sridhar et al., 2007; Cao
et al., 2008) to facilitate transcriptional elongation. Transcriptomic
analysis of HUB1 misexpressing lines showed that a number of
circadian clock genes are targets of HUB1 in Arabidopsis. The
amplitude of circadian gene expression is affected in the hub7-1
mutant plants. This alteration coincides with reduced mono-
ubiquitination of histone H2B at their coding regions (Himanen
et al., 2012b) and with altered plant fitness (Himanen et al., 2012a).

Jumonji C domain—containing proteins that are known as his-
tone demethylases are also involved in circadian control. The
expression of JMJ30/JMJD5 displays a robust circadian regula-
tion with a peak at dusk (Jones et al., 2010; Lu et al., 2011a). The
core oscillators CCA1 and LHY repress JMJ30/JMJD5 expres-
sion by directly binding to its promoter. In turn, JMJ30/JMJD5
promotes expression of CCA71 and LHY, presumably through
histone demethylase activity (Jones et al., 2010). Consistently,
jmj30/jmjd5 loss-of-function mutants shortened the circadian
period in the expression of clock genes. The Arabidopsis and
human JMJ30/JMJD5 orthologs rescue the circadian phenotypes
of the mutants in the reciprocal organism (Jones et al., 2010;
Jones and Harmer, 2011), which suggests a common function of
JMJ30/JMJD5 in plants and animals.

CONCLUDING REMARKS

The circadian clock enables plants to match biological processes
with the most appropriate time of day, thus conferring a fitness
advantage. Multiple regulatory layers underlie both the fine-tuning of
circadian oscillation and synchronization of internal physiology with
the changing environment. Core clock genes are regulated through
a diverse array of mechanisms, which ensure fully functional acti-
vities connected with plant physiology and development. However,
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Figure 2. Epigenetic Regulation at the Core of the Arabidopsis Circadian Oscillator.

H3K56ac, H3K9/14ac, H3K4me3, and H3K4me2 are representative oscillating epigenetic marks that correlate with and contribute to the rhythmic
expression of the core clock genes. The timing of histone acetylation regulates gene expression by influencing transcription factor accessibility,
whereas histone trimethylation antagonizes clock repressor binding. The molecular components responsible for the reversible histone acetylation and
demethylation are not known. SDG2/ATXRS3 is responsible for histone trimethylation at the core of the Arabidopsis circadian clock. HMT, histone

methyltransferase; HDM, histone demethylase.



we are still far from a comprehensive view of the higher order ar-
chitectural regulation underlying the circadian interactive networks.
Identification of novel clock components and their actual bio-
chemical function will have a substantial impact in the circadian
research field. The complex layers of regulation also involve a
broad range of connections between internal and external signals
that once incorporated into the circadian system provide important
nodes of crosstalk with other relevant plant pathways. Given that
circadian rhythms govern many physiological processes in plants,
future research in this area would contribute to precisely define the
maps of physiology and metabolism in Arabidopsis.
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