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Most living organisms synchronize their physiological and behavioral activities with the daily changes in the
environment using intrinsic time-keeping systems called circadian clocks. In mammals, the key molecular features of
the internal clock are transcription- and translational-based negative feedback loops, in which clock-specific
transcription factors activate the periodic expression of their own repressors, thereby generating the circadian
rhythms. CLOCK and BMAL1, the basic helix-loop-helix (bHLH)/PAS transcription factors, constitute the positive
limb of the molecular clock oscillator. Recent investigations have shown that various levels of posttranslational
regulation work in concert with CLOCK/BMAL1 in mediating circadian and cellular stimuli to control and reset the
circadian rhythmicity. Here we review how the CLOCK and BMAL1 activities are regulated by intracellular
distribution, posttranslational modification, and the recruitment of various epigenetic regulators in response to
circadian and cellular signaling pathways.
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Introduction

Circadian clocks are intrinsic, time-tracking systems

that most living organisms have developed through

undergoing a long period of 24 hr light/dark cycles as

a result of Earth’s rotation around its axis. These internal

clocks allow organisms to adapt their physiology and

behavior to the daily changes which take place in the

environment (Schibler and Sassone-Corsi 2002). In

mammals, the circadian rhythm is controlled by a central

clock in the suprachiasmatic nucleus (SCN), which

adjusts the internal time to an environmental light

stimulus (Bass and Takahashi 2010). Recently, periph-

eral organs, tissues, and even individual cells have been

found to possess self-sustaining clock oscillators, which

are entrained by various neural and humoral signals

from the SCN as well as certain physiological activities

and environmental stimuli independently of the central

clock (Stratmann and Schibler 2006; Wijnen and Young

2006; Dibner et al. 2010).

Both central and peripheral oscillators are believed

to utilize common molecular ‘gears and circuitry’ for

circadian rhythm generation (Reppert and Weaver

2002). The molecular clockwork is based on the

interplay between transcriptional activators and re-

pressors that generate a negative feedback loop for core

clock gene expression. CLOCK and BMAL1 hetero-

dimerize to form an active transcription complex that

binds to the promoter E-box motifs (CACGTG)

present in the Per and Cry genes so as to initiate

transcription. Once PER and CRY proteins reach a

critical concentration in the cytoplasm, they form a

complex that translocates to the nucleus to repress

CLOCK/BMAL1-mediated transcription of their own

genes through direct protein-protein interaction

(Cermakian and Sassone-Corsi 2000). The primary

feedback loop is further stabilized by an additional

transcriptional loop in which CLOCK/BMAL1 in-

duces the transcription of certain nuclear receptors

such as Rev-erba and Rora which, in turn, repress and

activate Bmal1 transcription via a binding and unbind-

ing of the ROR-responsive element (RORE), respec-

tively (Gallego and Virshup 2007). Notably, the

CLOCK/BMAL1 heterodimer also activates the tran-

scription of many other clock-controlled genes (CCGs),

which activation, in turn, drives the circadian rhythmi-

city of various physiological functions, such as food

intake, hormonal synthesis and release, and metabo-

lism (Wijnen and Young 2006; Eckel-Mahan and

Sassone-Corsi 2009). In addition to positive and

negative transcriptional feedback-loops, the circadian

oscillator is fine-tuned by various levels of post-

transcriptional regulation, including intracellular loca-

lization, post-translational modification, the stability of

the clock proteins and chromatin remodeling (Gallego

and Virshup 2007; Duguay and Cermakian 2009;

Mehra et al. 2009) (Figure 1). Further regulation of

clock proteins by intra- and extracellular signaling is

likely to play an important role in the physiological
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control and resetting of circadian rhythmicity (Bass

and Takahashi 2010; Asher and Schibler 2011).

Here, we briefly review the structural and func-

tional features of CLOCK/BMAL1 transcription fac-

tors and also describe in detail how each of the

transcriptional activators is functionally regulated in

response to circadian and cellular signaling in terms of

intracellular distribution, posttranslational modifica-
tion and the recruitment of chromatin remodeling

factors.

CLOCK/BMAL1 as a circadian transcriptional factor

In mammals, CLOCK is the first core clock protein

to have been shown to play a central role in the

maintenance of circadian rhythmicity. Initially, the
Clock mutant mice screened by an ethylnitrosourea

(ENU) mutagenesis method displayed arrhythmic

behavior as a result of the dominant negative effect

of mutant CLOCK protein (CLOCK-^19) lacking

exon 19 in its C terminal region (Vitaterna et al.

1994; King et al. 1997). Phylogenetic studies have

also indicated that CLOCK contains the basic-helix-

loop-helix (bHLH) domain and two Per-Arnt-Sim
(PAS) domains, which are required for DNA binding

and heterodimerization, respectively (Gu et al. 2000)

(Figure 2). Following the cloning of CLOCK, many

efforts have been made to characterize its partner,

which was identified as another bHLH-PAS protein,

called MOP3 or BMAL1, using yeast two-bybrid

screens (Hogenesch et al. 1997, 1998; Ikeda and

Nomura 1997; Gekakis et al. 1998). The essential

role of BMAL1 in circadian clock regulation is

further demonstrated by generating BMAL1 specific

knockout mice that exhibit arrhythmic locomoter

activity under both entrained and constant conditions

(Bunger et al. 2000). Meanwhile, intensive genetic

and molecular analyses further demonstrated that

CLOCK and BMAL1 require each other to function

as a positive transcription factor; this transcription

factor binds to E-box elements in the promoter

region of clock-controlling genes which encode their

own repressors (Periods and Cryptochromes) and

transcriptional regulators (Rev-erba and Rora), there-

by constituting circadian transcriptional feedback

loops (Gekakis et al. 1998; Hogenesch et al. 1998;

Shearman et al. 2000).
The accompanying structural and functional stu-

dies which have been carried out have also

contributed to a detailed understanding of the

Figure 1. Molecular clockwork in mammals. The molecular clock is driven by a transcriptional-translational feedback loop in

which clock-specific transcription factors activate periodic expression of their own repressors. CLOCK and BMAL1 form an

active transcription factor complex to increase the transcription of Period (Per), Cryptochrome (Cry). When the levels of the PER

and CRY proteins increase in the cytoplasm, they dimerize and translocate to the nucleus to repress CLOCK/BMAL1-mediated

transcription. Various protranslational modifications such as phosphorylation (P), sumoylation (Sumo), ubiquitination (Ub) and

acetylation (Ac) underlie the fine-tuning of the molecular feed-back loop. Furthermore, the CLOCK/BMAL1 heterodimer also

induces the transcription of the nuclear receptors Rev-erba and Rora which, in turn, repress and activate Bmal1 transcription,

respectively, thereby constituting an additional feedback loop.
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transcriptional role of CLOCK/BMAL1 in generating

the molecular clock work. CLOCK has a glutamine-

rich (Q-rich) region containing a poly-glutamine

(Poly Q) stretch (amino acids 751�769) in its C-

terminal domain, which is characteristic of the

activation domains in many transcription factors

(Figure 2). Upon further sequence analysis in a

comparison with related proteins, the carboxyl-term-

inal glutamine-rich region was found to contain a

conserved acetyl-CoA binding motif that is required

for histone acetyltransferase (HAT) enzyme activity

of CLOCK, underscoring the transactivational func-

tion of the protein (Doi et al. 2006). Similarly,

BMAL1 possesses a transcriptional activation do-

main (TAD) in its C-terminus, where transcriptional

coactivators such as the CREB binding protein

(CBP) bind and activate E-box dependent transcrip-

tion (Takahata et al. 2000). Intriguingly, intensive

mutational analyses revealed that the BMAL1 C-

terminal TAD associates with CRY1, thereby mediat-

ing negative transcriptional feed-back (Kiyohara et

al. 2006; Sato et al. 2006). These findings open the

possibility that the BMAL1 in the C-terminus has

dual antagonistic functions and serves as a molecular

switch for the circadian gene transcription controlled

by the CLOCK/BMAL1 heterodimer.

Importantly, the global circadian role of CLOCK/

BMAL1-mediated transcription was suggested by the

extensive microarray analyses of the mouse transcrip-

tome which showed that up to 10% of all of the

mammalian transcripts follow a circadian rhythm in

their pattern of expression (Akhtar et al. 2002; Duffield

et al. 2002; Panda et al. 2002). In addition, transcrip-

tional profiling of live and skeletal tissues from Clock

mutant mice recently identified an abundance of

CLOCK-regulated transcripts which are related to the

cell cycle, cell proliferation and other cellular func-

tional activities (Oishi et al. 2003; McCarthy et al.

2007; Miller et al. 2007). In parallel with these large-

scale genomics approaches, several molecular and

functional studies have more specifically unraveled

the key roles played by CLOCK/BMAL1 in transcrip-

tional regulation of the clock output genes involved in

adipogensis, tumorigenesis, the immune response, de-

velopment and various aspects of metabolism (Duguay

and Cermakian 2009; Bass and Takahashi 2010). These

findings are underscored by the accumulating reports

that CLOCK mutant and/or BMAL1 knock-out mice
exhibit various physiological defects, such as obesity,

diabetes, cancer and premature aging (Kondratov and

Antoch 2007; Eckel-Mahan and Sassone-Corsi 2009).

Poststranslational regulation of CLOCK/BMAL1

activity

Besides the characterization of CLOCK/BMAL1 as a

circadian transcriptional complex, a number of bio-

chemical and cell-based studies have contributed to a

detailed understanding of how it is that the CLOCK/

BMAL1 association confers the transcriptional poten-

tial on the complex through various levels of post-

translational regulation, such as its sub-cellular
distribution, posttranslational modification and inter-

action with other transcriptional cofactors.

1. Intracellular distribution

CLOCK and BMAL1 exhibit a circadian oscillation

pattern in their intracellular distribution in mouse liver,
suprachiasmatic nucleus and cultured fibroblasts (as

well as in the suprachiasmatic nucleus) (Kondratov

et al. 2003; Tamaru et al. 2003). Interestingly, CLOCK

is predominantly immunostained in the cytoplasm

when ectopically overexpressed, whereas it colocalizes

with BMAL1 in the nucleus upon the coexpression of

the proteins (Kondratov et al. 2003; Kwon et al. 2006).

On further mutational analysis, BMAL1 was shown to
contain functional nuclear localization signals (NLS)

and nuclear export signals (NES), so that CLOCK is

acquired to be localized in the nucleus to function as a

Figure 2. Schematic representation of the functional domains present in the mouse CLOCK and BMAL1 protein. Both CLOCK

and BMAL1 contain a basic helix-loop-helix (bHLH) DNA binding domain and two PER-ARNT-SIM (PAS) dimerization

domains (PAS-A, PAS-B). The C-terminal domain of CLOCK has a poly-glutamine repeat (Poly Q; amino acids 751�768), which

is characteristic of activation domains in any transcription factors. BMAL1 also contains a transcriptional activation domain

(TAD) in its C-terminus as well as a functional nuclear localization signal (NLS) adjacent to bHLH, and two nuclear export

signals (NES) within PAS-A and PAS-B, respectively.
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transcriptional activator together with the nuclear/

cytoplasmic shuttling partner (Kwon et al. 2006)

(Figure 2). In addition to the findings on circadian

regulation, recent biochemical experiments revealed

that heterodimerization and nuclear translocation of

CLOCK with BMAL1 is rapidly induced within one

hour by serum shock, a previously well-known clock

synchronizing stimulus (Balsalobre et al. 1998; Shim
et al. 2007). More recently, microscopic analysis using

bimolecular fluorescence complementation (BiFC), a

novel technique for imaging protein-protein interac-

tions in intact cells, further visualized the binding-

induced nuclear translocation of CLOCK/BMAL1 by

means of the protein kinase C pathway upon stimula-

tion in living cells (Lee et al. 2010). The functional

significance of these observations is underscored by
previous results that serum shock promotes the binding

of both CLOCK and BMAL1 to E-box elements of the

Per1 promoter, Per1 mRNA expression and eventually

phase shifts of the circadian rhythm in cultured

fibroblasts (Jung et al. 2003; Shim et al. 2007).

2. Phosphorylation

Previously, extensive in vivo studies on mouse liver

extracts showed that most of the core clock proteins

exhibit circadian patterns of phosphorylation gener-

ated by the cell-autonomous clock (Lee et al. 2001). In

particular, the phosphorylation of CLOCK was found

to be induced by dimerization with BMAL1, which
leads to not only its nuclear localization, but also its

degradation during the course of transcriptional acti-

vation. (Kondratov et al. 2003). In the subsequent

bioinfomatic and biochemical studies, a conserved

serine cluster within the CLOCK protein termed a

‘phosphor-degron’ was identified as responsible for

BMAL1 dependent phosphorylation and degradation

(Spengler et al. 2009). In the phosphor-degron region,
GSK-3b phosphorylates CLOCK for degradation

specifically at S427, with S431 acting as the BMAL1

dependent phospho-priming site, thereby increasing the

transcriptional activity of the CLOCK/BMAL1 com-

plex (Spengler et al. 2009). In addition, CLOCK was

also shown to be phosphorylated by Ca2�-dependent

protein kinase C so as to induce acute Per1 expression

via dimerization with BMAL1 during clock resetting in
serum-shocked fibroblasts (Shim et al. 2007). Interest-

ingly, studies have shown that cryptochromes, negative

regulators, impair CLOCK phosphorylation and de-

gradation, thus suggesting the transactivational effect

of phosphorylation (Kondratova et al. 2006b; Kwon

et al. 2006; Dardente et al. 2007). On the other hand,

Fukada and his colleagues recently reported that

CLOCK phosphorylation at Ser38 and S42 by CIPC,
a recently reported CLOCK-interacting negative reg-

ulator, occurs in a BMAL1-dependent manner and

leads to the suppression of E-box-dependent transcrip-

tion (Zhao et al. 2007; Yoshitane et al. 2009). This

evidence suggests that phosphorylation mediates the

diverse transcriptional roles of CLOCK in a site-

specific manner for clock gene expression.

Similar to CLOCK, BMAL1 is also subject to

multiple phosphorylation events directed by distinct
kinases, which regulate its transcriptional activities. For

example, phosphorylation by casein kinase Io (CKIo)

has been reported to activate BMAL1-mediated tran-

scription, while phosphorylation by MAPK inhibits it

(Eide et al. 2002; Sanada et al. 2002). In vitro and in

vivo studies have also shown that CK2a rhythmically

phosphorylates BMAL1 at Ser90 so as to regulate its

nuclear accumulation and circadian gene expression
(Tamaru et al. 2009). More recently, extensive proteo-

mic analysis demonstrated that GSK-3b phosphory-

lates BMAL1 specifically on Ser17 and Thr21, which

phosphorylation, in turn, facilitates its ubiquitylation

and the degradation required for the maintenance of

stable clock oscillation (Sahar et al. 2010). On the other

hand, similar to CLOCK protein, the CRY repressors

stabilize BMAL1 by impairing its phosphorylation,
which in turn blocks transactivation of the clock genes

coupled with degradation of the transcription complex

(Kondratov et al. 2006b; Kwon et al. 2006; Dardente

et al. 2007). Interestingly, a receptor for activated C

kinase-1 (RACK1) was found to stimulate the phos-

phorylation of BMAL1 by PKCalpha as this protein is

recruited into the nuclear BMAL1 complex during the

negative feedback phase of the circadian cycle (Robles
et al. 2010). Taken together, these results suggest that

phosphorylation plays an important role in mediating

the sub-cellular localization and stability of both

CLOCK and BMAL1 in a dimerization-dependent

manner, as well as interaction with the related kinases

and co-regulators during the circadian and signal-

regulated transcription of clock genes.

3. Sumoylation

sumoylation has also been shown to regulate the

function and stability of circadian transcription fac-

tors. Sassone-Corsi and his collegues showed that

BMAL1 is modified by a small ubiquitin-related
modifier protein (SUMO) at lysine 259 in a

CLOCK-dependent manner in vivo (Cardone et al.

2005). Mutation of the target lysine residue (BMAL1

K259R) prevents sumoylation and stabilizes the

protein, which in turn impairs the normal circadian

rhythm of clock gene expression. Recently, BMAL1

was further shown to be mainly modified by SUMO2/

3, which is a prerequisite for its ubiquitination leading
to proteasomal degradation during the transactivation
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stage (Lee et al. 2008). Given that phosphorylation

also primes BMAL1 for its ubiquitin-mediated de-

gradation as mentioned above, the interplay between

phosphorylation and sumoylation seems to underlie

the transcription-coupled degradation of BMAL1

(Lee et al. 2008; Sahar et al. 2010). Notably,

sumoylation localizes BMAL1 to the promyelocytic

leukemia (PML) nuclear body, a well-recognized sub-

nuclear compartment wherein a variety of SUMO-

conjugated transcription factors and co-regulators,

including CBP and RNA polymerase II (Pol II), are

recruited to form the transcriptional apparatus

(Zhong et al. 2000; Lee et al. 2008). Consistent with

this observation, a recent study showed that CLOCK

also localizes at the PMA bodies with BMAL1 and

thus enables herpes simplex virus gene expression

(Kalamvoki and Roizman 2010). Taken together, these

findings suggest that sumoylation is likely to play a

crucial role in the relocation of the CLOCK/BMAL1

complex into sub-nuclear foci for transcriptional

activation of its target genes.

4. Acetylation

Histone acetylation and deacetylation modify the

chromatin structure and thus regulate gene transcrip-

tion by increasing or decreasing the DNA accessi-

bility of the transcriptional apparatus (Vaissiere et al.

2008). Circadian rhythms have also been found to be

regulated by dynamic chromatin remodeling. For

example, the rhythmic acetylation of histones H3/

H4 in the chromatin region spanning the promoters

of the clock genes (Per1, Per2, and Cry1) is coupled

with their circadian transcription (Etchegaray et al.

2003; Naruse et al. 2004). Strikingly, CLOCK itself is

found to possess certain HAT activity which catalyzes

the acetylation of histones H3 and H4 and hence the

regulation of the circadian expression of clock genes

(Doi et al. 2006). The HAT activity of CLOCK is

further enhanced in the presence of BMAL1. Besides

targeting histones, CLOCK also acetylates BMAL1,

its non-histone heterodimeric partner, specifically at

lysine 537 (Hirayama et al. 2007). Interestingly, the

acetylation of BMAL1 by CLOCK promotes CRY

recruitment, thereby inhibiting its transcriptional

activity without altering its subcellular localization,

interaction with CLOCK, phosphorylation, or stabi-

lity (Hirayama et al. 2007). These findings suggest

that the acetyltransferase activity of CLOCK plays a

dual role in both the transcriptional activation (via

histones) and repression (through BMAL1) phases of

the circadian gene expression.

Epigenetic regulation

As CLOCK itself functions as a HAT enzyme in

complex with BMAL1, the CLOCK/BMAL1 com-

plex recruits various transcriptional cofactors, which

are mostly related to chromatin remodeling for

circadian and signal-regulated gene expression. Here

we briefly review the epigenetic regulation involved in

the circadian clock machinery.

1. CBP/p300, a histone acetyltransferase (HAT)

The CREB binding protein (CBP) and its close

relative p300 possess histone acetyltransferase

(HAT) activity (Vo and Goodman 2001). The tran-

scriptional coactivators interact with the CLOCK/

BMAL1 heterodimer for its transcriptional potentia-

tion in cell culture when over-expressed (Takahata

et al. 2000). Consistent with the earlier observation,

Etchegaray and coworkers reported that CLOCK/

BMAL1 exhibits circadian binding with the tran-

scriptional coactivators in mice liver extracts

(Etchegaray et al. 2003). Interestingly, the in vivo

coimmunoprecipitation experiments showed that

p300, rather than CBP, was markedly associated

with CLOCK during the enhanced CLOCK/

BAML1-mediated transcription which contributes to

the rhythmic histone acetylation of the Per and Cry

promoters (Etchegaray et al. 2003). In addition,

Curtis et al. (2004) showed that CLOCK/BMAL1

associates with other histone acetyltransferases such

as the p300/CBP associated factor (PCAF) and

ACTR in vascular tissues. However, the major

cofactor for rhythmic histone acetylation is not clear,

particularly since CLOCK was shown to possess

HAT activity, as mentioned above (Doi et al. 2006).

Besides the circadian coactivator recruitment, it was

shown that CBP is phosphorylated and recruited to

the CLOCK/BMAL1 complex via D2R receptor

signaling, thereby activating Per1 gene expression in

cultured retinal neurons (Yujnovsky et al. 2006). Our

recent studies using bimolecular fluorescence comple-

mentation assay (BiFC) revealed that CBP, but not

p300, is specifically recruited to BMAL1 so as to

control the induction of Per1 gene transcription

shortly after serum stimuli. Previously, the transcrip-

tional coactivation by CBP, in spite of its functional

overlap with p300, occurred in a signal-dependent

manner, mainly via phosphorylation (Kalkhoven

2004). Therefore, it is likely that CBP, unlike p300,

has a unique role in signal-regulated transcriptional

activation, probably via phosphorylation-dependent

interaction with CLOCK/BMAL1.
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2. SIRT1, a histone deacetylase (HDAC)

In recent years, a growing body of evidence has come to

suggest a close relationship between the circadian clock

and metabolism. The molecular link between clock-

work and metabolism was first suggested by an in vitro

electrophoretic mobility shift assay (EMSA) study

showing that the DNA binding activity of CLOCK/

BMAL1 and NPAS2/BMAL1 dimers is inhibited by

oxidized NAD� and enhanced by reduced NAD(H)

(Rutter et al. 2001). The involvement of NAD cofactors

in the clockwork was further highlighted by recent

studies showing that SIRT1, a mammalian homolog of

the yeast Sir2 having histone deacetylase (HDAC)

activity dependent on NAD�, transduces the meta-

bolic signals to the molecular clock machinery. In the

liver and fibroblasts, SIRT1 exhibits not only rhythmic

expression levels, but also rhythmic enzyme activity

(Asher et al. 2008; Nakahata et al. 2008). Furthermore,

SIRT1 is recruited to the CLOCK/BMAL1 complex at

the E-box elements in the clock gene promoter via

interacting with CLOCK (Nakahata et al. 2008). This

accounts for the increases of SIRT1 activity in parallel

with histone H3 acetylation in the promoters of clock

genes and with high BMAL acetylation (Nakahata

et al. 2008). More recently, two groups reported

simultaneously that the cellular levels of NAD� are

rhythmic as a result of the circadian control of the

enzyme nicotinamide phosphoribosyltransferase

(NAMPT), a rate-limiting component in the NAD�
salvage pathway (Nakahata et al. 2009; Ramsey et al.

2009). This highlights a reciprocal feedback relation-

ship between the molecular clock and energy metabo-

lism; the oscillatory levels of NAD�, which are rate-

limited by the clock-controlled expression of Nampt,

provide a key metabolic cue for the circadian expres-

sion of core clock genes by affecting the CLOCK/

BMAL1 DNA binding or HDAC activity of SIRT1 in

complex with the heterodimer.

3. MLL1, a histone methyltransferase (HMT)

Besides histone acetylation, another important epige-

netic mark for chromatin remodeling is histone methy-

lation (Vaissiere et al. 2008). The methylation of

histones, unlike acetylation, which is correlated with

transcriptional activation in general, is associated with

either activation or repression depending on the sites

and degree (mono-, di- or trimethylation at the o-amino

group of lysine residues) of modification (Klose and

Zhang 2007). Generally, it has been shown that tri-

methylation of histone 3 at Lys4 (H3K4me3) is closely

linked to transcriptional activation, whereas di-methy-

lated H3K4 (H3Kme2) occurs at both inactive and

active euchromatic genes (Kouzarides 2002;

Santos-Rosa et al. 2002; Schneider et al. 2004). The

first clue of the link between histone methylation and

the circadian clock was provided by a biochemical

study showing that WD40-repeat protein 5, a subunit

of (a) histone methyltransferase, is found in a complex

with mPER1 (Brown et al. 2005). This was taken to

indicate that mPER1 mediates recruitment of the

methyltransferase in the CLOCK/BMAL1/PER com-
plex in the repression phase of circadian transcription.

Remarkably, extensive ChIP experiments revealed that

rhythmic binding of CLOCK/BMAL1 to multiple E-

box motifs drives dynamic chromatin changes via both

acetylation at Lys9 of histone H3 (H3-K9 Ac) and

trimethylation at Lys4 of histone H3 (H3K4me3)

accompanying circadian Dbp transcription (Ripperger

and Schibler 2006). Although CLOCK was thought to
be a HAT enzyme which acetylates histone H3-K9, a

major factor involved in histone methylation still

remained in question. In this context, Sassone-Corsi

and coworkers recently found that mixed-lineage

leukemia 1 (MLL1), a mammalian homolog of

Drosophila trithorax, acts as a key histone methyl-

transferase which induces rhythmic trimethylation of

histone H3 at Lys4 (H3K4me3) via complex formation
with CLOCK-BMAL1 in accompaniment with H3

acetylation (Katada and Sassone-Corsi 2010). Notably,

MLL1 seems to be recruited to CLOCK/BMAL1

through an interaction with CLOCK as it failed to

associate with CLOCK^19. Given that CLOCK^19

also cannot bind SIRT1, these findings suggest that

CLOCK associates with MILL1 to form a histone

modifying complex by replacing SIRT1 in its com-
monly shared binding region, thereby leading to both

H3 acetylation and H3K4 tri-methylation in the active

phase of circadian transcription (Nakahata et al. 2008;

Katada and Sassone-Corsi 2010). Based on these

findings, the impaired coactivator or corepressor re-

cruitment of the mutant CLOCK protein seems to

provide functional and molecular reasons for the

circadian defects displayed by mutant clock/clock

mice that previously had been obscure (Vitaterna

et al. 1994; King et al. 1997).

Conclusion

Over the past 20 years, significant progress has been
made in identifying the key molecular components and

mechanisms of the mammalian clockwork using various

genetic and molecular techniques. In addition to the

establishment of the circadian transcriptional feedback

loop, intensive studies have been focused on the post-

translational regulation of the core clock proteins and

signal transduction pathways involved in the control of

circadian rhythmicity. Particularly, CLOCK and
BMAL1, the core components of the circadian clock,
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have been shown to be regulated interdependently by

phosphorylation, sumoylation, ubiquitylation and acet-

ylation as well as interactions with transcriptional

coactivators, repressors, and chromatin remodeling

factors in order to fine-tune the temporal organization

of clock gene expression (Figure 3). Recently, the

association of CLOCK/BMAL1 with metabolic cofac-

tors or modulators provided molecular evidence of the

close interrelationship between the circadian clock and

metabolism, underscoring the important role of the

heterodimeric components in mediating the circadian

and metabolic cues. From the physiological point of

view, these findings also provide further insight into the

reasons why CLOCK mutant and BMAL1 knock-out

mice display circadian and metabolic defects, such as

obesity, diabetes and premature aging (Turek et al. 2005;

Kondratov et al. 2006a; Marcheva et al. 2010).

Finally, accumulating evidence suggests that it is

likely that there is a complex interplay among the post-

translational modifications and cofactor recruitments

in response to circadian and other signaling cues.

Therefore, it will be necessary to investigate how it is

that the various modes of the posttranslational regula-

tion of CLOCK/BMAL1 in combination play a role in

controlling the oscillatory mechanism itself and/or in

mediating the signaling pathways to the clock. Further

studies will clarify the functional significance of the

CLOCK/BMAL1-mediated regulation of circadian

clock and physiology.
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circadian clock machinery.During the transactivation stage, CLOCK and BMAL1 undergo multiple posttranslational

modifications, including phosphorylation (P) and sumoylation (S), so as to become subject to ubiquitin (U)-mediated

degradation in a dimerization-dependent manner. In addition, CLOCK/BMAL1 recruits CBP/p300 and MILL1 to form a

histone modifying complex, thereby inducing both H3 acetylation and H3K4 trimethylation in the activation phase of circadian

transcription. CLOCK/BMAL1 also activates the rhythmic expression of nicotinamide phosphoribosyltransferase (NAMPT),

one of the clock controlled genes (CCGs), which converts nicotinamide (NAM) into nicotinamide mononucleotide (NMN) so as

to be eventually modified into NAD� via further enzymatic processes. Increased NAD� activates SIRT1, which in turn feeds

back into the NAD�-salvage pathway by directly regulating NAMPT gene expression together with CLOCK/BMAL1.

Meanwhile, the high level of NAD(P)H promotes DNA binding of CLOCK/BMAL1 to the E-box elements of CCGs. On the

other hand, BMAL1 is subject to acetylation by CLOCK HAT enzyme activity so as to recruit CRY1, thereby enhancing CRY-

mediated negative feedback. In addition, SIRT1 forms a complex with CLOCK/BMAL1 probably replacing MLL1 in the

common binding region of CLOCK so as to both deacetylate H3 and block the trimethylation of H3 in the course of

transcriptional repression.
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