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CLOCK and BMAL1 are bHLH-PAS-containing transcription factors that bind to E-box elements and are
indispensable for expression of core circadian clock components such as the Per and Cry genes. A key step in
expression is the heterodimerization of CLOCK and BMAL1 and their accumulation in the nucleus with an
approximately 24-h periodicity. We show here that nucleocytoplasmic shuttling of BMAL1 is essential for
transactivation and for degradation of the CLOCK/BMAL1 heterodimer. Using serial deletions and point
mutants, we identified a functional nuclear localization signal and Crm1-dependent nuclear export signals in
BMAL1. Transient-transfection experiments revealed that heterodimerization of CLOCK and BMAL1 accel-
erates their turnover, as well as E-box-dependent clock gene transcription. Moreover, in embryonic mouse
fibroblasts, robust transcription of Per2 is tightly associated with massive degradation of the CLOCK/BMAL1
heterodimer. CRY proteins suppressed this process during the transcription-negative phase and led to nuclear
accumulation of the CLOCK/BMAL1 heterodimer. Thus, these findings suggest that the decrease of BMAL1
abundance during the circadian cycle reflects robust transcriptional activation of clock genes rather than
inhibition of BMAL1 synthesis.

Almost all organisms from bacteria to mammals have devel-
oped circadian physiology and behavior to adapt to the envi-
ronmental changes created by the rotation of our planet. Such
daily rhythms are controlled by genetically determined and
self-sustaining circadian clocks that are composed of networks
of transcription-translation feedback loops involving sets of
clock genes (15, 30, 37). In mammals, a network of feedback
loops functions robustly not only in the master circadian pace-
maker, the suprachiasmatic nucleus (SCN) of the hypothala-
mus (26), but also in most tissues (including liver, heart, lung,
and muscle) and even in immortalized cell lines (1, 50, 51).
These widely dispersed circadian systems are primarily syn-
chronized by the SCN to coordinate circadian timing in vivo
(29, 36).

One of the main questions in clock biology is how the time-
keeping system is controlled at the molecular level. Intensive
studies in the mouse using genetic and molecular approaches
have largely clarified the structure of the central feedback loop
(3, 30). Two bHLH-PAS-containing transcription factors,
CLOCK and BMAL1, form heterodimers that bind to E-box
enhancer elements in the promoters of target genes driving the
transcription of three period genes (Per1, Per2, and Per3) and
two cryptochrome genes (Cry1 and Cry2) (11, 14, 17, 18). After
the PER and CRY proteins have been translated in the cyto-
plasm, they form heterocomplexes that translocate into the
nucleus and inhibit their own transcription. CRY plays a cru-

cial role in this negative feedback process by interacting di-
rectly with the CLOCK/BMAL1 heterodimers (12, 22).

Analysis of Bmal1 defective mice has revealed the indispens-
able role of BMAL1 as the mainspring of the molecular clock-
work; thus, targeted disruption of Bmal1 results in complete
loss of both circadian behavior and expression of the core clock
regulators, Per1 and Per2, in the SCN (5). This strongly sup-
ports the notion that the expression of Per1 and Per2 is tightly
coupled to the transcriptional activity of BMAL1. A recent
study, using transient-transfection assays in HEK293 cells and
Bmal1-deficient fibroblasts, indicated that the nuclear accumu-
lation and degradation of the CLOCK proteins, and their
phosphorylation, are largely dependent on BMAL1, although
the precise mechanisms involved remained to be elucidated
(20). On the other hand, previous studies of Cry1/Cry2 double
mutant mice revealed sustained high-level expression of both
Per1 and Per2 in the liver and mid-to-high levels in the SCN
(28, 45, 46). In these mutants, however, Bmal1 transcription
was maintained at moderately low levels that were comparable
to the trough of Bmal1 transcript levels in the wild type,
whereas both mutant and wild-type mice exhibited arrhythmic
expression of similar levels of the Clock genes (38). Thus, it is
tempting to postulate that moderately low levels of Bmal1
RNA can lead to sufficient BMAL1 synthesis to permit robust
transcription of Per1 and Per2 in the absence of the transcrip-
tional inhibition normally exerted by the CRY proteins.

In contrast to this notion, the level of BMAL1 and even of
CLOCK in the liver of the Cry-deficient mice was significantly
lower than in wild-type animals, especially at the time when
nuclear accumulation of CRY peaked in the wild type (e.g., CT
18) (23). Further analysis of subcellular fractions showed that
the dramatic decrease in both proteins in the mutant hepato-
cytes was due to a dearth of the proteins in the nucleus rather

* Corresponding author. Mailing address for Kun Ho Lee: School of
Biological Sciences, Seoul National University, Seoul 151-742, South
Korea. Phone: 82-2-873-6690. Fax: 82-2-872-1993. E-mail: leekho
@snu.ac.kr. Mailing address for Kyungjin Kim: Neuroendocrine
Research Laboratory, School of Biological Sciences, Seoul National
University, Seoul 151-742, South Korea. Phone: 82-2-880-6694. Fax: 82-2
-884-6560. E-mail: kyungjin@snu.ac.kr.

7318



than in the cytoplasm. More surprising was the finding that the
nuclear accumulation and/or abundance of CLOCK and
BMAL1 reach a minimum at the time when maximal transcrip-
tional enhancement of Per1 and Per2 was anticipated, both in
vitro and in vivo (20, 23). These paradoxical results led us to
dissect the molecular mechanisms underlying the regulation of
the transactivation and inhibition of the CLOCK/BMAL1 het-
erodimer responsible for driving clock gene transcription.

In the present study, we demonstrate that BMAL1 has a
functional nuclear localization signal (NLS) and nuclear export
signals (NES) in its N-terminal and PAS domains, respectively,
and shuttles between the cytoplasm and the nucleus to permit
CLOCK to accumulate in the nucleus. This process appears to
be crucial for proteolysis of the CLOCK/BMAL1 heterodimer,
as well as for the transcription of its target genes. These find-
ings have prompted us to propose a new model of circadian
regulation of clock gene transcription. In this model, shuttling of
BMAL1 dynamically controls transactivation of the CLOCK/
BMAL1 heterodimer, which is tightly coupled to its own degra-
dation via ubiquitin-dependent or -independent pathways.

MATERIALS AND METHODS

Plasmid constructs and primers. cDNAs encoding wild-type mBmal1
(GenBank accession number NM007489) and mClock (GenBank accession num-
ber NM007715) were kindly provided by S. M. Reppert (University of Massa-
chusetts). The deletion mutants were generated with these cDNAs as templates,
by a PCR-based method as described previously (39). The resulting PCR prod-
ucts were cloned into pcDNA 3.1-DEST and epitope-tagged pcDNA3.1-DEST
by Gateway cloning (Invitrogen). Plasmids encoding NLS or NES mutants of
Bmal1 were generated by QuikChange site-directed mutagenesis as detailed by
the manufacturer (Stratagene) using the wild-type cDNA as a template. The
PCR primers used for the site-directed mutagenesis were as follows: for the
NLS1 mutant, F1 (5�-GGTGTGGACTGCAATCGCGCGGCGAAAGGCAG
TGCC ACTGAC-3�); for the NLS2 mutant, F1 (5�-GTCAGTGGCACTGCCT
TTCGCCGCGCGATTGCAGTCCACACC-3�); for the NES1 mutant, F1 (5�-
CCAGGAAGTTAGATAAAGCCACCGTGCTAAGGATGGCT-3�) and F2
(5�-CCAGGAAGTTAGATAAAGCCACCGTGGCAAGGATGGCTGTTCA
G-3�); for the NES2 mutant, F1 (5�-GATGACGAAGCGAAACACCTAATTC
TCAGGGCAGCAGATGGA-3�) and F2 (5�-GATGACGAAGCGAAACACG
CAATTCTCAGGGCAGCAGATGGA-3�); and for the NES3 mutant, F1 (5�-
ACAGCTATTTTGGCGTATGCACCACAGGAACTTCTAGGTACA-3�) and
F2 (5�-GGCGACAGCTATTTTGGCGTATGCACCACAGGAAGCTCTAG
GTAC-3�). All constructs were verified by sequencing.

Cell culture and transfection. Wild-type and mutant mouse embryo fibroblasts
(MEFs), HeLa cells, and NIH 3T3 cells were cultured in Dulbecco modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (Invitro-
gen) under 9% CO2 at 37°C. One day after seeding, cells were transfected by
using LipofectAMIN Plus (Invitrogen). For luciferase reporter assays, the mouse
Per1-promoter (�1803 to � 40) was cloned into pGL3-Basic Vector (Promega)
as a fusion with firefly luciferase, and the product was transfected into NIH 3T3
cells, together with the plasmids carrying various clock genes. At 36 h after
transfection, cells were harvested, and the luciferase activity was determined with
a luminometer (Turner Designs).

Antibodies. Polyclonal antibodies against mouse BMAL1 and BRG1 were
generated in rabbits by injection with recombinant GST-BMAL1(480-625) and
GST-BRG1(65-382), respectively. The rabbit antisera were affinity purified on
CNBr-activated Sepharose columns with covalently bound antigen. Antibodies
specific for CLOCK and CRY1 were purchased from Santa Cruz. Antibodies
9E10 and F7 were used to detect c-Myc and hemagglutinin (HA) epitopes,
respectively. Donkey secondary antibodies conjugated to horseradish peroxidase,
fluorescein isothiocyanate (FITC), and TRITC (tetramethyl rhodamine isothio-
cyanate) were purchased from Jackson Immunoresearch. Other antibodies were
from Sigma.

Immunoprecipitation, immunoblotting, and immunofluorescence. Aliquots of
2 � 105 NIH 3T3 cells were plated in 35-mm plates 24 h prior to transfection and
then incubated with 2.5 �g (total) of DNA. Immunoprecipitation was performed
30 h after transfection. Cells were harvested with 300 �l of radioimmunopre-
cipitation assay buffer (50 mM HEPES [pH 7.4], 150 mM NaCl, 1% NP-40, 1

mM EDTA, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 0.5% sodium
deoxycholate, 1 mM NaF, 1 mM Na3VO4, 1� protease inhibitor cocktail
[Roche]) and then were centrifuged at maximum speed for 20 min at 4°C. The
supernatants were transferred to fresh tubes, and 2 �g of anti-Myc or anti-
BMAL1 antibodies was added, followed by incubation at 4°C. After 1.5 h, 40 �l
of 50% protein-A agarose was added, and incubation continued for 1 h at 4°C.
After the supernatants were discarded carefully, 20 �l of 2� sodium dodecyl
sulfate sample buffer was added, and the samples were boiled for 10 min,
separated on a 6% sodium dodecyl sulfate-polyacrylamide gel, and transferred to
polyvinylidene difluoride membranes. Immunoblotting was performed with ap-
propriate primary antibodies, and horseradish peroxidase-conjugated secondary
antibodies for enhanced chemiluminescence detection.

For immunofluorescence analysis, cells grown on 0.1% gelatin-coated cover-
slips were fixed with 3.75% paraformaldehyde in phosphate-buffered saline and
blocked with 10% goat serum. They were then incubated with anti-BMAL1 or
anti-Myc antibodies and stained with FITC-conjugated anti-rabbit immunoglob-
ulin G (IgG) or TRITC-conjugated anti-mouse IgG. Nuclei were visualized with
DAPI (4�,6�-diamidino-2-phenylindole; Molecular Probes).

Heterokaryon assays. Heterokaryon assays were performed as previously de-
scribed (7, 48). NIH 3T3 cells were transfected with Myc-tagged Bmal1 con-
structs (wild type or NESmutBMAL1) and/or Brg1. After 24 h, NIH 3T3 cells
were exposed to leptomycin B (LMB; 10 ng/ml), a specific inhibitor of Crm1-
dependent nuclear export, for 5 h. They were then mixed with equal numbers of
LMB-treated (nontransfected) HeLa cells and cocultured for 6 h in the presence
of LMB (10 ng/ml) and cycloheximide (CHX; 50 �g/ml). The CHX concentra-
tion was increased to 100 �g/ml for the last 30 min of culture before cell fusion.
After fusion using 50% polyethylene glycol 3350 for 2 min, the cells were washed
with PBS and incubated in cell culture medium containing CHX (100 �g/ml) for
another 4 h. BMAL1 and BRG1 were visualized by immunofluorescence staining
as described above.

Real-time reverse transcription-PCR. First-strand cDNAs were synthesized
from the total RNA of MEFs by reverse transcription. Real-time PCR of Bmal1
and Clock mRNA was normalized to GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) as an endogenous reference and was performed with a 7300
Real-Time PCR system (ABI). The primers for GAPDH were 5�-CATGGCCT
TCCGTGTTCCTA-3� and 5�-CCTGCTTCACCACCTTCTTGA-3�. The prim-
ers for BMAL1 were 5�-CCAAGAAAGTATGGACACAGACAAA-3� and 5�-
GCATTCTTGATCCTTCCTTGGT-3�, and the primders for Clock were 5�-AG
GCACAGACATTATCCG-3� and 5�-ACCGTCTCATCAAGGGAC-3�. PCR
was carried out with 2� Dynamo SYBR Green qPCR Master Mix (Finnzymes)
and 40 ng of template cDNA after initial incubation with uracil-N-glycosylase at
50°C for 2 min. Denaturation was at 95°C for 10 min, followed by 40 cycles of
denaturation at 95°C for 30 s, annealing at 56°C for 30 s and extension at 72°C
for 60 s. All reactions were performed in triplicate. Relative expression levels
were calculated after correction for the expression of GAPDH.

Real-time monitoring of bioluminescence. Real-time monitoring was per-
formed as previously described (44). Wild-type and Cry1/Cry2-deficient MEFs
were plated at 1.0 � 106 cells per dish in 35-mm dishes 24 h before transfection.
Cells were transfected with 0.5 �g of the full-length Per2 promoter fused with
destabilized firefly luciferase (dsLuc). When the cells reached confluence after
transfection, the medium was replaced with DMEM supplemented with 1% fetal
bovine serum, and the cells were maintained for another 2 days. At zero time,
they were treated with 1 �M dexamethasone (Sigma), and after 2 h their medium
was replaced with 2 ml of culture medium (DMEM supplemented with 10% fetal
bovine serum) supplemented with 50 mM HEPES (pH 7.2) and 0.1 mM luciferin
(Sigma). Bioluminescence was measured with a dish-type luminometer (AB-
2500; ATTO).

RESULTS

Identification of the essential domain for nuclear localiza-
tion of BMAL1. To explore the molecular mechanisms under-
lying transactivation of the CLOCK/BMAL1 heterodimer, we
examined the subcellular distribution of BMAL1 and CLOCK
when they were expressed singly or together in NIH 3T3 fibro-
blasts (Fig. 1A). We tagged expression constructs encoding the
full-length sequences of both proteins with Myc or green flu-
orescent protein (GFP) at their N termini. When singly ex-
pressed, their cellular locations were in striking contrast, re-
gardless of the epitope type: BMAL1 was located in the
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nucleus and CLOCK was in the cytoplasm; on the other hand,
when they were coexpressed they were both found in the
nucleus (Fig. 1A and data not shown). These observations
are consistent with the previous finding that circadian oscil-
lations of the nuclear accumulation of CLOCK depend on
BMAL1 (20).

To investigate the domains responsible for nuclear translo-
cation of BMAL1, we performed a computer-based sequence
analysis and found two putative N-terminal NLSs (Fig. 1B). To
determine whether these NLS motifs were functional and
whether BMAL1 possessed other motifs affecting its cellular
distribution, we constructed a series of plasmids expressing
BMAL1 deletions N-terminally tagged with Myc or GFP (Fig.

1B). Western blot analysis demonstrated that Myc-tagged full-
length BMAL1 and its various mutants were expressed in NIH
3T3 cells and that they were of the expected sizes (Fig. 1C).
The cellular locations of the GFP-tagged full-length BMAL1
and mutants were analyzed when coexpressed with Myc-tagged
full-length CLOCK (Fig. 1D). The subcellular distributions of
both BMAL1 and CLOCK were classified into one of three
categories: cytoplasm dominant, nucleus dominant, or equal
distribution in cytoplasm and nucleus (Fig. 1E). Full-length
BMAL1 (1-625) and each of its C-terminal deletion mutants
(1-503, 1-283, and 1-135) were predominantly localized in the
nucleus of the transfected cells. Intriguingly, the large C-ter-
minal deletion mutants (1-283 and 1-135) were more concen-

FIG. 1. Subcellular distribution of truncated BMAL1 mutants and their effects on nuclear translocation of CLOCK. (A) Myc-tagged BMAL1
and GPF-CLOCK were introduced alone (upper panels) or together (lower panel) into HeLa cells. Arrowhead indicates the nucleus of a cell
expressing both proteins. (B) Schematic diagram of the GFP-or Myc-tagged BMAL1 constructs. The putative NLS, bHLH, PAS, and TADs are
indicated as purple, blue, yellow, and red boxes, respectively. (C) Putative molecular sizes of truncated BMAL1 mutants confirmed by immunoblot
analysis with anti-Myc antibody (9E10). (D) Representative fluorescence images demonstrating the subcellular localization of each construct and
coexpressed wild-type CLOCK. The GFP-fused BMAL1 constructs and Myc-tagged wild-type CLOCK were coexpressed in NIH 3T3 cells, which
were stained with 9E10 to visualize the distribution of wild-type CLOCK. (E) Quantitation of the subcellular distribution of BMAL1 (solid bars)
and CLOCK (checked bars). The subcellular localization was categorized as nuclear (blue), cytoplasmic and nuclear (gray), and cytoplasmic (red).
The data were obtained from two independent experiments, and in each experiment more than 100 cells were counted.
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trated in the nucleus than the full-length protein. In contrast,
all of the N-terminal deletion mutants (71-625, 142-625, and
325-625) were diffusely distributed throughout the cell. The
findings were the same whether or not CLOCK was coex-
pressed (data not shown). The overall distribution patterns of
CLOCK largely depended on those of BMAL1, although
CLOCK showed greater cytoplasmic localization than the co-
expressed BMAL1 proteins lacking N-terminal regions (Fig.
1C and D). These findings suggest that the N-terminal region
(i.e., from positions 1 to 70) containing the putative NLS is
essential for nuclear localization of CLOCK, as well as of
BMAL1.

To confirm the functionality of the two putative NLS motifs
(i.e., NLS1 and NLS2), we made constructs expressing Myc-

tagged full-length BMAL1 with alanine substituted for adja-
cent basic residues in NLS1 and/or NLS2 (Fig. 2A). Mutation
of NLS1 abolished nuclear accumulation, whereas mutation of
NLS2 did not (Fig. 2B and C). It is therefore most likely that
NLS1 (referred to as NLS hereafter) is the functional NLS. We
next examined the role of the NLS in nuclear translocation of
CLOCK and transcriptional activation of the CLOCK/BMAL1
heterodimer. As shown in Fig. 2D and E, the NLS mutant of
BMAL1 failed to induce either nuclear import of CLOCK or
Per1 promoter-dependent luciferase activity in NIH 3T3 cells
when coexpressed with Myc-tagged full-length CLOCK and
wild-type CLOCK, respectively. However, these defects were
fully overcome by coexpression of NLS-CLOCK containing the
wild-type NLS sequence. However, NLS-CLOCK was unable

FIG. 2. Identification of the BMAL1 NLS and its role in transactivation of the CLOCK/BMAL1 heterodimer. (A) Schematic diagram of the
putative NLS motifs and substitution of the consensus basic amino acid residues RK by AA in the two motifs (indicated as NLS1mut and NLS2mut).
(B) Representative fluorescence images of BMAL1 carrying intact or mutant NLS motifs in NIH 3T3 cells. (C) Quantitation of the subcellular
distribution of the NLS mutants of BMAL1. Subcellular localization is categorized as nuclear (blue), cytoplasmic and nuclear (gray), and
cytoplasmic (red). More than 200 cells were evaluated in each experiment. (D) The addition of a functional NLS to CLOCK induces nuclear
translocation of CLOCK regardless of any defects in the coexpressed BMAL1. The cells were transiently cotransfected with constructs encoding
either NLS1mut or �N(325-625) BMAL1 and Myc-tagged CLOCK (upper panels) or NLS-CLOCK, which was fused with the active NLS1 of
BMAL1 at its N terminus (middle and lower panels). Quantitative data on the subcellular localization of the two proteins are given on the right
as depicted in panel C. (E) Role of the NLS in transactivation of the CLOCK/BMAL1 heterodimer. Cells were transfected with constructs
encoding a Per1-luciferase reporter and the indicated transcriptional activators. Transcription of the reporter gene is expressed as luciferase activity
relative to the response in the absence of activator. Each value is the mean � the standard error of the mean (SEM) of three independent
experiments, and each experiment was performed using three replicates.
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to overcome the malfunction of a truncated BMAL1 (142-625)
lacking the N-terminal bHLH domain as well as the NLS
motif. These findings provide good evidence that the N-termi-
nal NLS of BMAL1 is not only sufficient for its translocation to

the nucleus but is also crucial for transactivation of the
CLOCK/BMAL1 heterodimer.

BMAL1 shuttles between cytoplasm and nucleus using the
two NES sequences in its PAS domains. As described above,

FIG. 3. Nucleocytoplasmic shuttling of BMAL1 and identification of the BMAL1 NES. (A) Schematic positions of the three putative NES of BMAL1
and comparison of the amino acid sequences of these motifs in mouse, human, rat, and Xenopus laevis. Conserved leucine residues are shown in blue.
(B) Crm1-dependent nucleocytoplasmic shuttling of BMAL1. Heterokaryon assays were performed with NIH 3T3 cells as donors and HeLa cells as
acceptors. Donor cells transiently cotransfected with GFP-BMAL1 and BRG1, a nonshuttling nuclear protein, were seeded, with HeLa cells, onto
coverslips. After incubation with CHX and LMB, the cells were fused with polyethylene glycol and further cultured in the presence of CHX alone (upper
panels) or both drugs (lower panels). Transfected donor nuclei were identified by immunofluorescence staining with anti-BRG1 and TRITC-conjugated
secondary antibody. Acceptor nuclei (HeLa nuclei) are indicated by the dotted circles and arrowheads. (C) Site-directed mutations of the three putative
NES. The BMAL1 variants are designated NES1mut, NES2mut, and NES3mut, respectively. The alanine residues substituted in place of leucines in
each NES domain are shown in red. (D) Effects of the NES mutations on BMAL1 shuttling. NIH 3T3 cells were transfected with GFP-fused NES1mut,
NES2mut, NES3mut, or NES2/3mut, and nucleocytoplasmic shuttling was evaluated by using the heterokaryon assay as described in panel B. Phase-contrast
images of the cells confirming the cytoplasmic continuity of the heterokaryons. Scale bar, 25 �m.
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BMAL1 protein has intrinsic nuclear import ability, but nev-
ertheless some exogenously expressed full-length BMAL1 re-
mains in the cytoplasm. The fact that a larger percentage of the
C-terminal deletion proteins lacking the PAS domains (1-283
and 1-135) were found in the nucleus (75.3 and 88.5%, respec-
tively) than in the case of the full-length protein (62.4%) (see
Fig. 1E) suggested that additional domains, probably in the
C-terminal region (i.e., from positions 135 to 503) were in-
volved in retaining BMAL1 in the cytoplasm. Comparison of
the amino acid sequences of mammalian BMAL1s revealed
three conserved putative NES containing leucine-rich se-
quences (25) in the bHLH and two PAS domains (designated
NES1, NES2, and NES3, respectively) (Fig. 3A). We therefore
carried out a heterokaryon assay (see Materials and Methods)
to test whether nuclear export activity plays a role in regulating
the localization of BMAL1. For this experiment, NIH 3T3 cells
cotransfected with plasmids encoding BMAL1-GFP and the
nuclear protein BRG1 (31) were cultured for 24 h and fused
with HeLa cells in the presence of the protein synthesis inhib-
itor, CHX, and further incubated for 2 h. Nuclear staining with
DAPI was used to distinguish between human nuclei (diffuse
nuclear staining) and mouse nuclei (speckled nuclear staining).
The GFP-BMAL1 signal initially present in the mouse nuclei
was subsequently equally strong in adjacent human nuclei,
whereas BRG1 protein was retained in the mouse nuclei (Fig.
3B). Clearly, BMAL1 but not BRG1 was exported out of the
NIH 3T3 nuclei, and some of it was imported into the HeLa
nuclei of the same heterokaryons. This nucleocytoplasmic
shuttling of BMAL1 was completely blocked by the fungal
antibiotic, LMB, which inhibits nuclear export of proteins by
binding to the nuclear export receptor, Crm1 (21, 42). These

data demonstrate that BMAL1 shuttles between nucleus and
cytoplasm via a Crm1-dependent nuclear export pathway.

To determine which putative NES motifs are functional for
shuttling, we constructed full-length GFP-BMAL1 mutants
containing alanine instead of leucine residues in each individ-
ual putative NES separately or in both NES2 and NES3 (Fig.
3C). The resulting constructs (i.e., NES1mut, NES2mut,
NES3mut, and NES2/3mut) were tested for shuttling activity
(Fig. 3D). Site-directed mutation of NES2 and NES3 but not
NES1 substantially reduced BMAL1 shuttling, and the NES3
mutation had the most effect. Moreover, translocation of
BMAL1 from mouse nuclei to human nuclei was completely
inhibited in the NES2 and NES3 double mutant. Thus, we
conclude that both NES2 and NES3 are responsible for the
nuclear export of BMAL1.

Nucleocytoplasmic shuttling of BMAL1 is essential for tar-
get gene transcription and nuclear accumulation of CLOCK.
To clarify the role of nucleocytoplasmic shuttling of BMAL1,
we introduced NES2/3mut (referred to as NESmutBMAL1) and
wild-type CLOCK into the same cells and assessed the ef-
fects of the NES mutation on BMAL1-mediated nuclear
accumulation of CLOCK and transcriptional activity (Fig.
4). Unexpectedly, in spite of the predominant nuclear local-
ization of the NES mutant, CLOCK was found largely in the
cytoplasm (Fig. 4A). This effect did not seem to be caused by
disruption of the interaction between CLOCK and BMAL1
because CLOCK coprecipitated to a similar extent with
wild-type BMAL1 and the NES mutant (see Fig. 6B). More-
over, when wild-type BMAL1 and CLOCK were coex-
pressed, treatment with LMB led to the presence of a con-
siderable amount of CLOCK in the cytoplasm, confirming

FIG. 4. BMAL1 shuttling mediates nuclear accumulation of CLOCK and transactivation of the CLOCK/BMAL1 heterodimer. (A) Repre-
sentative fluorescence images demonstrating that nuclear accumulation of CLOCK is abolished by disruption of BMAL1 shuttling. BMAL1
carrying intact or mutant NES was coexpressed in NIH 3T3 cells with either Myc-tagged wild-type CLOCK (upper and lower panels) or
NLS-CLOCK (middle panels). Cells expressing wild-type BMAL1 and CLOCK treated with LMB (10 ng/ml) for 5 h (lower panels). Quantitative
data on the subcellular locations of the two proteins are presented on the right. (B) Role of NES in the transactivation of the CLOCK/BMAL1
heterodimer. Cells transfected with constructs encoding the Per1-luciferase reporter and the indicated transcriptional activators were incubated
for 5 h in the presence or absence of LMB (10 ng/ml). Transcription of the reporter gene is expressed as luciferase activity relative to the response
in the absence of activator. The data are shown as means � the SEM of independent experiments (n � 3 to 5).
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that BMAL1 shuttling is an important step in the nuclear
accumulation of CLOCK.

Consistent with this, both the NES mutation of BMAL1 and
LMB treatment markedly reduced CLOCK/BMAL1-depen-
dent reporter gene expression (Fig. 4B). However, the use of
an NLS-tagged CLOCK with its own nuclear import ability
fully compensated for the inhibitory effect of the BMAL1 NES
mutation on transcriptional activity but had only a moderate
effect on LMB-mediated inhibition of transcription. This could
be due to unexpected LMB effects such as defects in the tran-
scriptional machinery, since LMB treatment blocks shuttling
not only of BMAL1 but also of a number of nuclear proteins
(4, 8, 19). Thus, these findings indicate that nucleocytoplasmic
shuttling of BMALl is essential for nuclear accumulation of
CLOCK and that this in turn leads to transactivation of the
CLOCK/BMAL1 heterodimer.

CLOCK accelerates the turnover of BMAL1 via ubiquitin-
dependent proteolysis. It is understandable that mutation of
the NLS of BMAL1 should diminish its transcriptional activity
because the mutant form is no longer able to bring about
nuclear translocation of the BMAL1/CLOCK complexes re-
quired for E-box-dependent clock gene transcription. How-

ever, it is somewhat puzzling that the BMAL1 NES mutant
failed to accumulate CLOCK in the nucleus despite having
intact nuclear import ability. A possible explanation is that
nuclear translocation is coupled with proteolytic destruction of
CLOCK and that therefore continuous transport of CLOCK to
the nucleus is dependent on nucleocytoplasmic shuttling of
BMAL1. Subcellular fractionation assays yielded results (Fig.
5A) consistent with this hypothesis; when CLOCK was coex-
pressed with BMAL1, the amount of exogenously expressed
CLOCK in the cytoplasm dropped dramatically without any
increase in the amount in the nucleus. In addition, previous
findings have suggested that many unstable transcription fac-
tors, such as Jun, Fos, Myc, and p53, are rapidly degraded by
the ubiquitin-mediated proteasome pathway in a process de-
pendent on their own activation (27, 33, 34).

To further test this hypothesis, we examined the effect of the
proteasome inhibitor, MG132, on BMAL1-induced CLOCK
degradation. The results of this experiment are shown in Fig.
5B. In the absence of the 26S proteasome inhibitor, CLOCK
protein levels decreased markedly with increasing amounts of
coexpressed BMAL1. Treatment with MG132 resulted in the
accumulation of slowly migrating bands in the cells transfected

FIG. 5. CLOCK and BMAL1 reduce each other’s stability. (A) Subcellular fractionation of exogenous CLOCK and BMAL1 in NIH 3T3 cells
transfected with HA-tagged Bmal1 and/or Myc-tagged Clock. (B) Effect of the proteasome inhibitor MG132 on the stability of CLOCK and
BMAL1. Cells were transfected with a fixed amount of Clock DNA (600 ng) and the indicated amounts of Bmal1 DNA. At 36 h after transfection,
they were incubated for 5 h with or without 50 �M MG132. (C) Ubiquitination of CLOCK and BMAL1. Cells were cotransfected with fixed
amounts of Myc-Clock (600 ng) and increasing amounts of Bmal1 and vice versa in the presence of HA-ubiquitin. Cells were incubated with 50
�M MG132 for 5 h, and corresponding cell extracts were subjected to immunoprecipitation with anti-Myc or anti-BMAL1 antibodies. Immuno-
precipitated proteins were then analyzed by immunoblotting with anti-HA antibodies. (D) Role of BMAL1 shuttling in the decreased CLOCK
stability. Wild-type and BMAL1-deficient MEFs transfected with Myc-Clock (600 ng) were treated with CHX (30 �g/ml) alone or with LMB (10
ng/ml) for 5 h and then subjected to immunoblotting with anti-Myc antibodies. (E) Stability of endogenous CLOCK in wild-type and BMAL1-
deficient MEFs. BMAL1-deficient cells transfected with wild-type Bmal1 or NESmut Bmal1 were exposed to CHX (30 �g/ml) for the indicated
times, and CLOCK levels were assessed by immunoblotting at the indicated times after drug treatment. (F) Stability of endogenous BMAL1 in
wild-type and Clock/Clock mutant MEFs. BMAL1 levels were assessed by the same experimental procedure as the CLOCK analysis, except that
one set of Clock mutant cells were incubated with MG132 (50 �M) together with CHX (30 �g/ml) until cells were harvested at the indicated time
points.
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with Clock alone but did not dramatically alter BMAL1-in-
duced CLOCK degradation. Interestingly, under this condi-
tion, the levels of both the naked and the slowly migrating
BMAL1s were significantly increased by MG132. We next
tested whether ubiquitin bound covalently to these proteins.
HA-tagged ubiquitin was cotransfected with a fixed amount of
CLOCK and increasing amounts of BMAL1, and vice versa,
and ubiquitination of the two proteins was visualized with
anti-HA antibodies in immunoprecipitates with anti-Myc or
anti-BMAL1 antibodies (Fig. 5C). Consistent with the results
from Western blot analysis, CLOCK on its own was strongly
ubiquitinated, and coexpression of BMAL1 abolished its ubiq-
uitination, whereas the ubiquitination of BMAL1 increased in
parallel with the amount of coexpressed CLOCK. Since en-
dogenous CLOCK did not reveal detectable ubiquitination in
the cells, regardless of exogenous expression of BMAL1 (data
not shown), the massive ubiquitination of CLOCK without
coexpression of BMAL1 appears to be caused by the overex-
pression of CLOCK itself. Thus, these observations indicate
that the ubiquitin-proteasome pathway is implicated in
CLOCK-dependent BMAL1proteolysis but not in CLOCK
degradation induced by BMAL1.

To further examine whether endogenous BMAL1 reduces
the stability of CLOCK and, if so, whether shuttling of BMAL1
is involved in this effect, we compared the stability of CLOCK
in BMAL1-deficient MEFs and in wild-type MEFs (Fig. 5D).
After blocking de novo protein synthesis with CHX for 5 h, the
wild-type fibroblasts had severely reduced CLOCK levels,
whereas the BMAL1-deficient fibroblasts did not. Under the
same conditions, LMB inhibited CLOCK turnover in the wild-
type cells, but no similar effect was evident in the BMAL1-
deficient cells. Moreover, assessment of protein half-life using
CHX treatment revealed that endogenous CLOCK levels in
the wild-type fibroblasts fell rapidly, with an estimated half-life
of 	3 h (Fig. 5E), whereas in the BMAL1-deficent fibroblasts
its half-life was extended to 	12 h. The latter half-life was
reduced to 	5 h by introducing wild-type BMAL1 but not the
BMAL1 NES mutant, implying that endogenous BMAL1 af-
fects the stability of CLOCK and that its shuttling activity is
crucial for CLOCK turnover. We also compared BMAL1 sta-
bility in Clock mutant fibroblasts and wild-type cells. Turnover
of BMAL1 was delayed (
12 h) in the Clock mutant and had
a half-life similar to that of CLOCK (	 4 h) (Fig. 5F). In
addition, MG132 efficiently inhibited the rapid degradation of
BMAL1 in wild-type cells. Thus, it is likely that CLOCK in-
deed plays an essential role in proteasome-dependent BMAL1
degradation in vivo.

BMAL1-induced CLOCK proteolysis is coupled with trans-
activation of the CLOCK/BMAL1 heterodimer. Recently, it
was discovered that the transcriptional activation domains
(TADs) of most of the unstable transcription factors overlap
functionally with the protein degradation domains (27). As
shown above, nuclear translocation is essential for transacti-
vation of the CLOCK/BMAL1 heterodimer. To examine
whether the transcription factor activity of BMAL1 is directly
connected to CLOCK degradation, we compared CLOCK lev-
els in NIH 3T3 cells coexpressing full-length BMAL1 or
BMAL1 variants with specific defects (Fig. 6A). As expected,
coexpression with wild-type BMAL1 abolished detectable
CLOCK accumulation, whereas neither the NLS mutant nor

the NES mutant promoted CLOCK degradation. Moreover, a
C-terminally truncated BMAL1 mutant (mutant 1-503) lacking
a TAD (positions 588 to 625) failed to induce proteolysis of
CLOCK (Fig. 6A) and gene expression from the Per1 pro-
moter (Fig. 6E), although it was mainly located in the nucleus
together with CLOCK and had an intact NLS and NES (Fig.
1D and E). All of these BMAL1 mutants were coimmunopre-
cipitated with CLOCK, confirming that the inhibition of
BMAL1-induced CLOCK degradation was not due to the in-
hibition of heterodimerization (Fig. 6B). The functional de-
fects revealed by these observations on the BMAL1 mutants
converge on loss of transcription-enhancing activity, even
though the NLS and NES mutations abolish nucleocytoplasmic
shuttling. Thus, it appears that BMAL1 promotes CLOCK
degradation as a consequence of transactivation rather than
nuclear translocation or heterodimerization per se.

To determine whether the transcriptional activity of CLOCK is
also required for BMAL1-induced CLOCK degradation, we gen-
erated two Myc-tagged CLOCK mutants (52-855 and 1-480),
which lack DNA binding or transcription activation domains, and
coexpressed them with full-length BMAL1 in the presence or
absence of exogenous CRY1. Immunoblotting analysis showed
that BMAL1 failed to abolish the accumulation of these CLOCK
mutants (Fig. 6C), despite the results from immunofluorescence
analysis demonstrating that the mutant proteins were predomi-
nantly localized in the nucleus together with BMAL1 (Fig. 6D).
Moreover, coexpression of CRY1, a strong negative regulator of
CLOCK/BMAL1-dependent transcription, prevented BMAL1-
induced degradation of wild-type CLOCK (Fig. 6C). To evaluate
the correlation between the transcription enhancing activity of
CLOCK and its proteolysis, we performed a transcriptional ac-
tivity assay in NIH 3T3 cells using a luciferase reporter fused to
the Per1 promoter (Fig. 6E). Introduction of CLOCK on its own
slightly increased Per1 promoter-dependent gene expression,
whereas the combined expression of wild-type CLOCK and
BMAL1 caused a marked increase that was abolished by CRY1,
as described previously (22, 52). In sharp contrast, when either
component of the CLOCK/BMAL1 heterodimer was replaced
with a mutant lacking an essential domain for transactivation, the
dimeric transcription factor no longer elicited robust induction of
reporter gene expression. Interestingly, treatment with MG132, a
potent inhibitor of the 26S proteasome, also diminished CLOCK/
BMAL1-mediated transcription. Taken together, these findings
indicate that transcriptional activation by CLOCK/BMAL1 is
tightly coupled to degradation of the two proteins and also
implies that this degradation is a prerequisite for E-box-
controlled clock gene transcription rather than a necessary
consequence of it.

Low BMAL1 abundance indicates high transcriptional ac-
tivity during the circadian cycle. We have shown that CRY1
blocks the proteolysis of CLOCK and BMAL1, as well as their
transcriptional activity as heterodimers. Lee et al. (23) found
that, in the liver, the nuclear accumulation and/or abundance
of CLOCK and BMAL1 unexpectedly reached their lowest
levels between CT 6 and 9, the peak time for Per1 and Per2
gene transcription, and attained their highest levels between
CT 18 and 21 in parallel with maximal CRY levels. Moreover,
the levels of both proteins were marginal in Cry-deficient mice
and showed no obvious oscillation. These observations led us
to speculate that CRYs play an important role in the circadian
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accumulation of CLOCK and BMAL1. To test this possibility,
we monitored the real-time circadian rhythmicity of clock gene
expression in wild-type MEFs and Cry-deficient fibroblasts syn-
chronized by treatment with dexamethasone (Dex), a strong
inducer of circadian gene expression in culture models (2, 44).
For this experiment, we fused the full-length Per2 promoter
(1.6 kb) to a firefly luciferase (dsLuc) reporter gene carrying a
rapid degradation signal (PEST sequence [32]) at its C termi-
nus to reduce the reporter half-life (�0.5 h) and transiently
transfected this reporter into wild-type and Cry-deficient cells.
Real-time luciferase assays (see Materials and Methods) re-
vealed that Dex induced robust oscillations of bioluminescence
with an approximately 24-h periodicity in the wild-type cells
but not in the Cry-deficient cells (Fig. 7A).

Next, we analyzed the levels of CLOCK and BMAL1 protein
and RNA in these MEFs at the times when they appear to have
maximal and minimal Per2 transcriptional activity (Dex 32 h
and Dex 44 h, respectively) (Fig. 7B and C). BMAL1 abun-
dance in total lysates of the wild-type cells was lower at the
transcription maximum than at the transcription minimum,
thus showing a pattern similar to the CRY1 protein profile; on
the other hand, there was no significant change in the abun-

dance of CLOCK protein. In sharp contrast, in the Cry-defi-
cient fibroblasts, BMAL1 protein abundance was extremely
low, and BMAL1 was hyperphosphorylated at both time points
despite the presence of mRNA levels comparable to those in
the wild-type cells. In the same cells, CLOCK protein levels
were also low relative to the Clock transcript levels. Moreover,
the introduction of CRY1 and/or CRY2 into the Cry-deficient
cells led to a significant increase in both BMAL1 and CLOCK
levels (Fig. 7D). These findings provide strong evidence that
CRY proteins are involved in stabilizing BMAL1 and CLOCK
in vivo.

To further dissect the molecular events leading to circadian
oscillations of CLOCK and BMAL1, we examined their sub-
cellular distribution in the synchronized MEFs at the same two
time points. Fractionation experiments demonstrated that the
decrease in BMAL1 levels at the peak of Per2 transcription
(Dex 32 h) was mainly due to reduced nuclear accumulation
rather than cytosolic accumulation (Fig. 7E). Similarly, the
CLOCK protein was also lower in the nucleus at the Dex 32-h
point, whereas the level of the protein in total lysates was little
changed. These reductions in nuclear CLOCK and BMAL1
were tightly correlated with the nuclear profile of CRY1. Fur-

FIG. 6. BMAL1-dependent proteolysis of CLOCK is closely related to its transcriptional activity. (A) Intact BMAL1 but not functionally
defective BMAL1 induces drastic decreases in CLOCK levels. NIH 3T3 cells were transfected with Myc-Clock alone or together with wild-type
Bmal1 or Bmal1 mutants and then analyzed by immunoblotting with the indicated antibodies. (B) Confirmation of protein-protein interactions
between CLOCK and BMAL1 mutants. Cells were cotransfected with wild-type CLOCK and Myc-tagged Bmal1 constructs with various defects
and then immunoprecipitated with anti-Myc antibodies. The immunoprecipitates were analyzed by immunoblotting with anti-CLOCK or anti-Myc.
(C) BMAL1-dependent CLOCK degradation is prevented when CLOCK has functional defects or is coexpressed with CRY1. Cells were
transfected with Myc-tagged Clock constructs encoding wild-type or transcriptionally inactive mutants [�N (52-855) lacking the DNA-binding
domain and �C (1-480) lacking TAD] alone or together with Bmal1 and/or Cry1 and then analyzed by immunoblotting with the indicated
antibodies. (D) The CLOCK mutants lacking DNA-binding domain or TAD colocalize with BMAL1 in the nucleus. Localization of the Myc-tagged
CLOCK mutants and BMAL1 was detected with anti-Myc and anti-BMAL1 antibodies and visualized with TRITC and FITC, respectively. (E)
Relative Per1 promoter-dependent luciferase reporter activity induced by combined transfection with the various forms of Clock and Bmal1. The
rightmost bar is the result from cells transfected with wild-type Clock and Bmal1 and exposed to 50 �M MG132 for 5 h. Relative luciferase reporter
activity is expressed as fold of the control. Each value is the mean � the SEM of three replicates from a single assay. Similar results were obtained
from replicated experiments.

7326 KWON ET AL. MOL. CELL. BIOL.



thermore, treatment with CHX during the transcriptionally
active phase elicited a drastic decrease in BMAL1 level, and
treatment with either MG132 or LMB led to protein levels that
were even higher than the peak levels in the untreated cells
(Fig. 7F). All of these drug effects, however, were blunted at
the phase of minimal transcription when CRY proteins accu-
mulate in the nucleus (Fig. 7F). Thus, it appears that the
nucleocytoplasmic shuttling activity of BMAL1 facilitates its
own proteasomal degradation and that the CRYs inhibit this
process in the nucleus, causing nuclear accumulation of the
heterodimeric factor at the same time as abolishing its tran-
scriptional activation.

DISCUSSION

The heterodimeric transcription factor CLOCK/BMAL1
plays an indispensable role in generating daily rhythms in
mammals by occupying the positive limb of the transcription-
translation feedback loop of the molecular clock. Throughout
the circadian cycle, the mRNA and protein profiles of BMAL1
display robust rhythmic changes without time delays, whereas
CLOCK is constitutively expressed. A recent study suggested
that BMAL1 mediates the nuclear translocation of CLOCK in
a circadian manner and that this BMAL1-dependent translo-
cation provides an additional clock regulatory mechanism by
generating periodic availability of the heterodimeric transacti-
vation complex (20). In addition, it has been demonstrated that
the absolute molar concentration of BMAL1 is much lower

than that of CLOCK in vivo (23). On the basis of these find-
ings, it is widely accepted that BMAL1 abundance is rate
limiting for the transcriptional activation of CLOCK/BMAL1
heterodimers.

Ironically, however, BMAL1 protein levels reach a trough
when BMAL1 is displaying the greatest transcriptional activity
and peak during the transcription inhibition phase in diverse
tissues and cells, including the SCN (23, 41, 43) (Fig. 7). Fur-
thermore, the decline in BMAL1 at the transcriptional peaks is
not due to a reduction of the protein in the cytosol but in the
nucleus (Fig. 7). To explain these paradoxical results, we have
dissected the molecular events underlying transcriptional acti-
vation of CLOCK/BMAL1. Our findings lead us to propose the
model of the molecular clock shown in Fig. 8, which we believe
accounts for most previous findings.

During the transcriptional activation stage, BMAL1 shut-
tling promotes nuclear translocation of CLOCK and E-box-
dependent clock gene transcription, coupled with rapid prote-
olysis of both BMAL1 and CLOCK via ubiquitin-dependent
and -independent pathways, respectively (Fig. 8A). Thus, tran-
scription-coupled protein degradation seems to be sufficient to
lead to the BMAL1 protein minimum as well as nuclear de-
pletion of CLOCK/BMAL1 despite the massive de nova syn-
thesis of BMAL1 required for transcriptional activation at the
peak of target gene transcription. Indeed, treatment of wild-
type MEFs with MG132 at this time dramatically increased
BMAL1 levels, whereas CHX treatment reduced them (Fig.

FIG. 7. Circadian regulation of the abundance and the stability of CLOCK and BMAL1 in vivo. (A) Real-time measurement of Per2
promoter-controlled destabilized luciferase (Per2-Pro-dsLuc) activity in live cells. Wild-type MEFs (WT) and Cry-deficient MEFs (Crys�/�)
carrying Per2-Pro-dsLuc with the Per2 promoter were synchronized by treatment with 1 �M Dex, and their luciferase activities were monitored
in real time (see Materials and Methods). (B) Changes in the levels of BMAL1, CLOCK, and CRY1 during the circadian cycle. Each protein was
analyzed at the times corresponding to the maximal and minimal transcription of Per2-Pro-dsLuc, respectively (32 and 44 h). (C) Relative mRNA
levels of Bmal1 and Clock at the same circadian time points (32 h and 44 h) in wild-type and Cry-deficient cells. mRNA levels in the wild-type (■ )
and Cry-deficient cells (�) were quantified by real-time PCR (see Materials and Methods). The data are presented as means � the SEM (n �
3). (D) Transient expression of CRY1 and CRY2 in Cry-deficient cells increases endogenous CLOCK and BMAL1 levels. The cellular levels of
the indicated proteins were analyzed by immunoblotting at 24 h after transfection with Cry-expressing plasmids. (E) Nuclear accumulation of
CRY1 is correlated with accumulation of BMAL1 and CLOCK during the circadian cycle. The levels of each protein in nuclear and cytoplasmic
fractions of wild-type MEFs were assessed by immunoblotting at 32 and 44 h after Dex treatment. (F) Massive degradation of BMAL1 via the
ubiquitin-proteasome pathway during the transcriptionally active phase. Wild-type cells were treated with CHX (30 �g/ml), MG132 (50 �M), and
LMB (10 ng/ml) 4 h before the indicated times and were subjected to immunoblotting with the indicated antibodies.
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7F). In contrast, at the transcriptional minimum, the increased
levels of the CRY proteins facilitate the binding of CRY to the
CLOCK/BMAL1 complex, thereby stabilizing this complex, as
well as suppressing its transcriptional activity (Fig. 8B). This
notion is supported by the fact that neither MG132 nor CHX
caused a significant change of BMAL1 abundance in the cells
at the phase of minimum transcription (Fig. 7F). Cry-deficient
cells, however, had low protein levels relative to their mRNA
levels, and this effect was reversed by the exogenous expression
of CRY1 and/or CRY2 (Fig. 7B and D). Therefore, the in-
creased CRY levels should permit nuclear accumulation of
CLOCK/BMAL1 without massive protein synthesis.

Our model emphasizes that transactivation of CLOCK/
BMAL1 is tightly coupled with its degradation. This scenario is
consistent with the recently proposed “black widow model”
(27). According to this model, most unstable transcription fac-
tors, including Jun, Fos, Myc, p53, and HIF1-�, possess TADs
that overlap functionally with their degradation signals and
control transcription of downstream genes by mechanisms in-
volving the ubiquitin-proteasome system. Processes that limit
the activity, location, and abundance of transcription activators
might play an important role in keeping their functions tightly
in check, and proteolysis could be a major mechanism regu-
lating transcriptional activity. Our results demonstrate that the
active complex of BMAL1 and CLOCK promotes rapid pro-

teolysis of both its component proteins in an activation-depen-
dent manner, like a “one shot, one kill” mechanism, although
only BMAL1 degradation is mediated by the ubiquitin-protea-
some pathway. It might be, therefore, that the rapid and con-
trolled destruction of CLOCK/BMAL1 allows tight control of
periodicity by ensuring that activation of the target gene is
linked to ongoing synthesis of its transcriptional regulator.

There are some other posttranslational modifications that
have been postulated to be required for regulating activity
and/or stability of CLOCK/BMAL1, although their functional
relevance is still elusive. A prominent example is phosphory-
lation. Biochemical analysis has revealed that hyperphosphor-
ylation of both proteins occurs in the nucleus but not in the
cytoplasm (20, 23). This event could play a substantial role in
the activation-coupled degradation of them. Indeed, several
previous studies have demonstrated that phosphorylation is a
prerequisite step for the ubiquitin-dependent proteolysis, in-
cluding PER2 protein (10, 16, 40). Another possible mechanism
implicated in functional regulation of the CLOCK/BMAL1 het-
erodimer is SUMO modification. Recently, Sassone-Corsi and
coworkers have demonstrated that BMAL1 undergoes rhythmic
sumoylation in parallel with Per gene transcription, and this pro-
cess is required for circadian expression of BMAL1 and for its
instability (6). Thus, investigation of the relationship between
ubiquitination and sumoylation of BMAL1 could provide insight

FIG. 8. Model of the circadian regulation of the degradation of CLOCK/BMAL1 coupled with its functional activation. (A) BMAL1 shuttling
promotes the rapid degradation and functional activation of CLOCK/BMAL1 heterodimers during the transcriptionally active stage. (B) CRY
proteins impede the rapid degradation and functional activation of CLOCK/BMAL1 heterodimers in the transcriptional inhibition stage. The
upper panels are schematic diagrams of the temporal regulation of Per2 (pink) and Bmal1 (blue) transcripts (dotted line) and proteins (solid line).
Yellow-shaded boxes indicate the periods of transcriptional activation (A) and inhibition (B), respectively. The lower panels show the molecular
events regulating the transcriptional activity and stability of CLOCK/BMAL1 during the indicated circadian phases. C (yellow box), CLOCK; B
(blue circle), BMAL1; CRY (green diamond), cryptochrome; P (pink circle), phosphate; Ub (red circle), ubiquitin; CCG (pink box), core clock
genes.
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into the precise mechanisms that control CLOCK/BMAL1-me-
diated circadian gene activation.

The molecular basis of the mammalian circadian clock has
been largely uncovered, but there are several important ques-
tions remain unanswered. One such question is what is the
mechanism that causes the fundamental feedback loop to os-
cillate stably with an approximately 24-h periodicity? The gen-
eral delay model assumes that the most important parameter
driving this periodicity is a “time-delay event” that regulates
the production of functional clock proteins from their mRNAs
(24, 35). In mammals, both the negative and the positive ele-
ments of the feedback loop, Per1, Per2, and Bmal1, exhibit a
robust circadian rhythm with respect to mRNA levels, but the
rhythmicity of Bmal1 mRNA is antiphase to the oscillations of
the Per genes (9, 49). The time lags between the transcription
and translation of the Per genes are around 6 h in rodent
tissues and cells (13, 23, 47). On the basis of the empirical data,
a working model for the mammalian clock hypothesizes that
that the Bmal1 mRNA rhythm drives the BMAL1 protein
rhythm with a 4- to 6-h delay, because this would increase the
availability of CLOCK/BMAL1 heterodimers at the time they
are required to drive the transcription of the Per and Cry genes
(38). Unexpectedly, however, there is little delay between the
appearance of Bmal1 mRNA and BMAL1 protein (23, 41).
Our present findings provide several indications that transcrip-
tional activation of CLOCK/BMAL1 is tightly associated with
its degradation. This rapid activation-coupled degradation may
alter the apparent BMAL1 profile by masking the absolute
amount of newly made BMAL1, thereby filling the temporal
gap between synthesis of its RNA and of its protein. Thus, an
alternative mechanism explaining how a 24-h time constant is
built into the molecular clockwork would include this hidden
time delay between the transcription and translation of Bmal1.

Finally, it is important to establish whether the activation-
coupled degradation of BMAL1 is essential for the timing
keeping system in the SCN. This issue needs to be explored
further because we cannot rule out the possibility that there is
some functional redundancy within the SCN and not within
peripheral clocks; this would allow the SCN to dominate the
peripheral oscillators even in the presence of a genetic defect
that disrupts normal clock function (29). However, the fact that
BMAL1 levels in the SCN of rats also reach a trough at the
time predicted for the peak of Per gene transcription (41)
supports our contention that the rapid degradation of BMAL1
during the transcriptional active phase may be an intrinsic
feature of core clockwork throughout the entire organism and
reinforces the idea of a hidden time delay between the tran-
scription and translation of Bmal1.

In conclusion, we have demonstrated that BMAL1 shuttles
between the cytoplasm and the nucleus, using its functional
NLS and NES, to translocate CLOCK to the nucleus and
thereby allow dynamic control of CLOCK/BMAL1 transacti-
vation, which is tightly coupled with its degradation via ubiq-
uitin-dependent or -independent pathways. These findings re-
veal a new aspect of the molecular clock suggesting that the
decrease in BMAL1 abundance during the circadian cycle is
due to its robust transcriptional activation rather than inhibi-
tion of its synthesis.
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