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The circadian clock is finely regulated by posttranslational modifications of clock components. Mouse CRY2, a critical player in
the mammalian clock, is phosphorylated at Ser557 for proteasome-mediated degradation, but its in vivo role in circadian orga-
nization was not revealed. Here, we generated CRY2(S557A) mutant mice, in which Ser557 phosphorylation is specifically abol-
ished. The mutation lengthened free-running periods of the behavioral rhythms and PER2::LUC bioluminescence rhythms of
cultured liver. In livers from mutant mice, the nuclear CRY2 level was elevated, with enhanced PER2 nuclear occupancy and sup-
pression of E-box-regulated genes. Thus, Ser557 phosphorylation-dependent regulation of CRY2 is essential for proper clock
oscillation in vivo.

Transcription- and translation-based negative-feedback loops
play an important role in circadian clock regulation (1, 2). In

mammals, a heterodimer of positive factors, CLOCK and BMAL1,
activates the transcription of genes encoding negative factors
such as PERIOD (PER1 to -3) and cryptochrome (CRY1 and -2)
through binding to E-box enhancer elements in their promoter
regions (3). Translated PERs and CRYs associate with each other,
enter into cell nuclei, and inhibit their own transcription by inter-
acting with the CLOCK-BMAL1 heterodimer (4). In addition to
transcriptional and translational regulation, posttranslational
modifications of the clock proteins play critical roles in the clock-
work (5–8).

Among the negative factors, CRY1 and CRY2 play major roles
for repression of E-box-dependent gene expression (9). They
share highly conserved N-terminal and central regions while hav-
ing unique C-terminal tails. Although the roles of the diverged
C-terminal regions remain unclear, both CRY1 and CRY2 have
strong repressor activities (9), and therefore, their accumulation
and decline are the major period-determining steps for circadian
molecular oscillation. Previous studies reported that FBXL3, an
F-box-type E3 ubiquitin ligase, enhances proteasomal degrada-
tion of CRY1 and CRY2 (10–12). Recently, we and other groups
demonstrated that ubiquitination of CRY1 and CRY2 by FBXL21,
the closest paralog of FBXL3, stabilizes CRYs (13, 14). It has been
reported that FBXL3-dependent CRY1 degradation is regulated
by CRY1 phosphorylation (15, 16). In contrast, we previously
demonstrated that priming phosphorylation of CRY2 at Ser557 in
the C-terminal region by DYRK1A is required for secondary phos-
phorylation at Ser553 by glycogen synthase kinase 3� (GSK-3�)
(17, 18). The dually phosphorylated CRY2 is led to proteasomal
degradation (18), which is independent of FBXL3 action (17, 18).
So far, the functions of CRY regulators, such as protein kinases
and ubiquitin ligases, have been examined by using their inhibi-
tors and/or gene knockout/knockdown (17–19). On the other
hand, site-directed mutagenesis in CRY proteins will be the most
specific strategy because the upstream regulators would have mul-
tiple targets in the clockwork. In the present study, we generated
knock-in mice carrying a mutation at the priming phosphoryla-
tion site of Ser557 in order to uncover the physiological impor-

tance of the sequential phosphorylation of CRY2. We found that
Ser557 phosphorylation of CRY2 regulates the nuclear accumula-
tion of CRY2-PER2, a functional repressor complex, and controls
the circadian period in both the central and the peripheral clocks
in vivo.

MATERIALS AND METHODS
Animal maintenance. Animal experiments were conducted in accor-
dance with guidelines of The University of Tokyo. Mice were housed at
23°C � 1°C in cages with commercial chow (CLEA Japan, Inc.) and tap
water available ad libitum. Cry1 and Cy2 knockout mice were generated as
described in a previous study (20). CAG promoter-driven flippase trans-
genic mice in the C57BL/6J genetic background were generated by Francis
A. Stewart (Dresden University of Technology) (21). PER2::LUC
knock-in mice in the C57BL/6J genetic background (22) were obtained
from The Jackson Laboratory.

Generation of the CRY2(S557A) targeting construct. A fragment of
the murine Cry2 gene, which includes exons 6 to 11, was amplified from a
bacterial artificial chromosome (BAC) clone (RP24-86P20; BACPAC)
and subcloned into the pSP72 vector (Promega). The S557A mutation
together with a PvuII restriction site were introduced into the targeting
construct by PCR-based site-directed mutagenesis. A loxP- and FLP re-
combination target (FRT)-flanked neo gene under the control of the phos-
phoglycerate kinase gene (PGK) promoter was inserted into the middle of
the intron between exons 10 and 11 as a positive selection marker. At the
3= end of the targeting vector, the diphtheria toxin A fragment gene
(DT-A) driven by the MC1 promoter was added as a negative selection
marker.

Generation of CRY2(S557A) knock-in mice. CRY2(S557A) knock-in
mice (CDB accession no. CDB0492K [http://www.cdb.riken.jp/arg
/mutant%20mice%20list.html]) were generated according to standard
methods (http://www.cdb.riken.jp/arg/Methods.html). The targeting
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construct (Fig. 1A) was linearized with NotI and electroporated into TT2
cells (23). The targeted embryonic stem (ES) cell clones were isolated and
then microinjected into ICR 8-cell-stage embryos to generate chimeric
mice, and the generated chimeric males were then mated with C57BL/6J
females. Germ line transmission was verified by PCR as well as Southern
blotting of tail DNA. For deletion of the neo gene, the obtained heterozy-
gous animals were crossed with CAG-FLPe Tg mice (21). For behavioral
analysis and molecular characterization, F0 chimeric mice were back-
crossed on the C57BL/6J background for more than eight generations.
Heterozygous offspring were intercrossed to produce homozygous mu-
tant animals and their littermate controls. Primers used for genotyping

were forward primer 5=-CTCAC CTTCA GAGCA AGGAC-3= and reverse
primer 5=-AAGTA GACAT GGTGG CTCGT ATC-3=. The length of DNA
fragments after PvuII digestion is shown in Fig. 1D.

Southern blot analysis. Approximately 10 �g of genomic DNA was
digested with SacI, electrophoresed on a 0.7% agarose gel, and transferred
onto a Hybond� nylon membrane (Amersham). The membrane was
hybridized with a digoxigenin-dUTP-labeled probe and amplified from
genomic DNA by using forward primer 5=-GAGCT CCAAG TTCTG
GCAGT-3= and reverse primer 5=-TGGAC TCTTT ACAGA GAAGG-3=.
The probe was detected by an alkaline phosphatase-labeled antidigoxige-
nin Fab fragment (Roche). The positive signals were visualized with
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FIG 1 Generation of CRY2(S557A) knock-in mice. (A) Gene-targeting strategy. Shown are schematic representations of the mouse WT Cry2 gene (exons 6 to
11), the targeting vector, the homologously recombined allele, and the homologously recombined allele followed by neo cassette deletion. (B) S557A mutation
in the mouse genome. An additional PvuII site at the mutation site was created to identify the genotype. (C) Southern blotting of mouse genomic DNA to confirm
homologous recombination. Mouse genomic DNA extracted from ES cells was digested by SacI and hybridized with a 5= probe whose position is indicated in
panel A. (D) Length of fragments digested by PvuII after PCR using primers A and B as shown in panel A. Mice were genotyped by the differences in fragment
length. (E) Phosphorylation level of CRY2-Ser557 in mouse liver at ZT18. The nuclear extract of the liver lysate was immunoprecipitated with anti-CRY2
antibody, followed by immunoblot analysis with phosho-Ser557-specific antibody (anti-pCRY2). WB, Western blot.
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chloro-5-substituted adamantyl-1,2-dioxetane phosphate (CSPD)-en-
hanced chemiluminescence (Roche).

Wheel-running activity. Five- to ten-week-old mice were housed in-
dividually in cages equipped with running wheels. The animals were
maintained in a light-tight chamber at constant temperature (23°C �
1°C) and humidity (65% � 10%). Mice were entrained to a light-dark
(LD) cycle for at least 5 weeks and released into constant darkness (DD).
The wheel revolutions were recorded in 5-min bins and analyzed with
ClockLab analysis software (Actimetrics). The circadian period of the ac-
tivity rhythms in DD was determined by using a chi-square periodogram
procedure with ClockLab. Mice were exposed to a 30-min light pulse
(white light; 150 lx) at circadian time 14 (CT14) or CT22. Activity onsets
were calculated by ClockLab to quantify the light-induced phase shift.

Real-time monitoring of cellular rhythms in mouse liver. CRY2
(S557A) knock-in mice were crossed with PER2::LUC knock-in mice
(The Jackson Laboratory) (22). Mouse liver tissue was chopped with a
razor and cultured in recording medium (phenol red-free Dulbecco’s
modified Eagle’s medium [DMEM; Sigma-Aldrich] supplemented with
10% fetal bovine serum [Equitech Bio, Inc.], 3.5 mg/ml glucose, 25 U/ml
penicillin, 25 �g/ml streptomycin, 0.1 mM luciferin, and 10 mM HEPES-
NaOH [pH 7.0]) on a Millicell cell culture insert (Millipore). Biolu-
minescence emitted from the liver slice was recorded by using a dish-
type photomultiplier (LumiCycle [Actimetrics] or Kronos [ATTO]).
Data analyses were performed by using LumiCycle analysis software
(Actimetrics).

Immunoblotting. Proteins separated by SDS-PAGE were transferred
onto a polyvinylidene difluoride membrane (Millipore). The blots were
blocked in blocking solution (1% [wt/vol] skim milk in TBS [Tris-buff-
ered saline] [50 mM Tris-HCl, 140 mM NaCl, 1 mM MgCl2 {pH 7.4}]) for
1 h at 37°C and then incubated overnight at 4°C with a primary antibody
in blocking solution. The signals were visualized by an enhanced chemi-
luminescence detection system (PerkinElmer Life Science). The blot
membrane was subjected to densitometric scanning, and the band inten-
sities were quantified by using Image Gauge Ver.4.0 software (Fujifilm Sci-
ence Lab). Primary antibodies used were anti-�-actin, anti-Flag, anti-normal
mouse IgG (Sigma), anti-TATA binding protein (TBP), anti-myc, anti-green
fluorescent protein (anti-GFP), anti-Raf1 (Santa Cruz Biotechnology), anti-
PER2 (Alpha Diagnostic Int.), anti-CLOCK, anti-BMAL1 (24), anti-
pSer557-CRY2 antibody (18), anti-CRY1, and anti-CRY2 (13). The primary
antibodies were detected by horseradish peroxidase-conjugated anti-rabbit
or anti-mouse IgG (Kirkegaard and Perry Laboratories).

Isolation of nuclear and cytosolic fractions of mouse liver. To ana-
lyze the temporal profiles of the expression of clock proteins and genes,
mice were entrained to an LD cycle for at least 14 days and transferred to
DD conditions. On the second day in DD, mice were sacrificed under dim
red light (�640 nm). Mouse liver was homogenized for total protein
extraction with buffer A (20 mM Tris-HCl, 1% [vol/vol] Triton X-100,
10% [vol/vol] glycerol, 137 mM NaCl, 1 mM dithiothreitol [DTT], 2 mM
EDTA, 4 �g/ml aprotinin, 4 �g/ml leupeptin, 50 mM NaF, 1 mM
Na3VO4, 1 mM phenylmethylsulfonyl fluoride [PMSF] [pH 7.8 at 4°C]).
Cytosolic and nuclear fractions were isolated from liver and cultured cells
as described previously (24).

Immunoprecipitation. For immunoprecipitation (IP), mouse liver
nuclear protein at zeitgeber time 18 (ZT18) or liver cytosolic protein at
CT18 was dissolved in IP buffer (20 mM HEPES-NaOH, 137 mM NaCl, 2
mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM DTT, 4 �g/ml apro-
tinin, 4 �g/ml leupeptin, 50 mM NaF, 1 mM Na3VO4, 1 mM PMSF [pH
7.8 at 4°C]). The extract was incubated with a precipitating antibody at
4°C for 2 h or overnight, followed by incubation with 20 �l protein G-
Sepharose at 4°C for 2 h. The beads were washed three times with IP
buffer, and the final precipitates were subjected to immunoblotting anal-
ysis.

Degradation assay. For degradation assays of endogenous CRY2,
mouse embryonic fibroblasts (MEFs) prepared from wild-type (WT)
mice and S557A knock-in mice were treated with 10 �M MG132 (Calbi-

ochem) for 6 h. The culture medium was exchanged with fresh medium
containing 100 �g/ml cycloheximide (CHX; Nakalai Tesque), and cells
were cultured for 4 or 7 h. The cells were harvested, followed by immu-
noblot analysis. For assays of overexpressed Flag-CRY2 and myc-PER2,
transfected NIH 3T3 cells were treated with 100 �g/ml CHX (Nakalai
Tesque), and the cells were cultured for 3 or 6 h. The cells were harvested,
followed by immunoblot analysis.

Cell culture and plasmids for transfection. MEFs were prepared as
previously described (13). MEFs, NIH 3T3 cells (RIKEN Cell Bank), and
HEK293T cells were cultured and passaged under 5% CO2 in DMEM
(Nissui) containing 1.8 mg/ml NaHCO3, 4.5 mg/ml glucose, 100 U/ml
penicillin, 100 �g/ml streptomycin, and 10% fetal bovine serum (Eq-
uitech Bio, Inc.). NIH 3T3 and HEK293T cells were transiently transfected
by using Lipofectamine Plus reagent (Invitrogen) and Lipofectamine
2000 reagent (Invitrogen), respectively, according to the manufac-
turer’s protocols. Mammalian expression vectors encoding Flag-
CRY2(WT) and Flag-CRY2(S557A) were described previously (17).
Plasmid pEGFP-C1 (Clontech) was used as the transfection control. A
vector encoding 6�Myc epitope-tagged PER2 (termed myc-PER2 in
the figures) was kindly provided by Louis Ptacek (University of Cali-
fornia, San Francisco).

RT-PCR. Total RNA from mouse liver and MEFs was prepared by
using TRIzol reagent (Invitrogen) according to the manufacturer’s pro-
tocol. Total RNA was reverse transcribed with Superscript II (Invitrogen)
and an anchored (dT)16 primer, and the reaction mixture was treated with
RNase H (TaKaRa, Japan). The reverse transcripts from liver samples
were subjected to real-time PCR (Applied Biosystems) by using GoTaq
master mix (Promega) and gene-specific primers. The primers used were
G3pdh-Fw (5=-ACGGG AAGCT CACTG GCATG GCCTT-3=),
G3pdh-Rv (5=-CATGA GGTCC ACCAC CCTGT TGCTG-3=), Per1-Fw
(5=-CAGGC TAACC AGGAA TATTA CCAGC-3=), Per1-Rv (5=-CACAG
CCACA GAGAA GGTGT CCTGG-3=), Per2-Fw (5=-GGCTT CACCA
TGCCT GTTGT-3=), Per2-Rv (5=-GGAGT TATTT CGGAG GCAAG
TGT-3=), Cry1-Fw (5=-CCCAG GCTTT TCAAG GAATG GAACA-3=),
Cry1-Rv (5=-TCTCA TCATG GTCAT CAGAC AGAGG-3=), Cry2-Fw
(5=-GGGAC TCTGT CTATT GGCAT CTG-3=), Cry2-Rv (5=-GTCAC
TCTAG CCCGC TTGGT-3=), Dbp-Fw (5=-AATGA CCTTT GAACC
TGATC CCGCT-3=), Dbp-Rv (5=-GCTCC AGTAC TTCTC ATCCT
TCTGT-3=), Bmal1-Fw (5=-GCAGT GCCAC TGACT ACCAA GA-3=),
Bmal1-Rv (5=-TCCTG GACAT TGCAT TGCAT-3=), Dec1-Fw (5=-
ATCAG CCTCC TTTTT GCCTT C-3=), Dec1-Rv (5=-AGCAT TTCTC
CAGCA TAGGC AG-3=), Cyp51-Fw (5=-ATACA ACAAT GATCC
ACACC CC-3=), and Cyp51-Rv (5=-TCAGA ACCAC ACTCT TCAAC
CC-3=). mRNAs from MEFs were quantified by quantitative reverse tran-
scription-PCR (RT-PCR) as described previously (25).

RESULTS
Generation of CRY2(S557A) knock-in mouse. We previously
demonstrated that Ala mutation of Ser557 (S557A mutation), the
priming phosphorylation site of CRY2, completely blocked phos-
phorylation-dependent CRY2 degradation (18). On the other
hand, Glu mutation of Ser557 (S557E mutation) did not mimic
the phospho-Ser557 state because the S557E mutation failed to
enhance GSK-3�-mediated phosphorylation of CRY2. Thus, we
employed the S557A mutation to investigate the role of Ser557
phosphorylation of CRY2 in the clockwork in vivo. We designed
mutant mice carrying the Ser-to-Ala mutation at amino acid 557
of CRY2. We constructed a targeting vector with a nucleotide
replacement for the S557A mutation in the Cry2 gene (Fig. 1A and
B). Homologous recombination and the induced point mutation
were confirmed by Southern blot analysis and PCR (Fig. 1C and
D). CRY2 protein expressed in the liver of homozygous mutant
mice showed no immunoreactivity with the antibody recognizing
Ser557-phosphorylated CRY2 (18) (Fig. 1E), validating the S557A
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mutation in vivo. Homozygous CRY2(S557A) knock-in mice were
normal in appearance, and the genotypic distribution of the off-
spring followed Mendelian inheritance.

The S557A mutation lengthened the period of circadian
rhythms. In constant darkness (DD), CRY2(S557A) knock-in
mice exhibited a significantly longer free-running period of the
wheel-running activity rhythm than their wild-type (WT) litter-

mates (Fig. 2A and B). Both WT and mutant mice, on the other
hand, exhibited a similar phase delay or advance of the activity
rhythms when exposed to a 30-min light pulse at CT14 or CT22,
respectively. No significant alterations in phase shifts were ob-
served between genotypes (Fig. 2C).

We then examined the circadian period of the liver clock as a
representative of peripheral clocks. CRY2(S557A) knock-in mice
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were crossed with PER2::LUC homozygous reporter mice, in
which PER2 is expressed in a circadian manner as a fusion protein
with luciferase (LUC) (22). The bioluminescence rhythms re-
corded from cultured liver slices indicated that the S557A muta-
tion significantly lengthened the circadian period of the liver clock
(Fig. 2D and E). Together, our results revealed that Ser557 phos-
phorylation of CRY2 plays a pivotal role in controlling the oscil-
lation speed of behavioral circadian rhythms in vivo and the pe-
ripheral clock in the liver.

Expression profile of clock proteins in CRY2(S557A) knock-in
mice. We next investigated the in vivo effect of the S557A muta-
tion on the molecular property of CRY2. We first determined the
stability of endogenous CRY2 protein in mouse embryonic fibro-
blasts (MEFs) prepared from the knock-in and WT mice. In the
presence of CHX, a protein synthesis inhibitor, CRY2(S557A) was
more stabilized than CRY2(WT) (Fig. 3A), indicating that Ser557-
dependent degradation of endogenous CRY2 is attenuated in mu-
tant mice. Coimmunoprecipitation experiments using liver lysates
showed that CRY2(S557A) formed a complex with PER2, BMAL1,

and CLOCK similarly to CRY2(WT) (Fig. 3B and C). The activity
of CRY2 binding to PER2 expressed in HEK293T cells was also
largely unaffected by the S557A mutation (Fig. 3D).

We then analyzed the temporal expression profiles of the clock
proteins in the liver. CRY2 levels in total liver lysates of mutant
mice, compared to WT mice, were markedly elevated during the
subjective night (CT14 to -22) (Fig. 4A). On the other hand, no
detectable change in total PER2 levels between mutant and WT
mice was observed (Fig. 4A). Upregulations of CRY2 protein by
the S557A mutation were observed in both cytosolic (Fig. 4B) and
nuclear (Fig. 4C and D) fractions during the subjective night. We
found that nuclear PER2 protein was also upregulated at CT18
and CT22 in the mutant liver (Fig. 4C and D). On the other hand,
nuclear CRY1 levels were almost unaffected by the mutation (Fig.
4C and D). We also observed no significant alteration between the
WT and the S557A mutant in not only the nuclear CLOCK and
BMAL1 levels but also the temporal profiles of their protein band
shifts (Fig. 4C), which represent their phosphorylation states (24).
Importantly, nuclear CRY2 protein remained at a higher level in
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interaction of CRY2 with PER2, CLOCK, and BMAL1 in mouse liver at ZT18. Proteins in liver nuclear extracts were immunoprecipitated with anti-CRY2. (C)
Proteins in liver nuclear extracts at ZT18 were immunoprecipitated with anti-CLOCK or anti-BMAL1, and the immunoprecipitated product was probed with
anti-CRY2, anti-CLOCK, anti-BMAL1, and anti-PER2 antibodies. Normal mouse IgG was used as the control. (D) Interaction of overexpressed CRY2(S557A)
with myc-PER2 in HEK293T cells. myc-PER2 was expressed together with Flag-CRY2(WT) or its mutant protein, Flag-CRY2(S557A), in HEK293T cells.
Flag-CRY2(WT) or Flag-CRY2(S557A) was coimmunoprecipitated with anti-myc antibody. p-myc-PER2 indicates the phosphorylated form of myc-PER2.
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mutant liver, even during the subjective day of the subsequent
cycle, when CRY2 levels in WT liver were kept very low in the
nucleus (Fig. 4E). The excess CRY2-PER2 complex in the nucleus
is most likely attributed to the period-lengthening effect of the
S557A mutation (Fig. 2B and E). It is evident that Ser557-
dependent regulation of CRY2 contributes to maintaining both
CRY2 and PER2 protein levels in the appropriate range in cell
nuclei.

Temporal mRNA expression profiles of clock genes. Because
CRY2 is a strong repressor of E-box-dependent transcription (9),
the S557A mutation-induced increase in the level of the CRY2

protein was expected to alter E-box-dependent gene transcrip-
tions. In the liver of CRY2(S557A) knock-in mice, mRNA levels of
the representative E-box-regulated genes Cry2, Per1, Dbp, and
Dec1 all showed trends toward downregulation compared to those
in the liver of WT mice (Fig. 5A). In MEFs, the S557A mutation
caused significant reductions in the mRNA abundances of Cry2,
Per1, Per2, and Dbp as well (Fig. 5B). On the other hand, expres-
sion levels of Cry1 and Bmal1, whose transcriptions are regulated
mainly through the RORE cis element (26, 27), were intact in
mutant mouse liver and MEFs (Fig. 5A and B). The mRNA levels
of Cyp51, known to be regulated by CRY (28), were also decreased
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by the S557A mutation (Fig. 5A). These results indicate that
Ser557 of CRY2 is required for normal expression of a subset of
the clock genes as well as proper outputs of the circadian clock.

CRY2 regulates the cellular distribution of PER2. It is well
established that PER proteins accumulate in the nucleus during
the nighttime when E-box-mediated transcription is inhibited
(29, 30), and its nuclear transport is a critical period-determining
step (31). In the liver of CRY2(S557A) knock-in mice, nuclear
PER2 levels were remarkably increased, whereas total PER2 levels
were largely unaffected (Fig. 4A and D). These observations sug-
gest that CRY2 phosphorylation regulates the intracellular distri-
bution of the CRY2-PER2 complex. To investigate whether the
S557A mutation affects the nuclear accumulation of the CRY2-
PER2 complex in cultured cells, we examined the intracellular distri-
bution of myc-PER2 coexpressed with CRY2(WT) or CRY2(S557A).
The S557A mutation allowed CRY2 to accumulate more abun-
dantly in both the cytosolic and nuclear fractions (Fig. 6A and B).
Although Ser557 is located near the nuclear localization signal
(NLS) (32), the intracellular distribution of CRY2 between the
cytosol and nucleus was not affected by the S557A mutation (Fig.
4B and C and 6A). On the other hand, nuclear occupancy of myc-
PER2 was increased in CRY2(S557A)-expressing cells (Fig. 6A and

B). Of note, no significant change in the decay rate of the nuclear
myc-PER2 levels was observed following CRY2(S557A) expres-
sion (Fig. 6C, bottom, and D). These results exclude the possibility
that the nuclear accumulation of PER2 observed in mutant mice is
due to the stabilization of nuclear PER2. In fact, in the presence of
CHX, the bioluminescence signals of endogenous PER2::LUC in
S557A mutant and WT MEFs showed decay rates indistinguish-
able from each other (Fig. 6E). Coimmunoprecipitation assays
showed that the level of PER2 bound with CRY2 in the liver cyto-
sol was increased in the knock-in mice, whereas the cytosolic
PER2 level was not increased in the mutant mice (Fig. 6F). It is
most likely that overaccumulation of CRY2(S557A) in the cytosol
enhances the formation of the CRY2-PER2 complex and facili-
tates the nuclear transport of (CRY2-)PER2. In summary, we pro-
pose that the disruption of the phosphorylation-dependent regu-
lation of CRY2 at Ser557 leads to the excessive accumulation of the
negative factors, resulting in an abnormal periodicity of the circa-
dian clock.

DISCUSSION

We propose a molecular model for Ser557 phosphorylation-de-
pendent degradation of CRY2 in the mammalian circadian clock
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(Fig. 6G). In WT mouse liver, phosphorylation at Ser557 of trans-
lated CRY2 allows subsequent phosphorylation at Ser553 by GSK-
3�, leading to proteasome-mediated CRY2 degradation (17). This
degradation mechanism suppresses the overaccumulation of
CRY2 in both the cytosol and, as a consequence, the nucleus. We
previously found that the phosphorylation of CRY2 by GSK-3� is
dependent on phospho-Ser557, and therefore, the S557A muta-
tion completely blocks the GSK-3�-mediated degradation of
CRY2 and upshift of the CRY2 protein band representing Ser553
phosphorylation (17, 18). Thus, in mutant mouse liver, it is most
likely that the mutation of Ser557 attenuates the second phos-
phorylation at Ser553 and that CRY2(S557A) evades the sequen-
tial phosphorylation-dependent degradation (Fig. 3A). As a result,
CRY2 expression is maintained at a higher level in mutant mice
(Fig. 4C and E). Importantly, the S557A mutation of CRY2 en-
hanced the nuclear accumulation of PER2 as well as CRY2 (Fig. 4C
and D). Because overaccumulated CRY2 forms a complex with
PER2 more abundantly (Fig. 6F), it is suggested that elevated levels
of CRY2(S557A) proteins facilitate the nuclear translocation of
PER2 protein (Fig. 4C and 6B). This upregulation of the nuclear
CRY2-PER2 complex should underlie the inhibition of E-box-
mediated transcription of the clock genes (Fig. 5A), because the
repressor activity of CRY2(S557A) is comparable to that of
CRY2(WT) (33). The excessive nuclear accumulation of CRY2-
PER2 should delay the restart of next-cycle transcriptional activa-
tion mediated by CLOCK-BMAL1, resulting in a lengthening of
the circadian period in mutant mice (Fig. 2B and E).

In this study, we showed that CRY2 knock-in mice exhibited
longer circadian periods. However, we should mention that the
period-lengthening effect of the mutation on the central clock was
modest compared to the large effect on the peripheral liver clock.
In general, the central clock in the suprachiasmatic nucleus (SCN)
is more resistant to genetic perturbation than peripheral clocks
because of the tight coupling among SCN neurons (34). In a pre-
vious study, we showed that the knockdown of Dyrk1A, a protein
kinase responsible for Ser557 phosphorylation and overexpres-
sion of CRY2(S557A) in cultured cells, shortened the circadian
period of the cellular rhythm (17). These effects of kinase knock-
down and overexpression of CRY2(S557A) in the presence of en-
dogenous CRY2(WT) on the circadian period appear opposite to
those of the S557A mutation in vivo demonstrated in the present
study (Fig. 2B and E). Such a difference is probably attributable to
the fact that the S557A mutation of endogenous CRY2 in mice
(this study) caused a more severe effect on the nuclear abundance
of the CRY2-PER2 complex than in previous studies (17). Indeed,
Dyrk1A knockdown advanced the timing of nuclear CRY2 accu-
mulation, whereas it had no significant effect on CRY2 levels at
peak timing (17). Also, for S557A mutant-overexpressing cells, it
is predicted that the nuclear CRY2 level is not as high as that in
CRY2(S557A) knock-in cells for the following reasons. First, in
the previous overexpression study, we used NIH 3T3 cells stably
expressing CRY2(S557A), in which the mutant CRY2 protein level
was approximately half that of endogenous wild-type CRY2 (17), and
therefore, accumulation of nuclear CRY2 could be far more modest
than that observed in the present study. Second, in previous studies,
CRY2(S557A) overexpression was driven by a constitutive promoter,
which may fail to regulate the proper time-of-day-dependent nuclear
accumulation of the CRY2-PER2 complex (17). In the knock-in cells,
on the other hand, nuclear CRY2 protein levels were dramatically
increased during the accumulating phase. Importantly, CRY2 accu-

mulation was accompanied by increased nuclear PER2 transport
(Fig. 4C and D). The overaccumulated CRY2-PER2 complex should
need a longer time to be cleared from the nucleus, leading to the
lengthening of the circadian period. This model is supported by a
previous simulation-based study indicating that an increase of PER2
nuclear transport rather than its stability has a period-lengthening
effect (31). Here, we demonstrate that Ser557 phosphorylation of
CRY2 is critical not only for the slow accumulation of nuclear CRY2
protein in the increasing phase (ZT10 to -18) but also for suppressing
the overaccumulation of CRY2 protein at peak timing (ZT22) (Fig.
4C and D).

Collectively, we demonstrate the in vivo roles of the C-terminal
phosphorylation signal of CRY2 in the circadian clockwork.
Ser557 phosphorylation of CRY2 promotes CRY2 degradation
and inhibits the overaccumulation of the CRY2-PER2 complex in
the nucleus, which is critical for period determination of the cir-
cadian clock (Fig. 6G). To date, a variety of posttranslational mod-
ification sites in clock proteins have been identified, but the site-
specific physiological functions of these modifications remained
mostly undetermined in the central clock. The present study
clearly demonstrated that site-specific mutagenesis of a gene is a
strong strategy for understanding the molecular mechanism of the
circadian clock.
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