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The core oscillator generating circadian rhythms in
eukaryotes is composed of transcription±translation-
based autoregulatory feedback loops in which clock
gene products negatively affect their own expression.
A key step in this mechanism involves the periodic
nuclear accumulation of clock proteins following their
mRNA rhythms after ~6 h delay. Nuclear accumula-
tion of mPER2 is promoted by mCRY proteins. Here,
using COS7 cells and mCry1/mCry2 double mutant
mouse embryonic ®broblasts transiently expressing
GFP-tagged (mutant) mPER2, we show that the
protein shuttles between nucleus and cytoplasm using
functional nuclear localization and nuclear export
sequences. Moreover, we provide evidence that
mCRY proteins prevent ubiquitylation of mPER2 and
subsequent degradation of the latter protein by the
proteasome system. Interestingly, mPER2 in turn
prevents ubiquitylation and degradation of mCRY
proteins. On the basis of these data we propose a
model in which shuttling mPER2 is ubiquitylated and
degraded by the proteasome unless it is retained in the
nucleus by mCRY proteins.
Keywords: circadian clock/cryptochrome/
nuclear±cytoplasmic shuttling/period/ubiquitylation

Introduction

Like most eukaryotes, mammals display circadian rhythms
in physiology, metabolism and behavior, which are
generated by an intrinsic self-sustaining clockwork with
a periodicity of ~24 h, located in the suprachiasmatic
nuclei in the hypothalamus (Klein et al., 1991). The
mammalian core oscillator is thought to be composed of
interacting transcription±translation-based autoregulatory
feedback loops involving a set of clock genes (Dunlap,
1999; Young, 2000; Reppert and Weaver, 2001; Young
and Kay, 2001). In mammals, three Period (mPer1, mPer2
and mPer3), two Cryptochrome (mCry1 and mCry2),
Clock, Bmal1 and Casein kinase I epsilon (CKIe) genes
have been identi®ed (for review see Cermakian and
Sassone-Corsi, 2000; Reppert and Weaver, 2000; Young
and Kay, 2001). Rhythmic mPer and mCry gene expres-

sion is positively driven by heterodimers of the PAS
domain-containing CLOCK and BMAL1 transcription
factors that act via CACGTG E box enhancer elements
(Gekakis et al. 1998) and negatively regulate their own
gene products. In vitro and in vivo, mCRY, rather than
mPER, proteins are essential to suppress mPer gene
expression (Grif®n et al., 1999; Kume et al., 1999;
Shearman et al., 2000). Bmal1, in contrast to the non-
cycling clock gene, is also rhythmically expressed but the
phase of oscillations is opposite to that of the mPer genes
(Dunlap, 1999). A recent study suggests that the mPER2
protein might be involved in the positive regulation of
Bmal1 expression (Shearman et al., 2000). Analysis of
mPer mutant mice emphasized the importance of mPER2
in the circadian core oscillator; inactivation of mPer2, but
not of mPer1 or mPer3, resulted in blunted clock gene
expression (Bae et al., 2001; Zheng et al., 2001).

In addition to cyclic transcription of clock genes,
evidence is accumulating that controlled accumulation,
localization and degradation of clock proteins constitutes
an important feature of circadian clocks in various
organisms (Young and Kay, 2001). In view of the
controlling function of the mPer2 gene product in
the positive and negative loop of the circadian system,
the mechanism of nuclear localization of mPER2 as well
as its stability are critical features to be elucidated.
Transfection studies in COS7 and NIH 3T3 cells have
shown that exogenously expressed mPER2 can localize in
the nucleus and that co-expression with either mCRY
proteins (Kume et al., 1999) or mPER3 (Yagita et al.,
2000) can promote its nuclear entry. Despite constitutive
high levels of mPer2 mRNA in completely arhythmic
mCry1/mCry2-de®cient mice (Okamura et al., 1999;
van der Horst et al., 1999), mPER2 protein is barely
detectable in the cytoplasm and nucleus of suprachiasmatic
nucleus (SCN) neurons from these animals (Shearman
et al., 2000), which further points to an essential function
of mCRY proteins in the nuclear localization of mPER2. In
marked contrast, mPER1 protein displays nuclear localiz-
ation in SCN neurons, hepatocytes and cultured ®broblasts
of mCry1/mCry2-de®cient mice (Shearman et al., 2000;
Yagita et al., 2000). Taken together, these observations
suggest the existence of an mCRY-dependent mechanism
that speci®cally controls the subcellular localization and/or
stability of mPER2. This prompted us to investigate further
the events leading to nuclear accumulation of the mPER2
clock protein.

The present study provides evidence that mPER2 can
enter the nucleus in a mCRY-independent manner and that
the protein shuttles between nucleus and cytoplasm using
functional nuclear localization (NLS) and nuclear export
(NES) sequences present in the protein. Furthermore, we
show that mCRY1 can bind to the C-terminal region of
mPER2 (thereby likely preventing the latter protein from
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leaving the nucleus) and in the presence of mCRY
proteins, ubiquitylation and presumably subsequent
degradation of mPER2 by the proteasome machinery is
inhibited. These ®ndings led us to propose a new working
model for the nuclear accumulation and stability of the
mPER2 protein that adds another level at which nuclear
accumulation of this clock protein can be regulated and
may potentially extend to other clock proteins.

Results

mPER2 contains functional nuclear import and
export signals
Subcellular localization domains in the mPER2 protein
include a sequence reminiscent to a bipartite basic NLS
(Albrecht et al., 1997; Shearman et al., 1997). In addition,
mPER2 contains a domain (residues 390±450) with 43%
sequence identity to the cytoplasmic localization domain
(CLD) of the Drosophila PER protein (Saez and Young,
1996; Takumi et al., 1998) but it is not known whether this
sequence is functional. To investigate whether mPER2
contains other subcellular localization signals, we have
generated a panel of green ¯uorescent protein (GFP)-
tagged full-length and N- or C-terminally truncated mPer2
expression constructs (Figure 1A). The subcellular distri-
bution patterns of these GFP-tagged mPER2 proteins were
analyzed in COS7 cells. Figure 1B show representative
examples of GFP ¯uorescence in transiently transfected
COS7 cells as well as the ratio between cells with nuclear,
nuclear±cytoplasmic and cytoplasmic staining. Whereas
full-length mPER2±GFP is observed in both cytoplasm
and nucleus, mPER2(1±916)±GFP and mPER2(596±
1257)±GFP localized predominantly in the nucleus
(Figure 1B). Apparently, the N- as well as C-terminal
regions of mPER2 contain domains that facilitate cyto-
plasmic localization of the protein. In contrast, mPER2(1±
460)±GFP, mPER2(1±381)±GFP and mPER2(882±1257)±
GFP, lacking the putative NLS, tended to be cytoplasmic
dominant, which suggests that the putative NLS is
functional. On the other hand, regulation of cytoplasmic
localization seems to be more complex. The absence of
mPER2(596±1257)±GFP in the cytoplasm at ®rst glance
might be attributed to the loss of the putative CLD.
However, deletion of the CLD from mPER2(1±460)±GFP,
as in mPER2(1±381)±GFP, does not instigate an increase
in cytoplasmic localization of the protein. Moreover, the
prominent nuclear localization of mPER2(1±916)±GFP
argues against a potential role for the CLD and can only
be explained by assuming that the C-terminal region
(residues 916±1257) contains a yet unidenti®ed signal for
cytoplasmic localization.

Accumulation of nuclear proteins in the cytoplasm can
also be achieved via the CRM1/Exportin1 nuclear export
system, acting through NES, composed of the leucine-rich
consensus sequence LX(1~3)LX(2~4)LXL(V/I/M) (in which
X indicates any amino acid; Nigg, 1997; Mattaj and
Engelmeier, 1998). Previously, we have reported the
presence of a putative NES domain in the N-terminal
region of mPER2 (residues 109±118; Takumi et al., 1998),
which ®ts reasonably to the NES consensus sequence and
is well conserved between mouse and human PER2
(Figure 2A and B). Closer examination of the C-terminal
sequence of mPER2 revealed a second conserved leucine-

rich region between residues 983±990 (Figure 2A and B).
For simplicity, we refer to NES sequences in the N- and
C-terminal region as NES1 and NES2, respectively.

To provide evidence for the functionality of the NES
domains in mPER2, we transfected COS7 cells with full-
length or truncated mPER2±GFP expression constructs

Fig. 1. Different domains of mPER2 in¯uence its subcellular
localization. Full-length and truncated GFP-tagged mPER2 proteins
were transiently expressed in COS7 cells and analyzed for the
subcellular distribution pattern of mPER2 proteins. (A) Schematic
diagram of the mPER2 protein, including the position of PAS, CLD
and NLS sequences and the six constructs. (B) Representative
examples of the subcellular distribution patterns of the various mPER2
proteins, as detected by GFP ¯uorescence. (C) Percentage of cells
showing nuclear (N, black bars), nuclear±cytoplasmic (N+C, blue bars)
and cytoplasmic (C, red bars) staining. Three independent experiments
were performed in which 100±200 mPER2±GFP-expressing cells were
counted. Error bars indicate the SEM.
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and studied the effect of leptomycin B (LMB), a potent
speci®c inhibitor of CRM1/Exportin1-mediated nuclear
export (Fornerod et al., 1997; Fukuda et al., 1997). After
treatment with LMB, mPER2(full)±GFP almost exclu-
sively accumulated in the nucleus, suggesting that after
entry, mPER2 can leave the nucleus again via the nuclear
export machinery (Figure 2C, top). Inhibition of de novo
protein synthesis by cycloheximide (CHX) prior to LMB
treatment did not change the subcellular localization of
mPER2(full)±GFP observed in the absence or presence of
LMB (Figure 2D). This shows that LMB-mediated

accumulation of mPER2 in the nucleus is not coupled to
de novo protein synthesis, but instead involves already
existing mPER2. Somewhat surprisingly, mPER2(1±
460)±GFP, mPER2(1±381)±GFP and mPER2(882±1257)±
GFP (all lacking the NLS) are also prominently present in
the nucleus when cells are cultured in the presence of
LMB, although in comparison with mPER2(full)±GFP
considerable amounts of protein are still observed in the
cytoplasm (Figure 2C). This indicates that even in the
absence of the NLS, mPER2 can still to some extent
translocate to the nucleus. More importantly, however, this
observation demonstrates that the NES signals can be
separately used by the nuclear export machinery. In
addition, the distribution patterns of mPER2(1±460)±GFP
and mPER2(1±381)±GFP are highly similar, indicating
that the CLD does not signi®cantly contribute to cyto-
plasmic retention of mPER2 and that cytoplasmic local-
ization of mPER2±GFP proteins is regulated by NES
sequences instead.

A survey of the complete mPER2 sequence pointed out
one additional candidate NES at residues 460±469,
referred as NES3 (Figure 3A). To investigate whether
NES1, NES2 and NES3 serve as true NES signals and thus
contribute to the cytoplasmic localization of mPER2, we
made full-length mPER2±GFP expression constructs in
which hydrophobic amino acids predicted to be critical
in NES functioning had been substituted (Figure 3A).
Figure 3 shows representative examples of GFP ¯uores-
cence in COS7 cells transfected with mPER2(full)±GFP
carrying wild-type or mutant NES sequences (Figure 3B),
as well as the ratio between cells with nuclear, nuclear±
cytoplasmic and cytoplasmic staining (Figure 3D). In
comparison with wild-type mPER2(full)±GFP, mutations
in NES1 enhanced the number of cells showing nuclear
localization of the protein (p <0.0001). Mutations in
NES2 or NES3 caused a relatively small but still
signi®cant change in the subcellular localization patterns
of mPER2(full)±GFP ( p <0.05). These results strongly
suggest that all three NES sequences are functional,
although NES1 might be more ef®ciently used by the
nuclear export machinery than NES2 and NES3.
Importantly, mutations in two out of three NES sequences
could not completely abolish nuclear export (data not
shown), whereas mutagenesis of all three NES regions in
mPER2(full)±GFP induced an almost complete shift from
cytoplasmic and nuclear±cytoplasmic to nuclear and
nuclear±cytoplasmic localization, which indicates that
NES1, NES2 and NES3 additively act in nuclear export
of the mPER2 protein. Similarly, mutagenesis of NES1 in
mPER2(1±381)±GFP and mPER2(1±460)±GFP caused
the subcellular localization patterns of both truncated
proteins to shift from almost exclusively cytoplasmic to
predominantly nuclear (Figure 3C and E; p <0.0001),
indicating once more that cytoplasmic localization of
mPER2(1±460)±GFP is regulated by NES rather than
CLD sequences.

In conclusion, these data demonstrate that mPER2 can
exit the nucleus via the CRM1/Exportin1 nuclear export
system, utilizing the NES1, NES2 and NES3 sequences.
This ®nding opens the intriguing possibility that mPER2
proteins shuttle between nucleus and cytoplasm through
their NLS and NES sequences.

Fig. 2. Pre-existing mPER2 can leave the nucleus via the CRM1/
Exportin1 nuclear export machinery. Subcellular localization of
transiently expressed full-length and truncated mPER2±GFP proteins in
COS7 cells in the absence or presence of an active CRM1/Exportin1
nuclear export system. (A) Schematic representation of the mPER2
protein, indicating putative leucine-rich NES domains in the N-terminal
(NES1) and C-terminal (NES2) region of the protein, respectively.
(B) Amino acid sequence comparison between mouse and human
mPER2 NES domains. (C) Representative examples of the subcellular
distribution pattern of mPER2(full)±GFP, mPER2(1±460)±GFP,
mPER2(1±381)±GFP and mPER2(882±1257)±GFP in cells cultured in
the absence (left) or presence (right) of the nuclear export inhibitor
LMB. (D) Subcellular distribution pattern of mPER2(full)±GFP in the
absence or presence of LMB under conditions where de novo protein
synthesis is blocked by the translation inhibitor CHX.
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mPER2 shuttles between the nucleus and
the cytoplasm
We have shown that under steady-state conditions,
mPER2(1±916)±GFP predominantly localizes in the
nucleus in spite of the existence of functional NES signals
(NES1 and NES3) in this protein. To investigate whether
this truncated mPER2 protein can still leave the nucleus
through its remaining NES domains and subsequently re-
enter the nucleus, we performed a heterokaryon nuclear±
cytoplasmic shuttling assay (Borer et al., 1989). The
principle of the experiment is that nuclei of cell line X are

preloaded with the protein of interest. After fusion with
cell line Y, the protein may or may not move to the nucleus
originating from the latter. NIH 3T3 cells were transfected
with a plasmid encoding mPER2(1±916)±GFP and
cultured in the presence of LMB, resulting in nuclear
accumulation of truncated mPER2 protein. Twenty-four
hours after the transfection, cells were fused with HeLa
cells and subcultured in the presence or absence of LMB,
while de novo protein synthesis was blocked by CHX.
Four hours after cell fusion, the distribution of ¯uorescent
mPER2(1±916)-GFP was analyzed in heterokaryon cells

Fig. 3. NES domains control cytoplasmic distribution of mPER2 in cultured mammalian cells. Subcellular localization of full-length and truncated
mPER2±GFP with wild-type and mutant NES domains in transiently transfected COS7 cells. (A) Schematic representation of the three NES domains
in mPER2 and the substituted critical hydrophobic amino acids in the mutant NES domains (referred to as NES1 mut, NES2 mut and NES3 mut).
(B) Representative examples of the subcellular distribution patterns of mPER2(full)±GFP with intact or mutant NES domains. (C) As (B), except that
mPER2(1±381)±GFP and mPER2(1±460)±GFP with an intact or mutant NES1 were used. (D and E) Quantitative analysis of the percentage of cells
expressing nuclear (N, black bars), nuclear±cytoplasmic (N+C, blue bars) and cytoplasmic (C, red bars) mPER2±GFP for the experiment shown in (B)
and (C), respectively. Data were obtained from three independent experiments and in each experiment 100±200-expressing cells were evaluated. Error
bars indicate the SEM.
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(Figure 4A and B, top left), in which HeLa cell-derived
nuclei were identi®ed using antibodies speci®cally recog-
nizing the human ERCC1 protein (Figure 4A and B, top
right). mPER2(1±916)±GFP remained in the NIH 3T3
nuclei when LMB was present in the culture medium
(Figure 4A). However, in marked contrast, mPER2(1±
916)±GFP shuttled into HeLa nuclei when the block of
nuclear export was released (Figure 4B). These ®ndings
indicate that the remaining NES1 and NES3 domains in
mPER2(1±916) are functional. Although we anticipated
that the heterokaryon shuttling assay might not work for
mPER2(full)±GFP because of its prominent nuclear-
cytoplasmic localization, we nevertheless could see some
relocalization of ¯uorescence from NIH 3T3 to HeLa
nuclei, indicating that intact mPER2 protein is shuttling
also. Taken together, these data demonstrate that mPER2
can shuttle between nucleus and cytoplasm.

mCRY1 interacts with the C-terminus of mPER2
but is not required for nuclear import of mPER2
The mPER2 protein is barely detectable in the nucleus of
SCN cells from mCry1/mCry2-de®cient mice (Shearman
et al., 2000) and COS7 cell transfection experiments have
shown that co-expression with mCRY proteins resulted in
signi®cant accumulation of mPER2 in the nucleus (Kume
et al., 1999). These ®ndings suggest that the mCRY
proteins are required for nuclear accumulation of mPER2.
Yet, cells in the piriform cortex of the brain of mCry-
de®cient mice constitutively express mPER2 in the
nucleus (Shearman et al., 2000), suggesting that mCRY
proteins are not absolutely obligatory for nuclear trans-
location of mPER2. Recently, mPER2 has been shown to
physically interact with mCRY1 and mCRY2 (Grif®n

et al., 1999; Kume et al., 1999). Prior to investigating how
mCRY proteins promote nuclear localization of mPER2,
we determined the mCRY binding region in mPER2.
Figure 5A shows a co-immunoprecipitation experiment
using the panel of GFP-tagged mPER2 constructs and
mCRY1, co-expressed in COS7 cells. Although all ®ve
versions of mPER2±GFP were clearly detectable in the
COS7 cell lysates (Figure 5A, bottom left), immuno-
precipitation with antibodies against mCRY1 and western
blot analysis of the immunoprecipitates with anti-GFP
antibodies only revealed mPER2(full)±GFP, mPER2(596±
1257)±GFP and mPER2(882±1257)±GFP. In contrast,
mPER2(1±460)±GFP and mPER2(1±916)±GFP did not
co-precipitate with mCRY1. A similar result was obtained
in the reverse experiment (data not shown), in which anti-
GFP and anti-mCRY1 antibodies were used for precipit-
ation of mPER2 proteins and detection of mCRY1 in the
precipitate; mCRY1 only co-precipitated with mPER2-
(full)±GFP, mPER2(596±1257)±GFP and mPER2(882±
1257)±GFP. These results indicate that the previously
reported physical interaction between mPER2 and
mCRY1 (and presumably mCRY2; Grif®n et al., 1999;
Kume et al., 1999) occurs via the C-terminal region of
mPER2 (residues 917±1257).

Next, we investigated how the various subcellular
localization signals of mPER2 in¯uence the distribution
of the protein over the cytoplasm and nucleus in the
absence of mCRY proteins. To this end, we expressed the
panel of full-length and truncated mPER2±GFP proteins
in mCry1/mCry2 double-de®cient mouse embryonic
®broblasts (MEFs; Figure 5B). The majority of cells
show nuclear±cytoplasmic or nuclear localization of
mPER2(full)±GFP, indicating that mCRY proteins are

Fig. 4. Nuclear-cytoplasmic shuttling of truncated mPER2. Heterokaryon shuttling assay using NIH 3T3 cells, transiently expressing nuclear
mPER2(1±916)±GFP and (untransfected) HeLa cells. Prior to cell fusion, the nuclear export system and de novo protein synthesis were inhibited by
addition of LMB and CHX, respectively (for details, see Materials and methods). After fusion, cell culture was continued either in the presence of
LMB (A) or after washing away LMB (B). Under both conditions, translation remained blocked by CHX. Representative examples of the subcellular
distribution of the truncated mPER2±GFP proteins are shown (top left), as well as phase contrast photographs of the heterokaryons (bottom right) and
their DAPI-stained nuclei (bottom left). HeLa cell nuclei were identi®ed by immuno¯uorescence using an antibody speci®cally recognizing human
ERCC1 (top right). To facilitate comparison, nuclei in heterokaryon cells are numbered.
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not essential for nuclear translocation of mPER2. mPER2-
(1±460)±GFP and mPER2(882±1257)±GFP ¯uorescence
is predominantly cytoplasmic and mPER2(1±916)±GFP
and mPER2(596±1257)±GFP staining appears almost
exclusively nuclear (Figure 5B). Thus, the subcellular
distribution pattern of exogenously expressed wild-type
and truncated mPER2-GFP proteins in mCry-de®cient

MEFs does not signi®cantly differ from that in COS7 cells
(compare Figures 1 and 5B).

We then examined the effect of co-expression of HA-
tagged CRY proteins on the subcellular localization of
wild-type and mutant PER2-GFP proteins in mCry1/
mCry2 MEFs. As shown in Figure 5C, exogenously
expressed HA-mCRY1 protein localizes in the nucleus of

Fig. 5. mCRY1 physically interacts with the C-terminus of mPER2 and promotes nuclear accumulation rather than translocation of full-length
mPER2. (A) Identi®cation of the mCRY1 binding region in mPER2. mCRY1 was immunoprecipitated from cell lysates of COS7 cells transiently
expressing mCRY1 and either wild-type or truncated GFP-tagged mPER2 and the precipitate was analyzed for the presence of mPER2. Top,
immunoblot analysis of co-precipitated mPER2±GFP proteins, detected with anti-GFP antibodies; middle, immunoblot analysis of precipitated
mCRY1 protein, detected with anti-mCRY1 (TD1119) antibody and bottom, immunoblot analysis of total cell lysates, con®rming the presence of the
various mPER2 proteins. (B) Subcellular localization of full-length and truncated mPER2±GFP proteins in transiently transfected mCry1/mCry2
double-mutant MEFs. Representative examples of ¯uorescent cells are shown. Note that the distribution patterns of full-length and truncated mPER2
proteins in mCRY-de®cient cells are not essentially different from that in COS7 cells (see Figure 1). (C) As (B), except that cells were co-transfected
with a HA-tagged mCry1 cDNA expression construct. Representative examples of the subcellular distribution patterns of mPER2 proteins, as detected
by GFP ¯uorescence are shown (top). HA-mCRY1 protein is visualized by immunocytochemistry using anti-HA antibodies (middle) and nuclei were
stained by DAPI (bottom). Note the difference in the amount of co-expressed mCRY1, as indicated by the white arrows. (D) Quantitative analysis of
the subcellular localization of mPER2±GFP fusion proteins in the absence or presence of coexpressed m HA-mCRY1 as shown in (C) and (D). Data
represent the mean of three independent experiments. In each experiment, 100±200 mPER2-expressing cells were evaluated for nuclear (N, black
bars), nuclear±cytoplasmic (N+C, blue bars) and cytoplasmic (C, red bars) ¯uorescence.
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mCry1/mCry2 mutant MEFs. In line with a previous study
in COS7 cells (Shearman et al., 2000), simultaneous
expression of HA-mCRY1 with mPER2(full)±GFP sig-
ni®cantly increased the percentage of cells with nuclear
mPER2(full)±GFP ( p <0.0001; Figure 5D). A similar
result was obtained when HA-mCRY1 was replaced by
untagged mCRY1 or untagged hCRY2 (data not shown).
The subcellular localization pattern of nuclear dominant
mPER2(1±916)±GFP and cytoplasmic dominant mPER2-
(1±460) did not change after co-expression of HA-mCRY1
( p = 0.570 and 0559, respectively; Figure 5D), which
would be in agreement with the absence of the mCRY
binding region in these C-terminally truncated mPER2
versions. mPER2(596±1257)±GFP, on the other hand, can
bind mCRY through its C-terminus but remained exclu-
sively localized in the nucleus after co-expression of
HA-mCRY1 ( p = 0.815; Figure 5D). Interestingly, co-
expression of mCRY1 appeared not to change the
subcellular localization of mPER2(882±1257)±GFP
( p = 0.231; Figure 5D), despite the ability of mCRY1 to
interact with this protein.

Taken together, these results suggest that the nuclear
translocation of mPER2 does not depend on mCRY
proteins and that the primary factor for determining
subcellular localization exists in the mPER2 protein itself
(NLS, NES, PAS and binding domains for other proteins
that can co-transport mPER2 in the nucleus). Accordingly,
the stimulating effect of mCRY1 on the nuclear accumu-
lation of mPER2 must have its origin at another level
rather than promoting nuclear import.

mCRYs inhibit ubiquitylation of mPER2
Despite constitutive high levels of mPer2 mRNA
(Okamura et al., 1999), mPER2 protein is barely detect-
able in either nuclei or cytoplasm of SCN cells from
mCry1/mCry2 double-mutant mice (Shearman et al.,
2000). This observation raises the possibility that
mPER2 is not stable in the absence of mCRY1 or
mCRY2. Protein stability is frequently controlled by the
ubiquitin±proteasome pathway and recently proteasome-
mediated proteolysis has been shown to play an important
role in the circadian system of fruit ¯ies and plants
(Naidoo et al., 1999; Deshaies and Meyerowitz, 2000).
Therefore, we ®rst tested the effect of MG132, a speci®c
inhibitor of proteasome-mediated protein degradation, on
the stability of endogenous mPER2 in mCry1/mCry2
double-mutant MEFs. Untreated cells show very faint
immunocytochemical staining of endogenous mPER2
protein in the nucleus (Figure 6A, left). However,
treatment of mCry-de®cient MEFs with MG132 resulted
in pronounced accumulation of endogenous mPER2 in
nucleus and cytoplasm (Figure 6A, right). This suggests
that the endogenous mPER2 protein is degraded by the
proteasome pathway.

Since ubiquitylation is an important step in targeting
proteins for degradation by the proteasome (Pickart,
2000), we examined whether mPER2 is subject to
ubiquitylation and if so, whether mCRY1 would affect
ubiquitylation of mPER2. Hence, we expressed non-
tagged mPER2 and FLAG-tagged ubiquitin in COS7 cells
in the absence or presence of the proteasome inhibitor
MG132 and precipitated mPER2 with an antibody raised
against the latter protein. Immunoblot analysis of the

immunoprecipitate with anti-FLAG antibodies revealed
the presence of ubiquitylated mPER2 in cells that had not
been exposed to MG132 (Figure 6B). Co-expression of
mCRY1 did not dramatically alter the amount of
ubiquitylated mPER2 (Figure 6B). However, treatment
of cells with MG132 caused a strong increase in the
amount of ubiquitylated mPER2, probably due to the
block of the proteasome-mediated proteolysis step.
Interestingly, under this condition, co-expression of
mCRY1 and mPER2 in the presence of MG132 results
in a clear reduction of the level of ubiquitylated mPER2. A
similar result was obtained when GFP-tagged (Figure 6C)
or HA-tagged versions of mPER2 (data not shown) were
used. As shown in Figure 6D, the amount of ubiquitylated
mPER2 in the presence of MG132 was inversely propor-
tional to the amount of mCRY1 present in the cell.
Importantly, hCRY2 can also suppress the ubiquitylation
of mPER2 in the COS7 cell system in a dose-dependent
manner. Since the proteasomal degradation machinery is
blocked in the presence of MG132, the reduced levels of
ubiquitylated mPER2 can only be explained by assuming
that mCRY1 directly or indirectly interferes with
ubiquitylation of mPER2. In conclusion, the above
®ndings suggest that mCRY proteins inhibit ubiquitylation
of mPER2, thereby likely preventing rapid degradation of
mPER2 by the proteasome pathway.

To con®rm the ubiquitylation of mPER2 and its
inhibition by mCRY1, we analyzed the ubiquitylation of
exogenously expressed mPER2 in a cell-free system. To
this end, we mixed cell lysates from COS7 cells transiently
transfected with either mPER2 or FLAG-tagged ubiquitin
and incubated this mixture in the presence or absence of a
cell lysate from mCRY1 transfected COS7 cells and/or the
proteasome inhibitors MG132 and lactastatin (Figure 6E).
In the presence of a proteasome inhibitor, but in the
absence of mCRY1, western blot analysis of the reaction
mixtures revealed the presence of ubiquitylated mPER2,
which showed that the cell-free ubiquitylation assay was
effective. However, when mCRY1 protein was present
during the 2 h incubation period, the amount of ubiquityl-
ated mPER2 was signi®cantly reduced, which suggests
that mCRY1 negatively affects ubiquitylation of mPER2.
When proteasome inhibitors were omitted from the
reaction mixture, ubiquitylated mPER2 was hardly detect-
able, independent of whether or not mCRY1 protein was
present during the reaction. This indicates that ubiquityl-
ated mPER2 is degraded by the proteasome system in vitro.
Taken together, these in vivo and in vitro results show that
mCRY1 directly inhibits the ubiquitylation of mPER2.

mPER2 inhibits ubiquitylation of mCRY proteins
Since the levels of mCRY1 protein have been reported to
be severely affected in mPer2 knockout mice (Bae et al.,
2001), we ®rst examined the effect of mPER2 on
ubiquitylation of mCRY proteins in transiently transfected
COS7 cells (Figure 7A). When mCRY1 was co-expressed
with FLAG-tagged ubiquitin in the presence of MG132,
immunoprecipitated mCRY1 was weakly ubiquitylated. In
contrast, when a similar experiment was performed with
hCRY2, pronounced ubiquitylation of the protein was
observed. Next, we investigated the effects of co-expres-
sion of mPER2(full)±GFP on the ubiquitylation of CRY
proteins (Figure 7A). Despite the low level of ubiquityl-
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ated mCRY1 protein, co-expression with mPER2 caused a
small but signi®cant decrease in ubiquitylation of mCRY1.
Moreover, the presence of mPER2(full)±GFP dramatically
reduced the ubiquitylation of hCRY2. The ubiquitylation
of hCRY2 and the inhibitory effect of mPER2 thereon
were con®rmed using another anti-CRY2 antibody
(Figure 7B). When cells were grown in the absence of
proteasome inhibitors, the amount of ubiquitylated hCRY2
was reduced, likely as a result of degradation by the
proteasome. These data indicate that mPER2 inhibits the
ubiquitylation of mCRY proteins and ubiquitylated
hCRY2 can be degraded by the proteasome.

Finally, we studied the proteasome-dependent degrad-
ation of transiently expressed hCRY2 using a cell-free
degradation assay (Figure 7C). When the hCRY2-express-
ing COS7 cell lysate was incubated with ubiquitin-
expressing COS7 cell lysate at room temperature in the
absence of proteasome inhibitors, a time-dependent
disappearance of hCRY2 was observed, which was
virtually complete after 3 h. When the assay was
performed in the presence of MG132 or lactacystin, the
level of hCRY2 remained unaltered, indicating that,
similar to mPER2, hCRY2 is degraded by the proteasome
degradation machinery.

Fig. 6. Ubiqutin±proteasome-mediated degradation of mPER2 is inhibited by mCRY proteins. (A) mCry1/mCry2 double-mutant MEFs were cultured
in the absence (left) or presence (right) of MG132. After 5 h of MG132 treatment, the subcellular localization of endogenous mPER2 was determined
by immunocytochemistry with anti-mPER2 antibodies (top). Nuclei were stained using the DAPI method (middle). (B) Effect of mCRY1 on the
ubiquitylation of non-tagged mPER2 in COS7 cells transiently expressing mPER2 and FLAG-tagged ubiquitin and cultured in the absence or presence
of MG132. mPER2 was immunoprecipitated with anti-mPER2 antibodies and precipitates were examined for the presence of FLAG-tagged ubiquitin
by western blot analysis using anti-FLAG antibodies. (C) As (B), except that mPER2(full)±GFP and anti-GFP antibodies were used. (D) Dose
dependency of mCRY1- and hCRY2-mediated inhibition of mPER2 ubiquitylation. COS7 cells were co-transfected with a constant amount of
mPER2(full)±GFP and FLAG±ubiquitin and increasing amounts of either mCry1 or hCry2 expression constructs and cultured in the presence of
MG132. mPER2(full)±GFP was immunoprecipitated with anti-GFP antibodies and immunoblots of the precipitate were analyzed for the presence of
FLAG-tagged ubiquitin (top) with anti-FLAG antibodies. The amount of expressed mCRY was visualized by immunoblot analysis of the total cell
lysate with anti-mCRY1 (TD1119) or anti-mCRY2 (TD2206) antibodies (bottom). (E) Cell-free ubiquitylation of mPER2 in the absence or presence
of mCRY1. Total cell lysates of COS7 cells transiently expressing non-tagged mPER2, mCRY1 or FLAG-ubiquitin were mixed as indicated and
incubated at room temperature for 0, 60 or 120 min in the absence or presence of MG132 or lactacystin. The presence of ubiquitylated mPER2
in the incubation mixtures was determined by western blot analysis using anti-mPER2 antibodies. The presence of mCRY1 was con®rmed using
anti-mCRY1 antibodies.
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Discussion

The timing of nuclear accumulation of clock proteins,
constitutes an important step in the transcription±
translation feedback loop driving the circadian core
oscillator and is believed to be controlled by nuclear
localization mechanisms and protein turnover (Young and
Kay, 2001). In Drosophila, nuclear entry of the PER
protein requires complex formation with TIMELESS
(TIM) (Young, 1998). In mammals, nuclear import of
mPER2 has been suggested to involve the mCRY proteins,
as in cellular transfection experiments, nuclear accumula-
tion of exogenous mPER2 is facilitated by co-expression
of mCRY proteins (Kume et al., 1999). Yet, cells in the
piriform cortex (Shearman et al., 2000) from mCry-

de®cient mice show nuclear mPER2, indicating that
nuclear translocation of mPER2 can occur in the absence
of mCRY proteins. To understand the mechanism under-
lying the nuclear accumulation of the mPER2 protein and
solve the role of mCRY proteins therein, we have studied
the subcellular localization of GFP-tagged full-length and
truncated mPER2 proteins under various conditions in
transiently transfected COS7 cells as well as mCry1/
mCry2-de®cient MEFs.

We have identi®ed domains in the mPER2 protein
involved in subcellular localization of the mPER2 protein.
The primary structure of mPER2 has been reported to
include a putative bipartite NLS sequence in the middle
portion of the protein as well as PAS domains and a
putative CLD region (Shearman et al., 1997; Takumi et al.,

Fig. 7. mPER2 proteins inhibit mCRY1 and hCRY2 ubiquitylation. (A) Effect of mPER2 on the ubiquitylation of CRY proteins in COS7 cells
transiently expressing mouse CRY1, hCRY2, mPER2(full)±GFP and/or FLAG-tagged ubiquitin (as indicated) and cultured in the presence of MG132.
CRY proteins were immunoprecipitated with anti-CRY1 (TD1119) or anti-CRY2 (TD2206) antibodies and precipitates were examined by western blot
analysis using an anti-FLAG (top) antibody. Expression of mPER2±GFP was con®rmed by western blot analysis of total cell lysates using anti-
mPER2 antibodies (bottom). (B) As (A), except that another antiserum against CRY2 (RY1083) was used for immunoprecipitation and one cell lysate
was prepared from cells grown in the absence of MG132. Note the low levels of ubiquitylated mPER2 in the latter sample. (C) Cell-free degradation
of transiently expressed hCRY2. COS7 cell lysates were incubated at room temperature for the indicated time in the absence or presence of MG132
(50 mM) or lactacystin (50 mM). hCRY2 was visualized by western blot analysis using anti-CRY2 antibodies. Anti-actine antibodies were used as a
loading control.
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1998). Comparison of the subcellular localization patterns
of the various truncated mPER2±GFP fusion proteins
revealed that residues 596±881 (which include the
reported NLS region) are required for nuclear trans-
location of mPER2. This observation ®ts with a recent
deletion mutant study of the rat PER2 protein, identifying
a functional NLS at residues 778±794 (Miyazaki et al.,
2001). Interestingly, despite the absence of the NLS,
mPER2(1±381)±GFP, mPER2(1±460)±GFP and mPER2-
(882±1257)±GFP accumulate considerably in the nucleus
when cells are cultured in the presence of LMB, indicating
that these truncated mPER2 proteins have an alternative
way for nuclear entry. Although we do not exclude the
presence of unidenti®ed NLS sequences in the N- and
C-terminal regions of mPER2, the most likely interpret-
ation is that mPER2(1±460)±GFP and mPER2(882±
1257)±GFP can translocate into the nucleus via association
with other proteins. One such protein could be mPER3,
which we have previously shown to interact with and
promote nuclear translocation of mPER1 and mPER2 in
cells under serum-shock conditions (Yagita et al., 2000). It
is not known whether, and to what extent, co-transport
might contribute to nuclear localization of mPER2 under
physiological conditions.

Our localization studies with truncated mPER2 proteins
indicated that the N- and C-terminal regions must contain
domains that inhibit nuclear accumulation of mPER2.
Analysis of the primary amino acid structure of mouse and
human PER2 revealed the presence of three conserved
leucine-rich nuclear export signal domains, NES1 (LIR-
TLKELKV, residues 109±118), NES2 (LQLNLLQL,
residues 983±990) and NES3 (LTEQIHRLLM, residues
460±469), potentially allowing mPER2 to leave the
nucleus again via the CRM1/Exportin1 nuclear export
machinery. Substitution of hydrophobic amino acid resi-
dues in NES1 of full-length mPER2±GFP resulted in an
increased percentage of cells expressing the protein
exclusively in the nucleus. A less pronounced effect was
observed when NES2 or NES3 were mutagenized. This
suggests that all NES sequences in mPER2 are functional
and that NES1 might be more effective than NES2 and
NES3. Neither mutations in only one NES nor inactivation
of two out of three NES sequences (data not shown) could
completely abolish cytoplasmic localization of mPER2.
This suggests that the presence of only one functional NES
is suf®cient to allow nuclear export. Indeed, only simul-
taneous inactivation of all three NES sequences caused a
near complete loss of cells solely showing cytoplasmic
mPER2 and a strong increase in the percentage of cells
with nuclear mPER2 only. The active role of the NES
domains is further underscored by our observation that
treatment of transfected COS7 cells with LMB, an
inhibitor of CRM1/Exportin1-mediated nuclear export,
resulted in almost exclusive nuclear accumulation of pre-
existing mPER2, thereby providing direct evidence that
mPER2 can leave the nucleus via the nuclear export
system. Furthermore, in contrast to Drosophila PER (Saez
and Young, 1996), our data argue against a function of the
putative CLD in cytoplasmic accumulation of mPER2. In
conclusion, cytoplasmic localization of exogenously
expressed mPER2 protein in cultured mammalian cells is
controlled by NES sequences in mPER2 itself.

In principle, the presence of functional NLS and NES
sequences in the mPER2 allows the protein to con-
tinuously shuttle between the cytoplasm and nucleus.
Indeed, using a heterokaryon assay, in which NIH 3T3
cells containing nuclear GFP-tagged mPER2 were fused
with COS7 cells and subsequent redistribution of ¯uores-
cence was determined after release of a nuclear export
block, we have shown that pre-existing mPER2 can move
from one nucleus to the other. This is the ®rst demonstra-
tion of a clock gene shuttling between the cytoplasm and
the nucleus. The potential relevance of mPER2 nuclear±
cytoplasmic shuttling for clock functioning is discussed in
more detail below.

mPER2 has been reported previously to physically
associate with mCRY proteins (Grif®n et al., 1999; Kume
et al., 1999). We have shown that the mCRY1-binding
domain resides in the C-terminal region of mPER2
(between residues 917 and 1257), most likely in the last
100 residues of mPER2, as has been shown for rat PER2
(Miyazaki et al., 2001). However, nuclear translocation of
mPER2 does not per se require mCRY proteins since
(i) GFP-tagged full-length and truncated mPER2 are found
in nuclei of mCRY-de®cient mCry1/mCry2 mutant MEFs
and (ii) deletion of the mCRY-binding domain of mPER2
[as in mPER2(1±916)±GFP] does not abolish nuclear
localization of the protein. Although co-expression with
mCRY proteins did not signi®cantly alter the subcellular
distribution of truncated mPER2 proteins in mCry1/mCry2
double-mutant MEFs, mCRY1 could still considerably
enhance nuclear localization of mPER2(full)±GFP. This
indicates that although mPER2 can translocate in the
nucleus in an mCRY-independent manner, mCRY1
proteins promote nuclear accumulation of mPER2 via
another mechanism.

How can mCRY proteins affect the mPER2 levels in the
nucleus? mPER2 is not detected in the nucleus and
cytoplasm of SCN neurons of mCry1/mCry2 double-
mutant mice (Shearman et al., 2000), despite high levels of
the corresponding transcript in these tissues (Okamura
et al., 1999). This opens the possibility that synthesized
mPER2 is degraded in the absence of mCRY. Indeed,
endogenous mPER2 can be visualized in mCry1/mCry2
double-mutant MEFs after inactivation of the proteasomal
degradation pathway with MG132, showing that the
mPER2 protein is synthesized but rapidly degraded in
these cells. Degradation of proteins via the proteasome
pathway requires that target proteins are ®rst marked for
degradation by covalent attachment of ubiquitin moieties
(Ciechanover et al., 2000; Weissman, 2001). Here, we
have shown that transiently transfected COS7 cells express
low levels of ubiquitylated mPER2 protein, which strongly
increased when the proteasomal degradation machinery
was blocked. Taken together, these data show that in
overexpression studies as well as under physiological
conditions, mPER2 is degraded via the ubiquitin±
proteasome pathway.

Importantly, mPER2 ubiquitylation is reduced by
mCRY1 as well as hCRY2 in a dose-dependent manner.
This suggests that CRY proteins stabilize mPER2 by
preventing ubiquitylation and subsequent degradation of
the latter. A concept of mCRY-mediated protection of
mPER2 against ubiquitylation and degradation very much
resembles the mechanism of TIM-mediated PER stabiliz-
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ation in Drosophila. The ¯y PER protein is rapidly
degraded upon phosphorylation by DOUBLE-TIME
(Price et al., 1998). However, physical interaction with
TIM prevents the degradation of PER and, as a conse-
quence, promotes accumulation of the protein in the
nucleus (Kloss et al., 2001; Young and Kay, 2001). In
accordance with the above concept, the absence of nuclear
mPER2 in SCN neurons of mCry1/mCry2-de®cient mice
(Shearman et al., 2000) can now be explained in terms of
enhanced degradation, rather than impaired nuclear import
of the protein. In some tissues of mCry1/mCry2-de®cient
mice, such as neurons in the piriform cortex, mPER2 is
constitutively present in the nucleus (Shearman et al.,
2000). It might be that in these cells nuclear export,
ubiquitylation and/or proteasome-mediated protein
degradation is less ef®cient.

We have provided evidence that co-expression of
mPER2 (as well as HA-mPER1 and HA-mPER3; data
not shown) dramatically reduced the ubiquitylation of
hCRY2 at least. Thus, both proteins apparently mutually
protect each other against ubiquitylation and, as a
consequence, degradation. Interestingly, such a mechan-
ism can enhance robustness of protein oscillations and, in
principle, would even allow rhythmic expression of
proteins originating from constitutively expressed genes.
In fact, cycling of mCry2 mRNA in the mouse SCN and
cultured ®broblasts is very much blunted or even absent
(Okamura et al., 1999; Vitaterna et al., 1999; Yagita et al.,
2001), which is in marked contrast to the robust oscillation
of mCRY2 immunoreactivity in SCN cells (Kume et al.,
1999). As mCRY2 and mPER2 oscillate with nearly the
same phase (Kume et al., 1999), the robust oscillation of
mCRY2 localized in the nucleus could originate from
rhythmic protection against ubiquitylation/degradation by
cyclically available mPER2. The ability of interacting

clock protein partners to mutually protect each other from
degradation not only allows ampli®cation of the effect of
oscillating transcription, but can also synchronize oscilla-
tion of protein partners from genes that oscillate with a
(small) phase difference.

In conclusion, we have shown that the mPER2 protein
can shuttle between the cytoplasm and the nucleus and that
mCRY proteins promote nuclear accumulation of mPER2
by preventing ubiquitylation and subsequent proteasomal
degradation of the latter. A regulation mechanism using
shuttling and ubiquitylation has also been described for the
Mdm2-mediated degradation of the p53 tumor suppressor
protein (Boyd et al., 2000; Geyer et al., 2000; Zhang and
Xiong, 2001). Recently, it has been shown that the c-Abl
protein can prevent ubiquitylation and nuclear export of
p53 by Mdm2 and that c-abl null cells fail to accumulate
p53 following exposure to DNA damage (Vogt Sionov
et al., 2001). It is tempting to speculate that the mCRY-
mediated stabilization and nuclear accumulation of
mPER2 proceeds via a similar mechanism. Therefore,
we propose a working model (Figure 8) in which the
mPER2 protein shuttles between cytoplasm and nucleus.
In the cytoplasm, mPER2 can get ubiquitylated, ultimately
leading to its degradation via the proteasome pathway. To
date, it is not clear whether ubiquitylation of cytoplasmic
mPER2 occurs on free protein, depends on physical
interaction with other proteins or requires modi®cation of
the protein. It is interesting to note that human PER1 and
PER2 proteins can associate with CKIe and d and that
phosphorylation reduces the stability of the mPER1 and
mPER2 proteins (Keesler et al., 2000; Lowrey et al., 2000;
Camacho et al., 2001). Thus, phosphorylation might
facilitate ubiquitylation of mPER2 proteins, thereby
retarding the increase in mPER2 levels, but experimental
evidence is lacking so far. Once suf®cient amounts of

Fig. 8. Working model for mCRY-mediated nuclear accumulation of mPER2. Under normal conditions (A), newly synthesized mPER2 protein is
translocated into the nucleus. This process most likely involves the NLS sequence, but we cannot exclude the possibility that other proteins (but not
mCRY) can co-import mPER2 into the nucleus. Once in the nucleus, mPER2 is transported back to the cytoplasm via the CRM1/Exportin1 nuclear
export system. The protein keeps on shuttling between nucleus and cytoplasm until (i) mPER2 is ubiquitylated and subsequently degraded by the
proteasome system or (ii) the C-terminal region of nuclear mPER2 binds to mCRY1 or mCRY2, preventing nuclear export and allowing mPER2 to
perform its function. As such, nuclear±cytoplasmic shuttling, coupled to cytoplasmic and nuclear degradation of mPER2 by the ubiquitin±proteasome
system contributes to creating a phase delay between mPer2 mRNA and mPER2 protein peaks, characteristic for the transcription±translation-based
circadian feedback loop. It is possible that, analogous to the situation of mPER1, CKIe-mediated phosphorylation of mPER2 further promotes its
degradation. In the absence of mCRY proteins (B), mPER2 still shuttles between nucleus and cytoplasm but can not be retained in the nucleus,
leading to enhanced degradation of the protein by the ubiquitin±proteasome machinery. Although not indicated in the ®gure, the concentration of
mPER2 and CRY proteins may be controlled by ubiquitylation and the following degradation. mPER2, green; mCRY1, orange; mCRY2, blue,
CKIe.

mCRY-mediated nuclear accumulation of mPER2

1311



mCRY protein are synthesized and translocated into the
nucleus, mCRY will bind to the C-terminal region of
mPER2, thereby preventing or retarding nuclear export of
mPER2 again via the nuclear export system (possibly via
masking of NES2) and, as a consequence, slowing down
multi-ubiquitylation of mPER2 in the cytoplasm. This
model, in which mCRY acts at the level of nuclear export
rather than import of mPER2, explains very well the
apparent discrepancy between the ®nding that mCRY
proteins on the one hand are not required for nuclear
translocation (this study) and on the other hand can bind to
mPER2 and promote its nuclear accumulation (Kume
et al., 1999; this study). Interestingly, mCRY1 only
associates with the C-terminal region of mPER2. This
leaves NES1 and NES3 in the N-terminal and central
region of mPER2 as a potential targets for other proteins
that, in a way similar to mCRY proteins, may promote
nuclear accumulation of mPER2. In a previous study, we
have shown that a serum-shock promotes mPER2±mPER3
complex formation which enhances nuclear accumulation
of mPER2 (Yagita et al., 2000). It would be interesting to
investigate whether mPER3 could interact with the
N-terminal region of mPER2 and thereby preventing
ubiquitylation and degradation of mPER2 protein synthe-
sized after non-photic stimuli. Moreover, induction of
mPER2 protein in the SCN after a clock resetting light-
pulse during the subjective night is quite subtle, despite the
fact that mPer2 mRNA is strongly induced (Field et al.,
2000). This may be due to degradation of newly
synthesized mPER2, which can not be trapped by nuclear
mCRYs in light-responsive SCN cells.

One of the key features of the self-sustaining circadian
feedback loop is the phase delay of several hours between
mRNA and protein peaks for genes involved in the
circadian core oscillator (Dunlap, 1999; Young, 2000).
A mechanism of nuclear±cytoplasmic shuttling and
ubiquitin±proteasome-dependent degradation obviously
adds another level at which this delay can be modulated.
Examination of the predicted amino acid sequence of other
clock proteins revealed the presence of three putative NES
domains in mPER1 (residues 138±149, 489±498 and
981±988) and mPER3 (residuess 54±63, 399±408 and
913±920), all with conservation of the critical hydrophobic
amino acid residues (Fukuda et al., 1997). In addition,
human BMAL1 also contains two potential NES sequen-
ces (residues 105±114 and 124±134). It remains to be
determined whether the mechanism of nuclear±
cytoplasmic shuttling in conjunction with the ubiquitin±
proteasome system is restricted to the mPER2 protein or
whether it extends to other clock proteins. Similarly, it is
not known whether shuttling of mPER2 (and perhaps
other clock proteins) in combination with ubiquitin±
proteasome-mediated degradation is clock regulated or
whether it is a general mechanism involved in protein
stabilization. Given the parallel with the p53/Mdm2
system we favor the latter option. Ubiquitylation and
proteasomal degradation of clock proteins by itself is not a
new ®nding. Light-dependent proteasomal degradation of
TIMELESS has been described in Drosophila (Naidoo
et al., 1999). However, to our knowledge, this is the ®rst
example of the (light-independent) involvement of the
ubiquitin±proteasome pathway in the core mechanism of
the circadian oscillator.

Materials and methods

Plasmids
Enhanced GFP fusion constructs were made from pBSIImPer2,
containing the complete mPer2 cDNA cloned into the NotI site of
pBlueScript II (Takumi et al., 1998). For mPER2(full)±GFP, a PCR
fragment containing the complete coding sequence, in which the stop
codon was replaced by a BamHI site, was cloned into NheI±BamHI
digested pd2EGFP-N1 (Clontech). The sequence of the insert was veri®ed
for the absence of PCR-based errors. For mPER2(1±916)±GFP and
mPER2(1±460)±GFP, pBSIImPer2 was digested with SpeI±StuI and
SpeI±SacI, respectively and ligated into NheI±SmaI and NheI±SacI sites,
respectively, on pd2EGFP-N1. For mPER2(596±1257)-GFP and
mPER2(882±1257)-GFP, pBSIImPer2 was digested with KpnI±SalI and
EcoRI±SalI, respectively and ligated into pEGFP±C2 (Clontech).
HA-mPER2 was made via a PCR-based method as described previously
(Yagita et al., 2000). For full-length mPER2 without any tags, a NotI±SalI
cDNA fragment, spanning the complete coding sequence, was cloned into
NotI±SalI digested pTRE2 (Clontech). For HA-mCRY1, a HA tag was
fused to the 5¢ end of full-length mCry1 cDNA and cloned into
pcDNA3±Hyg (Invitrogen). For mCRY1 and hCRY2 expression vectors,
full-length cDNAs were cloned into pcDNA3 (Invitrogen) as described
previously (Yagita et al., 2000). The FLAG-tagged ubiqutin expression
construct was kindly provided by Dr Kazuhiro Iwai (Kyoto University,
Kyoto, Japan).

Site-directed mutagenesis
Amino acid substitutions in the mPER2 NES domains of mPER2(full)-
GFP were generated using a QuickChange site-directed mutagenesis kit
(Stratagene). Mutagenesis primers for the NES1 mutant were 5¢-GAT-
AAGGACCGCGAAGGAGGCGAAGGTCCACCTC-3¢ and its comple-
mentary strand, for the NES2 mutant 5¢-CTACAAGCTAACGCGG-
CTCAGGCAGAGGAGGCGCC-3¢ and its complementary strand and for
NES3 5¢-CTCACAGAACAAGCCCACCGGGCACTGATGCAGCC-3¢
and its complementary strand. The presence of the expected base pair
substitutions was con®rmed by DNA sequencing.

Cell culture
Wild-type and mCry1mCry2 double knockout MEFs, COS7, HeLa and
NIH 3T3 cells were cultured and transfected (using LipofectAMIN Plus
Reagent; Gibco BRL) as previously described (Yagita et al., 2000).
Nuclear export of proteins was studied by culturing cells for 2 h in the
presence of 10 ng/ml LMB (Sigma), an inhibitor of the CRM1/Exportin1
nuclear export system. In some experiments, de novo protein synthesis
was blocked 6 h prior to the start of LMB treatment by addition of CHX
(Sigma) to the culture medium at a ®nal concentration of 50 mg/ml. For
ubiquitylation studies, the proteasomal protein degradation machinery
was inhibited by culturing cells in the presence of 25 mM MG132
(Calbiochem). Changes in the subcellular distribution of GFP-tagged
proteins were statistically analyzed using the Chi square test.

Heterokaryon nuclear±cytoplasmic shuttling assay
Heterokaryon assays were performed as described (Borer et al., 1989; Wu
et al., 1999). Brie¯y, NIH 3T3 cells were transfected with a plasmid
encoding mPER2(1±916)±GFP. Seventeen hours after transfection, LMB
(10 ng/ml) was added to the culture medium. Five hours later, NIH 3T3
cells were trypsinized, mixed with an equal amount of LMB-treated (non-
transfected) HeLa cells and cultured for 3 h on glass cover slips in the
presence of LMB (10 ng/ml) and CHX (50 mg/ml). Thirty minutes before
cell fusion, the CHX concentration was increased to 100 mg/ml. Next,
cells were washed with phosphate-buffered saline (PBS), fused by
treatment with 50% PEG-4000 for 2 min and washed again with PBS.
Finally, cells were cultured in fresh medium containing 100 mg/ml of
CHX and in the presence or absence of 10 ng/ml LMB. Four hours later,
the cells were ®xed in 4% paraformaldehyde, immunostained by anti-
hERCC1-speci®c antibody to recognize HeLa cells and counterstained
with 4¢,6-diamidino-2-phenylindole (DAPI; nacalai tesque, Kyoto, Japan)
to visualize the nuclei. Samples were analyzed with a Zeiss Axiovert
microscope.

Immuno¯uorescence and immunoprecipitation
Immunocytochemistry was performed on cells ®xed with 4%
paraformaldehyde in PBS. To detect HA-mCry1 in transfected COS7
cells, we used a high af®nity anti-HA monoclonal antibody (1:1000;
Roche) and Cy3-conjugated anti-rat IgG antibody (1:800; Jackson
Immuno Research Laboratories) as primary antibody and secondary
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antibody, respectively. Endogenous mPER2 in mCry1/mCry2 MEFs was
detected using a rabbit mPER2 (af®nity puri®ed, 1:500; ADI) antibodies
followed by a Cy3-conjugated anti-rabbit IgG antibody (1:800; Jackson
Immuno Research Laboratories). We used DAPI (nacalai tesque; Kyoto,
Japan) for nuclear staining.

For (co)immunoprecipitation studies, transfected cells were harvested
in 300 ml of immunoprecipitation (IP) buffer (50 mM Tris±HCl pH 7.5,
150 mM NaCl, 1% NP-40) and incubated on ice for 15 min. After
centrifugation, lysates were incubated with anti-mPER2 (ADI), anti-GFP
(Clontech), anti-mCRY1 and anti-mCRY2 (TD1119 and TD2206
respectively; kindly provided by Dr T.Todo, Kyoto University, Kyoto,
Japan) or anti-mCRY2 antibodies (RY1083) in the presence of protein A
agarose (Roche) for 2 h at 4°C with rotation. Samples were washed three
times with IP buffer, boiled at 100°C for 3 min, separated by SDS±PAGE
on a 6.5% gel and transferred to a PVDF membrane. Next, immunoblot
analysis was performed using the various antibodies at a 1:2000 dilution
(as indicated in the ®gures), except for anti-FLAG M2 antibodies
(monoclonal; Sigma), which were used at a 1:500 dilution. As secondary
antibodies, we used horseradish peroxidase-conjugated anti-rabbit IgG
(Amersham), anti-mouse IgG (Amersham) and anti-rat IgG (Santa
Cruz) at a 1:2000 dilution. Chemiluminescence was performed using
Renaissance western blot reagent plus (NEN).

Cell-free ubiquitylation and degradation assay
For the cell-free ubiquitylation or degradation assay, COS7 cells
independently expressing either mPER2, ubiquitin-FLAG or mCRYs
were harvested in ubiquitylation reaction buffer (5 mM MgCl2, 10 mM
ATP, 50 mM HEPES pH 7.5, 40 mM KCl, 1% NP-40, 100 mM PMSF).
Total cell lysates were mixed in various combinations (as indicated in
Figures 6 and 7), divided over ®ve tubes and incubated at room
temperature for the indicated time in the absence or presence of 50 mM
MG132 (Sigma) or 50 mM lactacystin (Calbiochem). After the
incubation, lysates were subjected to western blot analysis.
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