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Mammalian PERIOD2 protein (PER2) is the product of a clock gene that controls circadian rhythms,
because PER2-deficient mice have an arrhythmic phenotype. The nuclear entry regulation of clock gene
products is a key step in proper circadian rhythm formation in both Drosophila and mammals, because the
periodic transcription of clock genes is controlled by an intracellular, oscillating, negative feedback loop. The
present study used deletion mutants of rat PER2 (rPER2) to identify the functional nuclear localization signal
(NLS) in rPER2. The elimination of putative NLS (residues 778 to 794) from the rPER2 fragment resulted in
the loss of nuclear entry activity. Adding the NLS to the cytosolic protein (bacterial alkaline phosphatase)
translocates the fusion protein to the nuclei. The data indicate the presence of a functional NLS in rPER2.
Furthermore, intact rPER2 was preferentially translocated from the cytoplasm to the nucleus when coex-
pressed with human CRY1 (hCRY1). However, rPER2 mutants lacking a carboxyl-terminal domain could not
enter the nucleus even in the presence of hCRY1. In addition, coexpression of the nuclear localization domain
(residues 512 to 794) lacking rPER2 and CRY1 changed the subcellular localization of CRY1 from the nucleus
to the cytoplasm. In vitro protein interaction studies demonstrated that the carboxyl-terminal domain of
rPER2 is essential for binding to CRY1. The data suggested that both the rPER2 NLS and carboxyl-terminal
CRY binding domain are essential for nuclear entry of the rPER2-CRY1 complex.

Circadian rhythms in organisms ranging from bacteria to
humans are driven by endogenous biological clocks that regu-
late many biochemical, physiological, and behavioral processes
with approximate 24-h periodicity (3). Three mammalian pe-
riod genes (per1, per2, and per3) that resemble the clock-regu-
lating gene of Drosophila melanogaster, period (per) (1, 19,
21–23, 29), have been cloned. Structural similarity indicated
that the mammalian genes are components of a central oscil-
lating mechanism. Transcript levels of all three per genes os-
cillate in the hypothalamic suprachiasmatic nucleus (SCN),
where the principal mammalian circadian oscillator lies (8), as
well as in peripheral tissues (2, 6, 15, 29). Among the three
putative mammalian homologues, the per2 gene encodes a
functional component of the mammalian clock, because
mPER2brdm1 mutant mice lose circadian rhythms 2 weeks after
release into constant darkness (28).

Circadian clocks are also apparently located in the periph-
eral tissues of mammals that are synchronized by the SCN (2,
6, 15, 22, 23). In both SCN and peripheral tissues, clock-related
gene products including PER proteins precisely oscillate, and
this oscillation is required to generate circadian rhythms (4, 10,
13, 17). Even in cultured cells, serum shock can induce the
rhythmic expression of clock genes and clock-controlled genes
(2), indicating that individual cells contain a set of molecules
that drive their own oscillator.

Molecular dissection has revealed that circadian oscillation

is driven by a transcription- and translation-based negative
feedback loop, wherein positive elements induce the expres-
sion of negative regulators that in turn inhibit the transactiva-
tion of positive regulators (3). Thus, the timing of nuclear entry
is critical to maintain the correct time of the biological clock in
both Drosophila and mammals. In Drosophila, Drosophila PER
(dPER) and dTIMELESS (dTIM) are located in the nuclei of
pacemaker cells at night but not during the day. These two
molecules accumulate in the cytoplasm until heterodimeriza-
tion, which is a trigger for the nuclear entry of this complex
that inhibits CLOCK/BMAL transactivation after dPER/dTIM
expression decreases (14).

Mammalian PER proteins localize in the nucleus of SCN
cells (5) and partially inhibit CLOCK-BMAL-dependent trans-
activation (7), which may proceed in the nucleus. Mammalian
CRY proteins (CRY1 and CRY2), which were originally con-
sidered blue-light photoreceptors (cryptochromes), are essen-
tial components of the central clock mechanism, because mice
lacking both murine CRY1 (mCRY1) and mCRY2 completely
lose circadian rhythms (25). Kume et al. found that mCRY1
and mCRY2 form a complex with mouse PERs (mPERs) and
appeared to facilitate the nuclear entry of mPERs (10). How-
ever, the nuclear entry mechanism and the binding domain of
this complex have not been clarified. Another report suggested
that nuclear entry can be accomplished by serum shock-in-
duced heterodimerization of mPER1 and mPER2 with
mPER3 (27). On the other hand, the phosphorylation of PER
proteins by casein kinase Iε can modulate the nuclear localiza-
tion of mPER1 and mPER3 but not of mPER2 (20, 26). These
findings indicate that the pathway by which mPERs enter the
nucleus is more complicated than that of Drosophila (14).

The domain structures of PER2 protein are predicted from
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the primary sequence. Based on the similarity of sequences to
dPER, mammalian PER2 has PAS (PER-ARNT-SIM) do-
mains near the amino terminus, which can interact with and
regulate the activity of PAS domain transcriptional factors,
such as CLOCK and BMAL (1, 15, 21). The region similar to
the dPER cytoplasmic localization domain is located at the
carboxyl region of the PAS domain (21). The nuclear localiza-
tion signals (NLS) in mPER1 (26) and mPER3 (27) have been
identified; the functional NLS in mPER2 remains unknown.
Computer-aided motif prediction programs show a bipartite-
type NLS in mPER2 and rat PER2 (rPER2) (15, 18).

Therefore, the nuclear entry mechanism of rPER2 was stud-
ied intensively by making deletion constructs. First, we devel-
oped systems with which to express truncated rPER2 protein in
COS-1 cells and identified the sequence required for its nu-
clear localization. The nuclear import of cytosolic protein
tagged with rPER2 NLS was observed. Coexpression of rPER2
with human CRY1 (hCRY1) induced the nuclear localization
of both proteins. Deletion at the nuclear localization domain
(NLD), which includes the NLS at the C terminus or carboxyl-
terminal domain inhibited rPER2 nuclear localization facili-
tated by hCRY1. Subcellular localization analysis of hCRY1
and binding assays of each protein showed that the carboxyl-
terminal domain of rPER2 is necessary for binding CRY1 and
that the NLD of rPER2 is important in establishing the nuclear
accumulation of both rPER2 and hCRY1.

MATERIALS AND METHODS

Construction of plasmids for overexpression. To generate the rPER2 expres-
sion plasmid, cDNA encoding rPER2 (GenBank accession no. AB016532 [15])
was subcloned into the CAG-promoter-driven expression vector pCXN2 (a gift
from J. Miyazaki [12]). The precise deletions of rPER2 were achieved using
conventional restriction enzyme digestion and ligation. The FLAG-tagged car-
boxyl-terminal fragment of rPER2 was generated by excising the MroI-to-BglII
(acids 1638 to 3878) or MroI-to-SmaI (acids 1638 to 3576) fragments of pCXN2-
rPER2 and blunting and re-ligating them into the SmaI site of pFLAG-CMV2
(Sigma). The NLD and CRY1 binding domain fragments were amplified using
oligonucleotides with EcoRI or BamHI sites and were sequenced and ligated into
pFLAG-CMV2. rPER2 NLS insertion into the carboxyl-terminal end of bacterial
alkaline phosphatase (BAP) was carried out by PCR amplification with oligo-
nucleotides containing rPER2 nucleotide sequences coding the NLS. All con-
structs were verified by sequence analysis. hCRY1 was expressed by the plasmid
pcDNA3.1-His (Invitrogen) containing the coding region for hCRY1 (GenBank
accession no. NM004075). This expression plasmid was a gift from T. Todo.

Cell culture and transfection. COS-1 cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum and antibi-
otics in 5% CO2. Cells were seeded in 6- or 12-well plates, were cultured
overnight to 30 to 50% confluence, and were then transfected with 1 or 0.5 �g of
total plasmid DNA, respectively, using Fugene6 (Roche) according to the man-
ufacturer’s instructions. After 48 h, transfected cells were assayed as described
below.

To determine the molecular sizes of overexpressed proteins, transfected cells
were rinsed with phosphate-buffered saline (PBS) twice, lysed with sodium do-
decyl sulfate (SDS) sample buffer, resolved by SDS-polyacrylamide gel electro-
phoresis, and transferred onto ProBlots (Applied Biosystems). The blots were
blocked with 3% nonfat milk and were incubated with antibodies for 1 h at room
temperature. After three rinses with 0.05% Tween 20 in PBS (T-PBS), proteins
were detected using goat anti-rabbit or anti-mouse immunoglobulin G (IgG)
antibody conjugated with horseradish peroxidase combined with enhanced
chemiluminescence (NEN).

Immunocytochemistry. Cells were cultured on glass coverslips in 12-well plates
and were then transfected as indicated above. The cells were then rinsed once
with PBS, fixed with 4% paraformaldehyde for 30 min, and permeabilized with
0.05% Triton X-100 in PBS including 300 nM 4�,6�-diamidino-2-phenylindole
(DAPI) (Sigma) for 15 min. After two washes with PBS, cells were blocked with
5% bovine serum albumin for 30 min at room temperature. Anti-rPER2 anti-

serum (a gift from T. Nagase), anti-FLAG antibody (M2; Sigma), and/or anti-
Xpress antibody (Invitrogen) were diluted in blocking solution and were incu-
bated with the cells for 1 h at room temperature. The cells were then washed
three times with T-PBS and incubated with fluorescein isothiocyanate- and/or
rhodamine-conjugated secondary antibody. Coverslips containing the stained
cells were washed with T-PBS and were mounted for fluorescence microscopy.

Coimmunoprecipitation. Coimmunoprecipitation proceeded as described by
Kume and colleagues (10) with some modifications. Forty-eight hours after
transfection, cells in six-well plates were washed twice with PBS, were lysed with
lysis buffer (150 mM NaCl, 5 mM EDTA, 0.5% NP-40, and 50 mM Tris-HCl [pH
7.5]) including protease inhibitor cocktail tablets (Complete; Roche) on ice for
30 min, and were then clarified by centrifugation for 10 min at 15,000 � g.

Protein A/G agarose beads (Santa Cruz Biotechnology, Inc.) were incubated
with anti-rPER2 antibodies for 1 h at 4°C; then antibody-conjugated beads were
collected by centrifugation, rinsed twice with PBS, and resuspended in lysis
buffer. Protein A/G agarose-antibody complexes were incubated with the clari-
fied cell lysate overnight at 4°C. Subsequently, beads were washed for 10 min at
4°C three times and boiled in 2� SDS sample buffer. Bound proteins were then
eluted.

The supernatant was separated by SDS-polyacrylamide gel electrophoresis and
immunoblotted against anti-rPER2 antiserum (1:2,000), anti-FLAG M2 antibod-
ies (1:5,000), or anti-Xpress antibody (1:5,000) as described above.

RESULTS

Identification of region essential for nuclear localization of
rPER2. Although the primary structure of rPER2 shows a
bipartite NLS in the central domain of rPER2 (residues 778 to
795), whether or not this putative sequence is functional re-
mains unknown. To identify the precise molecular feature re-
quired for the nuclear entry system of rPER2, we expressed a
series of deleted rPER2 proteins (Fig. 1A) and determined
their subcellular localization in COS-1 cells.

Immunoblotting the overexpressed deletion proteins re-
vealed that the predicted sizes of proteins were expressed in
COS-1 cells (Fig. 1B). Figure 1C shows that full-length rPER2
predominated in the cytoplasm as reported in mPERs (10, 26,
27). Two deletions that included a mutant lacking a carboxyl-
terminal domain (residues 1 to 1157) and an amino-terminal
half-clone (residues 1 to 512) of rPER2 were also localized in
the cytoplasm (Fig. 1C and D). In contrast, 1–794 and 512–
1257 were located in the nuclei of 96.3 and 87.5% of trans-
fected cells, respectively (Fig. 1C and D). These findings indi-
cated that a region important for nuclear translocation, the
NLD, is located between acids 512 and 794. The deletion of
amino acids 998 to 1257 (1–997) intermediately affected local-
ization (Fig. 1C and D), suggesting that the C-terminal domain
affects the function of nuclear entry. Lacking the amino-termi-
nal portion (residues 1 to 511) or carboxyl-terminal region
(residues 795 to 1257) of NLD led to the facilitation of rPER2
mutants’ nuclear entry, indicating that both portions are mask-
ing the NLD function of rPER2.

To narrow down the NLS region, we then expressed several
FLAG-tagged constructs around the NLD region (Fig. 2A).
The expressed proteins from two constructs (512–794 and 638–
794) were localized in the nucleus, but 512–644 was found in
the cytoplasm (Fig. 2C and D). In contrast to the nuclear
localization of 638–794, the fragment of 638–777, lacking the
predicted rPER2 NLS (778–794), was enriched in the cytoplas-
mic compartment.

In order to show the ability of active nuclear transport of the
predicted NLS of PER2, we inserted the NLS (778–794) into
the C-terminal end of FLAG-tagged BAP (BAP-NLS, Fig.
2A). BAP-NLS was translocated in the nucleus, while BAP was
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FIG. 1. Subcellular localization of truncated rPER2 mutants in COS-1 cells. (A) Diagrammatic representation of constructs used to identify the
rPER2 NLD. PAS-A, PAS-B, and the putative bipartite NLS are shown as shaded and solid boxes. (B) Confirmation of the size of proteins
expressed in COS-1 cells determined by immunoblotting. Sizes are indicated in kilodaltons. Anti-rPER2 antiserum was the first antibody. (C)
Representative micrographs show the subcellular localization of rPER2. COS-1 cells were transiently transfected with truncated constructs 1–1257,
1–1157, 1–997, 1–794, 1–512, and 512–1257. Forty-eight hours later, cells were fixed and expressed proteins were visualized using anti-rPER2
antiserum and fluorescein isothiocyanate-conjugated secondary antibody. (D) Quantitative analysis of the above. Subcellular localization was
categorized as cytoplasm, cytoplasm and nucleus, and nucleus. The ratio of cells with predominant localization to the total transfected cells was
determined by counting 50 to 100 cells three to five times in each experiment under light microscopy.
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FIG. 2. Expression of NLDs of rPER2 and rPER2 NLS-tagged BAP (NLS-BAP). (A) Schematic diagrams of four constructs covering the NLD
of rPER2. All fragments were tagged with FLAG at the amino terminus. rPER2 NLS was inserted at the carboxyl terminus of BAP. (B) The
molecular size in kilodaltons of FLAG-tagged NLD fragments and BAP fragments was confirmed by immunoblotting using anti-FLAG M2
monoclonal antibody. (C) Subcellular localization of rPER2 NLD mutants (512–794, 512–644, 638–794, and 638–777) expressed in COS-1 cells and
examined by immunofluorescence microscopy. Fragments of rPER2 NLD mutants were stained with a combination of anti-FLAG monoclonal
antibody M2 and fluorescein isothiocyanate-conjugated anti-mouse IgG (green, left panels), and nuclei were visualized with DAPI (blue, right
panels). The distribution of NLS-BAP and BAP was also confirmed as described above. (D) Quantitative analysis of above as described in the
legend for Fig. 1D.
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retained in the cytoplasmic region as we expected (Fig. 2C and
D). Thus, we concluded that the latent rPER2 nuclear local-
ization feature is derived from the sequence of acids 778 to 794
rather than through coordination with another domain and
that the predicted rPER2 NLS is functional.

Role of two rPER2 domains in nuclear localization of rPER2
by CRY1 coexpression. We surmised that the masking of
rPER2 NLD would be disrupted by either binding or interac-
tion with a partner molecule that modulates rPER2 nuclear
entry like mCRY1 and mCRY2 (10). Moreover, whether or
not the nuclear entry of mPERs with mCRYs is regulated by
the NLS in PERs remained unknown. Thus, we coexpressed
deletion mutants of rPER2 with hCRY1 and examined their
subcellular localization.

Intact rPER2 proteins coexpressed with hCRY1, rPER2
predominantly localized in the nucleus (Fig. 3A; 1–1257;
89.3% of transfected cells). Deletion of the carboxyl-terminal
domain (1157–1257) changed the subcellular localization of
rPER2 from the nucleus to the cytoplasm (Fig. 3C; 1–1157).
Subcellular distribution of the other deletion mutants (Fig. 1A)
was not affected by coexpression with hCRY1 (data not
shown). These data suggested that the carboxyl-terminal do-
main is important for the nuclear localization of rPER2 in the
presence of hCRY1. Furthermore, rPER2 lacking the NLD
(Fig. 3A; 1–1257; �512–794) also caused the cytoplasmic re-
tention of rPER2 (Fig. 3C; 92.1% of transfected cells). These
findings suggested that the NLD of rPER2 is also important in
deciding the nuclear entry of rPER2.

Role of carboxyl-terminal domain of rPER2 in nuclear lo-
calization of rPER2-CRY1 complex. When singly expressed in
COS-1 cells, hCRY1 was distributed in the nucleus (data not
shown). We examined the localization of hCRY1 in COS-1
cells cotransfected with rPER2 deletion mutants. When
hCRY1 was transfected with full-length rPER2 (1–1257) or
carboxyl-terminal domain lacking rPER2 (1–1157), the nucleus
became predominantly enriched with hCRY1 (Fig. 4). On the
other hand, rPER2 localization differed between 1–1257 and
1–1157 (Fig. 4), which were enriched in the nucleus and cy-
tosol, respectively, suggesting that the carboxyl-terminal do-
main is the binding domain of rPER2 for CRY1. hCRY1
coexpressed with 1–1257 �512–794, which lacks rPER2 NLD,
accumulated in the cytoplasm (72.91% of transfected cells).
Furthermore, 1–1157 �512–794, which lacks both NLD and
the carboxyl-terminal domain, did not affect the nuclear entry
of hCRY1 (Fig. 4). These data also indicated that the carboxyl-
terminal domain of rPER2 is the hCRY1 binding site and
suggested that after hCRY1 binds to rPER2, the NLD of
rPER2 is essential for the nuclear translocation of the rPER2-
hCRY1 complex.

Binding domain of rPER2 to hCRY1. To determine whether
or not the effect of rPER2 mutants on hCRY1 localization is
due to the ability of each molecule to bind CRY1, we analyzed
the binding activity of rPER2 mutants with hCRY1 using co-
immunoprecipitation. The lysates from cells of cooverex-
pressed rPER2 mutants and Xpress-tagged hCRY1 was incu-
bated with anti-rPER2 antibody-protein A/G agarose complex.
The precipitated immunocomplexes were analyzed by immu-
noblotting with anti-rPER2 antibody and anti-Xpress antibody.
Intact rPER2 and all mutants containing a carboxyl-terminal
domain bound to hCRY1 (1–1257, 1–1257 �512–794, and 512–

1257), while all deletions lacking the carboxyl-terminal domain
of rPER2 lost the ability to bind hCRY1 (1–1157, 1–1157
�512–794, and 512–1157) (Fig. 5A and B).

We then constructed and overexpressed the three FLAG-
tagged clones (1157–1257, 512–1257, and 512–1157) in COS-1
cells. Binding to hCRY1 was tested by coimmunoprecipitation
with anti-FLAG antibody. The results showed that the minimal
region of rPER2 required for binding hCRY1 was located in
clone 1157–1257 (Fig. 5C). The data indicate that the carboxyl-
terminal region (1157–1257) of rPER2 is the binding domain
to hCRY1. These data easily explain the cytoplasmic colocal-
ization of hCRY1 and rPER2 in Fig. 4A.

DISCUSSION

The present study focused on the nuclear entry mechanism
of rPER2 and identified its latent functional NLS at acids 778
to 794; that NLS has been identified as the putative bipartite-
type NLS. The full length of rPER2 overexpressed in COS-1
cells was predominantly distributed in the cytoplasm, like
mPERs in COS-7 and NIH 3T3 cells (10, 27). However, the
truncated mutagenesis of rPER2 (1–794 and 512–1257) pro-
moted nuclear entry. Furthermore, the putative NLS deletion
inactivated the nuclear localization of the rPER2 fragments,
and BAP tagged with rPER2 NLS promoted the nuclear trans-
location of the molecule. The bipartite-type NLS in rPER2 is
well conserved in mPER2 and in hPER2 at similar positions (1,
6, 11, 15, 18, 21). In the PER1 sequence, no obvious NLS was
found, but the functional NLS was identified at the corre-
sponding region to rPER2 NLS (26). In contrast, PER3 con-
tains a simian virus 40 large-T-antigen type of NLS at the
corresponding region, which is functional (26, 27).

The NLS appeared to be masked by two other regions (1–
511 and 795–1257), and the deletion of masking regions may
activate the nuclear translocating function (Fig. 1). Shearman
et al. showed that mPER2 435–1257 could not enter into the
nucleus (17), while our N-terminal deletion clone (512–1257)
showed nuclear localization. We speculate that the domain for
masking the NLS function or the portion for cytosolic retaining
activity like NES may locate between residues 435 and 512.
Furthermore, mPER2brdm1 (missing residues 348 to 434) could
not be translocated in the nucleus, irrespective of the presence
of mCRY1 (17). Because our results suggest that mPER2brdm1

can bind with mCRY1, the arrhythmic phenotype of
mPER2brdm1 (28) may be caused by the inhibition of proper
nuclear translocation of CRY proteins.

Kume et al. reported that mCRY1 and mCRY2 are nuclear
proteins that interact with all three mPER proteins and trans-
locate them from the cytoplasm to the nucleus (10). Constitu-
tively overexpressed hCRY1 also localized in the nucleus (data
not shown) like mCRY proteins (9, 10, 24) and promoted the
nuclear entry of full-length rPER2 but failed to translocate
rPER2 with a truncated carboxyl-terminal domain (Fig. 3). In
fact, other reports also suggest that the amino-terminal half-
region is not important for the nuclear translocation of
mPER2 and mCRY proteins (17). Furthermore, our binding
assays showed that the carboxyl-terminal domain was essential
for rPER2 to bind hCRY1 followed by nuclear translocation.
Recombinant rPER2 protein lacking the NLD did not enter
the nucleus, even when coexpressing hCRY1 in COS-1 cells.
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FIG. 3. Role of two rPER2 domains in nuclear localization by CRY1 coexpression. (A) Schematic representation of truncated rPER2
constructs. The position of the rPER2 NLD is shown by shaded boxes as PAS-A and PAS-B. The putative NLS is shown as a solid box. Internal
portion of constructs 1–1257 �512–794 and 1–1157 �512–794, containing NLD, was deleted (amino acids 512 to 794, dotted line). The
carboxyl-terminal portion of clones 1–1157 �512–794 was also deleted to form clone 1–1157. (B) Molecular size in kilodaltons of clones with a
truncation of the NLD was confirmed by immunoblotting using anti-rPER2 polyclonal antibody. (C) Full-length (1–1257) or truncated (1–1157 and
1–1257 �512–794) clones with a deletion of rPER2 were cotransfected with hCRY1-pcDNA3.1-His (right panels, � hCRY1) in COS-1 cells.
Control used the mock vector, pcDNA3, instead of hCRY1-pcDNA3.1-His (left panels, � pcDNA3). Localization was examined by immunocy-
tochemistry using anti-rPER2 antibody. (D) Quantitation of above as described in the legend for Fig. 1D.
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Moreover, hCRY1 was also retained in the cytoplasm like
rPER2 with a deletion of the NLD. This indicated that the
rPER2 NLD, which becomes functional after binding with
hCRY1, is essential for nuclear localization of the rPER2-
hCRY1 complex. We speculate that the binding of hCRY1 to
rPER2 changes the conformation of rPER2 and exposes the
NLD to render it functional in translocating the complex to the
nucleus.

The rat TIM-like protein (rTLP) homologous to dTIM (a
partner in dPER nuclear translocation) was a candidate to
expose rPER2 NLS like dTIM (14). However, rTLP did not
influence the subcellular localization of rPER2 (16), in agree-
ment with the results of other studies using mPER and mTIM

(10). It is likely that CRYs play more important roles in the
nuclear translocation of rPER2 than does rTLP.

When singly overexpressed in COS-1, hCRY1 was distrib-
uted in the nucleus (data not shown). However, hCRY1 lo-
cated in the cytosol after coexpressing rPER2 with a deletion
of the NLD. The sequence in rPER2 appeared to be abler to
perform nuclear translocation than that in hCRY1.

Several pathways for the nuclear entry of mammalian PERs
have been reported. Kume et al. found that mCRY proteins
act as dimerization partners for the nuclear localization of
mPER1, mPER2, and mPER3, with activity that is more ef-
fective on mPER1 and mPER2 than on mPER3 (10). The
present study revealed details of the interaction mechanism

FIG. 4. Subcellular distribution of hCRY1 is affected by cotransfection with rPER2 mutants in COS-1 cells. (A) Full-length (1–1257) and
deletion clones truncated at NLDs and/or the carboxyl-terminal portion were coexpressed with Xpress-tagged hCRY1. Transfected cells were triply
stained with anti-rPER2 antibodies (green), anti-Xpress antibodies (red), and DAPI (blue). Anti-Xpress antibodies recognized recombinant hCRY
and DAPI-stained nuclei. (B) Quantitative analysis of experiment shown in Fig. 4A as described in the legend for Fig. 1D.
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between rPER2 and hCRY1 and suggests that hCRY1 trans-
locates rPER2 to the nucleus by binding and inhibiting its
ability to mask the rPER2 NLD. On the other hand, Yagita et
al. demonstrated that the nuclear translocation of mPER1 and
mPER2 is accelerated by serum shock after binding mPER3
(27), although the effect of mPER3 on the nuclear entry of
mPER2 was weaker than that of mPER1. Casein kinase Iε
modulates the nuclear translocation of mPER1 and mPER3
but not of mPER2 (20, 26). Thus, CRY appears to be the main
partner involved in the nuclear translocation of PER2.

In the SCN of mCry1-mCry2 double-knockout mice, mPER1
weakly localizes in the nucleus (17, 27), whereas mPER2 does
not accumulate in the nuclei of SCN neurons (17). Our results
are consistent with these findings in that at least the nuclear

translocation of PER2 will be mainly regulated by the CRY
protein through direct binding.

The CRY1 binding domain of rPER2 shows higher homol-
ogy with that of mPER2 but less with that of hPER2 and the
PER subfamily, including PER1 and PER3. All mammalian
PER proteins bind CRY proteins (10), suggesting that the
1156-to-1175 region, which is highly homologous to other PER
proteins, is important for binding CRY proteins.

mCRY proteins are temporally expressed in the nucleus of
SCN neurons, and the expression profile is synchronized with
the accumulation of PER1 and PER2 in the nucleus (5, 10).
The CRY proteins inhibit per1-promoter-driven reporter
transactivation by the CLOCK-BMAL complex in NIH 3T3
cells (10). This inhibition might proceed in the nuclei of SCN
neurons in vivo. Our conclusion that the NLS of rPER2 is
essential for the nuclear entry of CRY1 indicates that PER2
plays an important role in the nuclear translocation of CRY,
which may regulate the negative-feedback loop of the core
circadian clock mechanism.
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