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The mammalian circadian clock component PERIOD2
(PER2) plays a critical role in circadian rhythm entrainment.
Recently, a missense mutation at a putative phosphorylation site
in hPER2, Ser-662, was identified in patients that suffer from
familial advanced sleep phase syndrome (FASPS). Patients with
FASPS display abnormal sleep-wake patterns characterized by a
lifelong pattern of sleep onset in the early evening and offset in
the early morning. Although the phosphorylation of PER?2 is
strongly implied from functional studies, it has not been possi-
ble to study the site-specific phosphorylation of PER2 on Ser-
662, and the biochemical functions of this residue are unclear.
Here, we used phospho-specific antibodies to show that PER2 is
phosphorylated on Ser-662 and flanking casein kinase (CK) sites
in vivo. The phosphorylation of PER2 was carried out by the
combined activities of casein kinase 16 (CK1 &) and casein
kinase 1€ (CK1e€) and was antagonized by protein phosphatase 1.
PER2 phosphorylation was rapidly induced in response to circa-
dian entrainment of mammalian cell lines and occurred in both
cytosolic and nuclear compartments. Importantly, we found
that the pool of Ser-662-phosphorylated PER2 proteins was
more stable than the pool of total PER2 molecules, implying that
the FASPS phosphorylation cluster antagonizes PER2 degrada-
tion. Consistent with this idea, a Ser-662 — Ala mutation that
abrogated PER2 phosphorylation significantly reduced its half-
life, whereas a phosphomimetic Ser-662 — Asp substitution led
to an elevation in half-life. Our combined findings provide new
insights into PER2 regulation and the biochemical basis of
FASPS.

Circadian rhythms refer to the roughly 24-h periodicity of
biochemical and physiological processes in light-sensitive
organisms. These rhythms are synchronized by external envi-
ronmental cues such as the light/dark cycle or a temperature
cycle and serve to regulate processes as diverse as sleep-wake
cycles, nutrient metabolism, immunity, and cellular division
(reviewed in Refs. 1-3). The biochemical machinery regulating
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rhythm generation in vertebrates is conserved across evolution
and, at its core, is comprised of an oscillatory transcriptional
feedback circuit (1). In Drosophila, this feedback circuit con-
sists of two positive regulators from the basic helix-loop-helix
family of transcription factors, CYCLE (CYC)® and CLOCK
(CLK), and negative regulators PERIOD (PER) and TIMELESS.
Heterodimeric complexes of CYC-CLK bind to E-box promoter
sequences and drive the expression of a variety of genes regu-
lating the circadian clock, including those of per and tim. Newly
synthesized PER-TIMELESS complexes accumulate in the
cytoplasm before translocating to the nucleus, where PER
inhibits CYC-CLK activity and completes the feedback loop (1).
In mammals, structurally conserved proteins play similar, if
only more complex roles in regulating the central feedback cir-
cuit (1-3). In mammals, CLOCK and BMALL transcription fac-
tors play a role analogous to the CYC-:CLK complex, driving
expression of Cryptochrome (Cry) and Period (Per) genes, the
products of which inhibit CLOCK-BMAL activity. The exis-
tence of functionally overlapping homologous genes for Per
(Perl, Per2, and Per3) and Cry (Cryl and Cry2) imparts addi-
tional complexity to the mammalian circadian oscillator (2).
Reversible protein phosphorylation events also play an
essential role in the regulation of the circadian cycle (4 - 6). The
initiation of a new circadian cycle in Drosophila and mammals
is accomplished through phosphorylation-dependent degrada-
tion of inhibitory PER proteins (5, 7, 8). Phosphorylation of the
PER proteins is carried out by members of the casein kinase 1
(CK1) family, including DOUBLE-TIME (DBT) in Drosophila
and casein kinase 16 (CK16) and casein kinase 1€ (CKle) in
mammals (5, 6). In mammals, the CKle- or CK18-dependent
phosphorylation of PER1 and PER2 recruits the F-box protein
B-TRCP, which stimulates the ubiquitylation and proteasome-
dependent degradation of both proteins (7-9). On the other
hand, phosphorylation-mediated degradation of PER1/PER?2 is
antagonized by the PP1 and PP2A families of protein phospha-
tases (10, 11). The significance of post-translational modifica-
tions in the regulation of clock timing has been clearly revealed
by the use of CK1 and proteasome inhibitors, which increase
circadian periods in cell culture (12). In addition, genetic stud-
ies in Drosophila identified dbt alleles imparting either short or

3 The abbreviations used are: CYC, CYCLE; CLK, CLOCK; CK, casein kinase; PP,
protein phosphatase; PER, PERIOD; FASPS, familial advanced sleep phase
syndrome; DBT, DOUBLE-TIME; OA, okadaic acid; Dex, dexamethasone;
CREB, cAMP response element-binding protein; ATM, ataxia-telangiectasia
mutated; CHX, cycloheximide.
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long periods. Interestingly, both sets of DBT mutants display
decreased kinase activity in vitro (5, 13, 14).

Genetic evidence supporting protein phosphorylation as an
essential component of the circadian oscillation has also been
obtained through study of mammalian sleep disorders. The tau
hamster, which was the first mammalian circadian mutant
identified, contains a missense mutation in CK1e that leads to a
reduction in circadian period (15). More recently, studies of the
inherited disorder familial advanced sleep phase syndrome
(FASPS), have implicated site-specific phosphorylation of PER2
as a crucial event in the circadian oscillation (16, 17). FASPS
patients are “morning larks” that display a markedly advanced
sleep phase and a shortened circadian period. In the first study
identifying a genetic link to the syndrome, Toh et al. (16) iden-
tified a Ser-to-Gly mutation at position 662 in hPER2 that
segregated with FASPS-affected members in a large pedigree.
The authors subsequently showed that the mutation led to
hypophosphorylation of a PER2 polypeptide in vitro (16). Sub-
sequent studies have attempted to gain a greater understanding
of the molecular impact of the hPER2 mutation and its role in
the FASPS pathophysiology. Xu et al. (18) showed that PER2-
deficient mice genetically reconstituted with an /#Per2 BAC
clone harboring the FASPS S662G mutation displayed marked
phase advancement. Interestingly, these mice exhibited re-
duced levels of Per2 gene transcription, suggesting that PER2
regulates its own expression (18). On the other hand, Vanselow
et al. (19) demonstrated that the mPER2S659G protein was less
stable than wild-type mPER2 and proposed that reduced pro-
tein stability was a consequence of impaired nuclear import.
While providing important insights into hPER2 regulation, nei-
ther study directly analyzed PER2 proteins site-specifically
phosphorylated at Ser-662 in vivo.

To better elucidate the mechanisms and functional conse-
quences of PER2 phosphorylation, we generated a phosphospe-
cific antibody that detects Ser-662 phosphorylation in vivo. We
have used this reagent to answer several outstanding questions
about PER2 regulation. We show that Ser-662 and adjacent
CK1 sites at Ser-665 and Ser-668 are coordinately phosphory-
lated in response to circadian entrainment and confirm that
CK19, CK1e, and PP1 are key regulators of the PER2 phosphor-
ylation state. In addition, we demonstrate for the first time that
Ser-662/665/668-phosphorylated hPER2 possesses increased
stability versus the unphosphorylated hPER2. Increased stabil-
ity of Ser-662/665/668-phosphorylated PER2 occurs in the
absence of nuclear retention and is recapitulated in PER2 pro-
teins harboring phosphomimetic amino acids at codon 662.
These results provide new insights into the biochemical mech-
anisms of PER2 phosphorylation, and the phospho-PER2 anti-
body described here will be a useful tool for interrogating
mechanisms of PER2 regulation in response to circadian and
noncircadian cues.

EXPERIMENTAL PROCEDURES

DNA Constructs—pcDNA3.1Myc-hPER2(zeo) was con-
structed by cloning #Per2 (BC111453 clone from Open Biosys-
tems) into the Kpnl and NotI sites of a modified pcDNA3.1zeo
(with an N-terminal Myc tag). Site-directed mutagenesis was
performed using the QuikChange method (Stratagene) to make
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the following hPER2 mutants using the indicated primers:
hPER2S662A (5'-CCGGGCAAGGCAGAGGCTGTGGCGT-
CGCTCACC-3' and its reverse complement), hPER2S665A
(5'-GCAGAGAGTGTGGCGGCGCTCACCAGCCAGTGC-
3" and its reverse complement), hPER2S668A (5'-GTGGCGTC-
GCTCACCGCCCAGTGCAGCTACAGC-3' and its reverse
complement), and hPER2A664V (5'-CAAGGCAGAGAGTG-
TGGTGTCGCTCACCAGCCAG-3' and its reverse comple-
ment). The various hPER2 C-terminal truncation mutants were
generated by introducing a STOP codon at the desired position
in the coding sequence by the QuikChange method using the indi-
cated primers: hPER2(1-1157) (5'-GCTGCCTTCCCGAAATT-
AAGAAGCGGTTTTGAAGG-3' and its reverse complement),
hPER2(1-806) (5'-GGGTCAAACCTCGAGACTAATCTGAG-
AGCACCGG-3’), and hPER2(1-682) (5'-CATGTGGGAGAC-
AAGTAGCCGCAGCCGGAGTTAG-3'). hPER2(401-806) was
generated by cloning the /Per2 fragment into the Notl and Kpnl
sites of pcDNA3.1zeo-myc using the following primers: 5'-GCC-
GGGCGGACAGCGGCCGCCCAGATCCGGTGCTC-3" and
(5"-TCACCTACATGGTACCCGCGCCCGGAACGGAGAG-
3’. QuikChange mutagenesis of V5-tagged mPER1 was performed
to generate mPER1V716A,V718L using 5'-GGCAGAGAGCG-
TGGCGTCCCTCACCAGTCAGTGTAGC-3' and its reverse
complement). The dominant-negative PP1 plasmid harboring the
D95N mutation was a kind gift from Dr. David Virshup at the
Duke-NUS Graduate Medical School. Epitope (FLAG)-tagged
CKl1e was generated by cloning #CKle cDNA into the pFLAG-
CMV 6b vector. Myc-tagged wild-type CK16 was a kind gift from
Dr. Wade Harper.

Cell Culture, Antibodies, and Inhibitors—HEK 293T cells an
U-2 OS cells were purchased from ATCC and maintained in
DMEM containing 5% FBS. NIH-3T3 and 293T cells stably
expressing hPer2 were maintained in DMEM containing 10%
EBS supplemented with 300 ug/ml Zeocin (Invitrogen). NIH-
3T3 (Per:luc) cells were a kind gift from the Dr. Achim Kramer.
HEK 293T cells and NIH-3T3 cells were transfected with
pcDNA3.1(zeo)Myc-hPer2 using the calcium phosphate
method, followed by selection in 300 g of Zeocin (Invitrogen).
Individual clones were selected and propagated in medium
containing antibiotic. The pPER2(FASPS) antibody was gen-
erated by immunizing rabbits with a triply phosphorylated
hPER2 peptide (KAEpSVApSLTpSQC) (Cocalico Biologi-
cals, Reamstown, PA). Peptide synthesis and purification of
antisera were performed as described before for the pCREB-
108/111/114 antibody (20). Other antibodies used in this
study include: a-PER2 (Novus), a-Myc (SCBT), a-FLAG-M2
(Sigma). a-CKle (SCBT), a-CK16 (Bethyl), «-CREB (Millipore),
and «-PP1 (SCBT). CK1 inhibitor D4476 (4-(4-(2,3-dihydro-
benzo[1,4]  dioxin-6-yl)-5-pyridin-2-yl-1H-imidazol-2-yl)benz-
amide), CK1 inhibitor IC261 (3-[2,4,6-(trimethoxyphenyl)methyl-
idenyl]-indolin-2-one), and okadaic acid (OA) were used at 75 um,
10 M, and 100 nw, respectively. All of the inhibitors were obtained
from EMD Biosciences and added to culture medium for 4 h.
Cycloheximide (Sigma) was used at a final concentration of 20
pg/ml for the indicated times. Dexamethasone (Dex) was obtained
from Sigma and used as described below.

Transfections and Immunoblotting— Transfections were per-
formed using the calcium phosphate DNA precipitation proce-
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dure as described. siRNA SMARTpools against #CK18 and
hCKlewere obtained from Dharmacon Inc. The cells were har-
vested 48 h later, and the extracts were prepared as described
previously (20). Standard Western blotting procedures were
followed, as described before (20). Where indicated, band pixel
intensities were determined using the density function of
Quantity One software (Bio-Rad).

Dexamethasone Shock and Nucleocytoplasmic Fractionation—
NIH-3T3-hPer2 cells washed with PBS were first suspended in
cytoplasmic extract buffer (10 mm HEPES, pH 7.9, 50 mm NaCl,
1 mm DTT, 0.1 mm EDTA + protease and phosphatase inhib-
itors). The cytoplasmic extracts were clarified by sedimentation
at 5000 X g. This was followed by treatment with equal volume
nuclear extract buffer (20 mm HEPES, pH 7.9, 400 mm NaCl, 1
mMDTT,1 mMEDTA, 1 mMEGTA + inhibitors) and sedimen-
tation at 15,000 X g. The extracts were assayed by immunoblot-
ting using the indicated antibodies. Dexamethasone shock was
performed as described before (19). Briefly, NIH-3T3-/Per2
cells were grown to confluence for 4 days before the experi-
ment. At time O, the culture medium was exchanged with
serum-free medium containing 100 nm Dex for 2 h. After 2 h,
the medium was once again exchanged with serum-free
medium (lacking Dex), and the cells were harvested at the indi-
cated times.

RESULTS

Generation and Characterization of a pPER2(FASPS)
Antibody—Previous work in our lab defined a cluster of DNA
damage-inducible phosphorylation sites in the cAMP response
element-binding protein (CREB) that are collaboratively phos-
phorylated by CK1, CK2, and ataxia-telangiectasia mutated
(ATM) protein kinases (20). In the CREB phosphorylation par-
adigm, ATM-dependent phosphorylation of Ser-111 creates
consensus phosphorylation sites for CK1 and CK2 on Ser-108,
Ser-114, and Ser-117. An in silico screen for proteins encoding
a consensus ATM Ser-Gln phosphorylation site flanked by
putative CK1/CK2 sites identified several circadian rhythm
proteins, including PER1 and PER2 (Fig. 1A). The candidate
ATM-CK1/CK2 phosphorylation cluster in PER2 spans codons
662—-673 and contains the Ser-662 phosphorylation site impli-
cated in FASPS. Given that PER2 (and PER1) was identified as a
tumor suppressor protein and previously linked to cellular
DNA damage responses, we hypothesized that PER2 was a
direct phosphorylation target of ATM (21-23).

To begin testing whether PER2 was phosphorylated by ATM
and CK1/CK2 in response to DNA damage, we raised a phos-
pho-specific antibody against a human PER2 peptide triply
phosphorylated on Ser-662, Ser-665, and Ser-668, using the
logic that processive phosphorylation by CK1 would result in
the phosphorylation of all three sites in vivo (see “Experimental
Procedures” for details). We refer to this purified antisera as the
a-pPER2(FASPS) antibody and the phosphorylated PER2
region spanning amino acids 662— 668 as the FASPS cluster.

The a-pPER2(FASPS) antibody was first tested in immu-
noblotting experiments for immunoreactivity against over-
expressed PER2 using HEK 293T cell extracts. The
a-pPER2(FASPS) antibody displayed reactivity with trans-
fected hPER2 in HEK 293T cells, which otherwise do not
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FIGURE 1. Characterization hPER2 phospho-FASPS cluster antibodies.
A, sequence overlay between mammalian CREB and PER proteins. Homolo-
gous putative phosphorylation sites are shown in bold and underlined. Puta-
tive ATM phosphorylation sites in the PER proteins are highlighted in yellow.
The residue Ser-662, mutated in FASPS, is italicized and marked with an aster-
isk. B, phosphatase sensitivity of pPER2(FASPS) antisera. HEK 293T cells were
transfected with vector DNA (—) or a plasmid encoding Myc epitope-tagged
hPER2 for 24 h. The cell extracts were prepared and treated with A phospha-
tase prior to analysis by SDS-PAGE and immunoblotting with a-Myc and
a-pPER2(FASPS) antibodies. C, phosphorylation site requirements. HEK 293T
cells were transfected with plasmids encoding Myc-tagged hPER2WT or the
indicated hPER2 phosphorylation site mutants. The cell extracts were then
prepared and analyzed by immunoblotting using a-Myc and a-pPER2(FASPS)
antibodies. D, a-pPER2(FASPS) antibodies are selective for hPER2. HEK 293T
cells were transfected with plasmids encoding Myc-tagged hPER2WT or the
hPER2A664V mutant. The cell extracts were then made and analyzed by
immunoblotting using a-Myc and a-pPER2(FASPS) antibodies.

express the PER2 protein (Fig. 1B). Immunoreactivity was
completely abolished upon phosphatase treatment of the cell
extracts, indicating that the a-pPER2(FASPS) antibody was
phospho-specific (Fig. 1B). We further tested the specificity
of the a-pPER2(FASPS) antibody by assessing the effects of
single Ser — Ala substitutions at the Ser-662, Ser-665, and
Ser-668 sites on immunoreactivity. Mutation of Ser-662,
Ser-665, or Ser-668 abolished immunoreactivity of overex-
pressed hPER2 proteins with a-pPER2(FASPS) (Fig. 1C).
Thus, the pPER2(FASPS) antibody requires that all three
sites be phosphorylated. These findings provide strong evi-
dence that the FASPS site Ser-662 is phosphorylated in vivo.
Our data also strongly suggest that, as postulated, Ser-665
and Ser-668 are obligatorily phosphorylated in parallel with
Ser-662.

We next tested whether the pPER2(FASPS) antibody recog-
nized mouse PER2 protein or human PER1 protein, which are

VOLUME 286+NUMBER 14+APRIL 8, 2011



nearly identical to PER2 throughout the region surrounding
the FASPS cluster (Fig. 14). Lacking a mouse Per2 cDNA, we
introduced a single A664V mutation into a #Per2 cDNA that
converted the human FASPS cluster to the corresponding
murine sequence. This single, conservative change severely
attenuated pPER2(FASPS) antibody reactivity (Fig. 1D). Simi-
larly, a-pPER2(FASPS) antisera did not detect overexpressed
hPER1, which differed from hPER2 at two amino acids (supple-
mental Fig. S1A). These data demonstrated the high specificity
of a-pPER2(FASPS) for hPER2 versus closely related hPER1
and mPER2 proteins. Interestingly, a hPER1V696A/V698L
mutant that converted the PER1 FASPS cluster to the homolo-
gous hPER2 sequence reacted with a-pPER2(FASPS) antibody
(supplemental Fig. S1A). These data also suggest that the anal-
ogous sites in PER1 are possibly phosphorylated in mammalian
cells, as has been previously suggested (24).

We next proceeded to test whether pPER2(FASPS) immuno-
reactivity was enhanced upon exposure to DNA-damaging
agents that are known activators of ATM. HEK 293T cells sta-
bly overexpressing Myc-tagged hPER2 were exposed to 10
grays of ionizing radiation, 50 J/m* UV light, or 200 um H,O,
for a period of 2 h. No changes in pPER2(FASPS) immunoreac-
tivity were observed. In comparison, phosphorylation of CREB
on Ser-108, Ser-111, and Ser-114 was clearly induced by these
stimuli (supplemental Fig. S1B). Thus, even though the FASPS
cluster contains a consensus ATM phosphorylation site, these
findings suggest that Ser-662 of PER2 is not a direct substrate of
ATM in vivo.

CK16/e Cooperatively Phosphorylate the PER2 FASPS
Cluster—Although indirect evidence had suggested a role for
the CK1 kinase family in regulating hPER2 FASPS cluster phos-
phorylation in intact cells, definitive evidence was lacking. To
address this issue, we first examined the effects of specific small
molecule inhibitors of CK1, D4476, and IC261, on FASPS clus-
ter phosphorylation (25, 26). Although D4476 is a pan-CK1
inhibitor, IC261 is selective for CK16/e when used at a concen-
tration of 10 um. HEK293T cells expressing Myc-hPER2 were
exposed to solvent, 75 um D4476, or 10 um IC261 for 4 h (26).
D4476 treatment almost completely abrogated FASPS cluster
phosphorylation, strongly supporting a role for CK1 proteins as
bona fide hPER2 kinases (Fig. 2A). IC261 also strongly inhibited
FASPS cluster phosphorylation, suggesting that CK18/e are the
relevant CK1 isoforms (Fig. 24). To substantiate the inhibitor
findings, we used siRNA to silence CK18 or CKle in Myc-
hPER2-expressing HEK 293T cells. Although CK16 and CK1e
protein levels were strongly suppressed by the siRNA transfec-
tion, knockdown of either CK16 or CK1e alone had no effect on
phosphorylation of the hPER2 FASPS cluster (supplemental
Fig. S1C). However, knockdown of both isoforms together led
to a more than 50% reduction in phosphorylation (Fig. 2B),
suggesting that CK16 and CKle cooperatively phosphorylate
hPER2 in mammalian cells. Overexpression of CKle also
strongly induced FASPS cluster phosphorylation in HEK 293T
cells cotransfected with Myc-hPER2 (Fig. 2C). The overexpres-
sion of CKle imparted a phosphatase-sensitive reduction in
hPER?2 electrophoretic mobility and caused a reduction in total
hPER2 expression level, which is consistent with a previous
conclusion that CK1e phosphorylates PER2 and targets hPER2
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FIGURE 2. A CK18,CK1¢, and PP1 regulate hPER2 FASPS phosphorylation.
A, inhibition of hPER2 FASPS cluster phosphorylation by CK1 inhibitors. HEK
293T cells overexpressing Myc-tagged hPER2 were treated with D4476 or
1C261 for 4 h. The cell extracts were then made and analyzed by immunoblot-
ting using a-Myc and a-pPER2(FASPS) antibodies. B, CK18 and CK1e redun-
dantly phosphorylate the hPER2 FASPS cluster. HEK 293T-Myc-hPER2 cells
were transfected with scrambled siRNA (scr) or siRNA directed against the
CK16 and CK1e isoforms (8/€i) for 48 h. The cell extracts were then prepared
and analyzed by immunoblotting using a-Myc, a-pPER2(FASPS), and a-tubu-
lin antibodies. C, effect of CK1e overexpression on FASPS cluster phosphory-
lation. HEK 293T cells were transfected with vector DNA (—) or a plasmid
encoding Myc-tagged hPER2 alone or plasmids for both hPER2 and FLAG-
tagged hCK1e for 24 h. The cell extracts were prepared and treated with
A phosphatase prior to analysis by immunoblotting with a-Myc,
a-pPER2(FASPS), and a-FLAG antibodies. D, CK1"“ targets the FASPS mutant
for degradation. HEK 293T cells were transfected with a plasmid encoding
Myc-tagged hPER2WT or hPER2S662A alone or plasmids for both hPER2 and
FLAG-tagged hCK1% for 24 h. The cell extracts were prepared and analyzed
by immunoblotting with a-Myc and a-pPER2(FASPS) antibodies. The arrows
indicate hyperphosphorylated (top arrow) and hypophosphorylated (bot-
tom arrow) forms of PER2. E, okadaic acid induces FASPS cluster phosphory-
lation. HEK 293T-Myc-hPER2 cells were treated with solvent (—) or 100 nm OA.
The cell extracts were analyzed by immunoblotting using a-Myc, a-
pPER2(FASPS), and a-tubulin antibodies. F, dominant-negative PP1«a cata-
lytic subunit (PP1D95N) induces hPER2 FASPS cluster phosphorylation. Top
panels, HEK 293T cells were transfected with plasmids encoding Myc-tagged
hPER2WT alone or plasmids for both hPER2 and Myc-tagged PP1D95N for
24 h. The cell extracts were analyzed by immunoblotting as described for E.
Bottom panel, graphical representation ofimmunoblotting data. The data are
depicted as relative mean band intensities = S.E. The asterisk indicates p <
0.05 (n = 3). G, knockdown of the PP1« catalytic subunitinduces hPER2 FASPS
cluster phosphorylation. HEK 293T-Myc-hPER2 cells were transfected with
scrambled siRNA (scr) or siRNA directed against PP1a for 48 h. The cell extracts
were then prepared and analyzed by immunoblotting using a-Myc,
a-pPER2(FASPS), a-PP1«, and a-tubulin antibodies.
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for degradation (compare third and fifth lanes in Fig. 2C) (18). It
is important to note that FASPS cluster phosphorylation was
observed even in the absence of the electrophoretic mobility
shift (Fig. 2C, third lane), which must therefore be due to mod-
ification of different CKle-dependent sites. Consistent with
this, an hPER2S662A mutant defective for phosphorylation of
the FASPS cluster still undergoes an electrophoretic mobility
shift upon the coexpression of the CK1le mutant tau (Fig. 2D).
The tau mutant has been shown to be a hypermorphic CK1
variant that hyperphosphorylates PER proteins with faster
kinetics than the wild-type protein (27). Together the RNAiand
overexpression experiments show that CK16 and CK1e redun-
dantly regulate hPER2 FASPS cluster phosphorylation and that
CK1e targets at least two distinct motifs: the FASPS cluster and
a distinct motif that reduces hPER2 electrophoretic mobility
and stability.

PP1 Is a Negative Regulator of PER2 FASPS Cluster
Phosphorylation—There is conflicting evidence concerning the
identity of the hPER2 phosphatase (10, 11). Although both PP1
and PP2A have been implicated, the absence of appropriate
phospho-specific antibodies has precluded definitive studies.
To clarify this issue, we first used the small molecule protein
phosphatase inhibitor OA, which can be used to distinguish
OA-sensitive PP1, PP2A, and PP5 phosphatases from OA-in-
sensitive PP2B/calcineurin and PP7 phosphatases. Treatment
of Myc-PER2-expressing HEK 293T cells with a concentration
of OA (100 nm) that inhibits PP1, PP2A, and PP5 strongly
induced FASPS cluster phosphorylation, suggesting a role for
one or more of these phosphatases (Fig. 2E and Ref. 28). Fur-
thermore a dominant-negative mutant of the PPla catalytic
subunit (PP1D95N) (10) caused a significant increase in FASPS
cluster phosphorylation of cotransfected hPER2 in HEK 293T
cells, strongly supporting an important role for PP1 (Fig. 2F).
PPla knockdown also increased hPER2 FASPS cluster phos-
phorylation (Fig. 2G). Taken together, our findings show that
PP1 antagonizes CK16/e-dependent phosphorylation of the
FASPS cluster; however, these studies do not rule out a sup-
portive role for PP2A or other OA-sensitive phosphatases.

Domain Requirements for hPER2(FASPS) Phosphorylation—
The availability of the a-hPER2(FASPS) antibody allowed us to
map hPER2 structural determinants that are required for
FASPS cluster phosphorylation. Specifically, hPER2 contains
several protein-protein interaction domains and several identi-
fied binding partners (29), and we tested whether deletion of
these domains affected phosphorylation on Ser-662/665/668
(Fig. 3A). Deletion of HLH, PAS-A, PAS-B, Pro-rich, or coiled-
coil domains did not prevent FASPS cluster phosphorylation in
transiently transfected HEK 293T cells. On the other hand, a
fragment of hPER2 spanning amino acids 1- 682 was defective
for phosphorylation, indicating that amino acids C-terminal to
the FASPS cluster are required for its phosphorylation (Fig. 3B).
Finally, we found that a minimal fragment of hPER2 spanning
amino acids 401-806, hPER2(401-806), was efficiently phos-
phorylated on the FASPS cluster in HEK 293T cells (Fig. 3C).
We used this hPER2 miniprotein to further evaluate sequence
elements regulating hPER2 phosphorylation. Previous studies
have identified two conserved Phe residues in mPER1, Phe-793
and Phe-797, responsible for CK1 binding, and we sought to
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test the effects of mutating the homologous residues in hPER2,
Phe-741 and Phe-745, on FASPS cluster phosphorylation (8,
30). Mutation of Phe-741 and Phe-745 attenuated hPER2
phosphorylation on the FASPS cluster while simultaneously
inhibiting phosphorylation-mediated degradation of the
miniprotein, clearly identifying the CK1-binding region of
hPER?2 as an important structural element in the regulation
of PER2 stability (Fig. 3D). We verified that mutation of these
residues abrogated binding of PER2 to both CK18 and CKle
(Fig. 3D, right panel). A role for Phe-741 and Phe-745 is also
in agreement with our initial truncation studies implicating
the region spanning amino acids 682— 806 as determinants of
hPER2 FASPS cluster phosphorylation. This miniprotein
can be further used to identify other sequence elements reg-
ulating PER2 stability.

Phosphorylation of hPER2(FASPS) Occurs during the Circa-
dian Cycle—]It has not been possible, until now, to observe the
site-specific phosphorylation of hPER2 during a circadian oscil-
lation. We sought to use the pPER2(FASPS) antisera to delin-
eate the temporal regulation of PER2 phosphorylation. We
used a well established Dex shock entrainment protocol to
induce circadian oscillations in U-2 OS cells (31). The Dex
shock induced a robust yet transient up-regulation of endoge-
nous PER2 protein levels at 4 h followed by a reduction in PER2
levels at subsequent times (Fig. 44). PER2 levels again rose at
24 h post-Dex shock and disappeared at 32 h post-entrainment,
consistent with the circadian regulation of its expression. Inter-
estingly, PER2 FASPS cluster phosphorylation almost com-
pletely mirrored that seen with the total PER2 protein (Fig. 4A).
To eliminate the confounding effects of Per2 transcription on
our studies with PER2 post-translation modifications, we gen-
erated two independent NIH-3T3 cell lines stably expressing
Myc-tagged hPER2 (19). We refer to these cells as NIH-3T3-
myc-hPER2 10 and 15, respectively. These cells were then sub-
jected to the Dex shock protocol, and cell extracts were har-
vested at various times. As seen in Fig. 4B and supplemental Fig.
S1D, Dex shock initially induced transient stabilization of hPer2
accompanied by an increase in FASPS cluster phosphorylation.
At later time points (7, 10, and 12 h), hPER2 electrophoretic
mobility was impeded, and the expression level of the protein
was dramatically reduced (Figs. 4B and supplemental Fig. S1D).
This finding is consistent with coupled phosphorylation and
degradation of hPER2, as described by others (7, 10). The levels
of FASPS cluster phosphorylation also declined at late time
points after Dex shock; however, the rate of decline was lower
than observed for total hPER2 (Figs. 4B and supplemental Fig.
S1D). This finding provided initial evidence that phosphoryla-
tion of the FASPS cluster may correlate with enhanced hPER2
stability.

Nucleocytoplasmic Shuttling of hPER2 Is Unaffected by
FASPS Site Phosphorylation—The PER proteins are synthe-
sized in the cytoplasm and translocated into the nucleus where
they repress CLOCK/BMAL transcription. It has been pro-
posed that PER2 phosphorylation on the FASPS sites affects its
nucleocytoplasmic shuttling (19). To study this, we separated
control or Dex-shocked NIH-3T3-hPer2 cell extracts into
nuclear and cytoplasmic extracts and immunoblotted Myc-
hPER2 and pPER2(FASPS). In untreated Myc-hPER2 NIH-3T3
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FIGURE 3. Domain requirements for hPER2 FASPS cluster phosphorylation. A, schematic depiction of the various functional domains of hPER2 and the
various hPER2 truncation mutants made. HLH indicates the helix-loop-helix domain; PAS A and PAS B are protein interaction domains; CK1/FASPS indicates the
CK1 interaction domain and FASPS phosphorylation cluster; Pro-rich indicates a proline-rich sequence of unknown functional significance and coiled-coil refers
to the C-terminal domain that plays a role in Cry binding. B, C-terminal truncation of hPER2. HEK 293T cells were transfected with vector DNA (—) or plasmids
encoding various Myc-tagged hPER2 truncation mutants. The cell extracts were prepared and analyzed by immunoblotting with a-Myc, a-pPER2(FASPS)
antibodies. C,an hPER2(401-806) miniprotein is competent for hPER2 FASPS cluster phosphorylation. HEK 293T cells were transfected with plasmids encoding
Myc-tagged hPER2WT or Myc-tagged hPER2(401-806). The cell extracts were prepared and analyzed by immunoblotting with a-Myc and a-pPER2(FASPS)
antibodies. D, mutation of putative CK1-binding domain attenuates hPER2 FASPS cluster phosphorylation. Left panel, HEK 293T cells were transfected with
plasmids encoding the Myc-tagged hPER2(401-806) or a Myc-tagged hPER2(401-806) F741V/F745V mutant. The cell extracts were prepared and analyzed by
immunoblotting with a-Myc, a-pPER2(FASPS), and a-FLAG antibodies. Where indicated, the cells were cotransfected with FLAG-tagged CK1' (7). The asterisk
indicates endogenous CK1. Right panel, HEK 293T cells were transfected with plasmids encoding the Myc-tagged hPER2(401-806) or a Myc-tagged
hPER2(401-806) F741V/F745V mutant. The cell extracts were subjected to immunoprecipitation (IP) with a-Myc antibody. Precipitates and whole cell lysates
(WCL) were analyzed by immunoblotting with a-Myc, a-pPER2(FASPS), a-CK18, and a-CK1e antibodies.

cell lines, virtually all of the Myc-hPER2 and pPER2(FASPS) course of the circadian cycle, we performed a Dex time course

immunoreactivity was observed in the cytoplasmic fraction
(Fig. 4B). Upon Dex stimulation, both total Myc-hPER2 and
Ser-662/665/668-phosphorylated hPER2 accumulated in the
nucleus (Fig. 4C). In no instance did we observe enrichment of
Ser-662/665/668-phosphorylated hPER2 in the nuclear frac-
tion. The simplest interpretation of these findings is that phos-
phorylation of the FASPS cluster does not influence hPER2
nucleocytoplasmic shuttling. To test the possibility that the
nuclear fraction of PER2 alone may be more stable over the
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as described above and fractionated the cell extracts into
nuclear and cytoplasmic extracts. Immunoblotting with Myc-
hPER2 and a-pPER2(FASPS) revealed that the rate of reduction
of Ser-662/665/668-phosphorylated hPER2 is lower than the
rate of reduction of the total hPER2 protein in both the nuclear
and cytoplasmic extracts (Fig. 4D). These findings suggested
that increased nuclear retention is not responsible for delayed
degradation of PER2 that is phosphorylated on the FASPS clus-
ter as has been previously proposed (19).
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poral regulation of FASPS cluster phosphorylation during a circadian cycle.
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dures.” The cell extracts were made at the indicated times and subjected to
immunoblotting with «-PER2, a-tubulin, and «-pPER2(FASPS) antibodies.
The asterisk indicates a nonspecific band detected by hPER2 antibody. B, tem-
poral regulation of FASPS cluster phosphorylation in NIH-3T3 cells. NIH-3T3-
hPer2 clone 10 cells were subjected to the Dex shock protocol. The cell
extracts were made at the indicated times and subjected to immunoblotting
with a-Myc and a-pPER2(FASPS) antibodies. Short and long exposures of the
film are shown. C, nucleocytoplasmic localization of Ser-662/665/668-phos-
phorylated hPER2. NIH-3T3-hPer2 clones (clones 10 and 15) were either
left untreated or subjected to a Dex shock. Nucleocytoplasmic fractionation
of the cell extracts was then performed as indicated under “Experimental
Procedures.” Immunoblotting analysis was performed with a-Myc,
a-pPER2(FASPS), a-CREB, and a-ribosomal protein S6 antibodies (rpS6). CREB
is a documented nuclear protein, whereas rpSé is largely cytoplasmic. An
asterisk indicates nonspecific bands detected by the «-CREB antibody.
D, increased stability of phosphorylated hPER2 in nuclear (Nucl.) and cytoplas-
mic (Cyto.) fractions. NIH-3T3-hPer2 clone 10 cells were subjected to a Dex
shock, and samples were taken at the indicated times. Nucleocytoplasmic
fractionation of the cell extracts was then performed as described above.
Immunoblotting was performed using a-Myc, a-pPER2(FASPS), o-CREB, and
a-ribosomal protein S6 antibodies (rpS6). The asterisk indicates a cross-reac-
tive nonspecific band detected by the a-CREB antibody.
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FASPS Cluster Phosphorylation Regulates hPER2 Stability—
The above data suggested that phosphorylation of the FASPS
cluster stabilized hPER2. To test whether this was the case, we
used the protein synthesis inhibitor cycloheximide (CHX) to
evaluate the half-lives of phosphorylated and total hPER2. HEK
293T-hPER2 cells were treated with CHX for the indicated
lengths of time and subjected to immunoblotting analyses with
the a-Myc and a-pPER2(FASPS) antibodies (Fig. 54). Densito-
metric quantification of unsaturated band intensities was used
to plot fractional decay of Myc-hPER2 and pPER2(FASPS) for
the duration of the experiment (Fig. 5B). In agreement with our
previous findings in Fig. 3, the rate of decay of the phospho-
hPER2 was much slower than that for the total h PER2 (Fig. 5, A
and B). Although the total protein had a half-life of ~2 h, the
phosphorylated species had a half-life of nearly 5 h. This was
also observed over the course of a much longer time course
(supplemental Fig. S2A), where the difference was more pro-
nounced at later time points. A low level of phospho-hPER2
persisted throughout the 11-h duration of the experiment,
whereas total Myc-PER2 was essentially undetectable by 9 h
(supplemental Fig. S2A). This also illustrates that the
a-pPER2(FASPS) antibody is highly sensitive and can detect
Ser-662/665/668-phosphorylated PER2 proteins that are unde-
tectable using the a-Myc antibody. To confirm a role for FASPS
cluster phosphorylation in increasing PER2 stability, we trans-
fected HEK 293T cells with PER2 mutated at the Ser-662 sites
to alanine or aspartate (phosphomimetic) and subjected them
to CHX treatment. In agreement with our previous findings,
hPER2WT and hPER2S662D had significantly elevated half-
lives in comparison with the hPER2S662A mutant (Fig. 5C).
Together, these findings strongly suggest a model in which
phosphorylation of the FASPS cluster stabilizes hPER2.

DISCUSSION

In this study we have exploited an a-pPER2(FASPS) antibody
that recognizes hPER2 phosphorylated on Ser-662, Ser-665,
and Ser-668 —the FASPS phosphorylation cluster—to study
dynamic PER2 phosphorylation and dephosphorylation. Our
findings confirm several important, yet unproven, aspects of
the hPER2 phosphorylation model and have provided new
insights into the mechanisms of hPER2 regulation. We identify
roles for CK16, CKle, and PP1 in the control FASPS cluster
phosphorylation (Fig. 2). Although all three proteins have been
implicated in the regulation of hPER2 phosphorylation, their
respective contributions to site-specific modification of PER2
could not previously be ascertained (4—6). We now show that
CK16 and CKle are redundant with respect to hPER2 FASPS
cluster phosphorylation and that only simultaneous inactiva-
tion of both proteins impairs phosphorylation (Fig. 2B). These
data are consistent with the recent demonstration of functional
overlap between the two kinases in the generation of mamma-
lian circadian rhythms (32).

Several studies on PER2 phosphorylation have led to contra-
dictory conclusions regarding the effects of CK-mediated phos-
phorylation on protein stability. Our data now provide compel-
ling evidence that there are two distinct CK1/PP1-regulated
phosphorylation clusters in PER2 that exert different influences
on hPER?2 stability and, possibly, function. We show that al-
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FIGURE 5. FASPS site phosphorylation regulates hPER2 stability. A, increased half-life of Ser-662/665/668-phosphorylated hPER2. HEK 293T-hPER2 cells
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tubulin antibodies. B, graphical representation ofimmunoblotting data. The data are depicted as relative mean band intensities = S.E. An asterisk indicates p <
0.05 (n = 3). C, effects of FASPS phosphorylation cluster mutations on hPER2 stability. HEK 293T were transfected with hPER2WT, hPER2S662D, or hPER2S662A
mutants and treated with 20 pwg/ml CHX for the indicated times. The cell extracts were then made and subjected to immunoblotting with a-Myc,
a-pPER2(FASPS), and a-CREB antibodies. D, model for hPER2 FASPS cluster phosphoregulation. CK168/e phosphorylate both the degradation cluster (X) and the
stabilizing FASPS cluster (Ser-662/665/668) on hPER2. Phosphorylation of the degradation cluster recruits the ubiquitination machinery (the ubiquitin ligase
B-TrCP) and phosphorylation of FASPS cluster stabilizes the protein, perhaps by blocking Lys (Y) ubiquitination. In this model, different targeting subunits of

PP1, denoted as A and B, may confer selectivity toward the X and FASPS phosphorylation clusters.

though one as yet unidentified cluster targets PER2 for phos-
phorylation-mediated degradation, phosphorylation of the
FASPS cluster stabilizes the protein. Thus, CK1 appears to
phosphorylate two different regions of hPER2 yielding oppos-
ing functional outcomes. The consequence of phosphorylation
may be dictated by the distinct phosphorylation kinetics of the
two clusters. Although pPER2(FASPS) levels rise almost imme-
diately following entrainment with Dex, PER2 phosphorylation
on the degradation cluster occurs only much later in the circa-
dian cycle (Fig. 4B). The cell may exercise specificity and con-
trol on these phosphorylation events by regulating the phos-
phatase targeting subunits for PP1 (Fig. 5D). PP1 phosphatase
targeting subunits have been shown to recruit and regulate the
activities of PP1 toward its various substrates, and consistent
with this idea, some PP1 subunits are regulated in a circadian
fashion (5, 33, 34).
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Since the identification of the PER2 FASPS mutation, two
reports have put forward diverging models on the precise bio-
chemical role of this site (18, 19). Both reports agree on a role
for the mutation in reducing PER2 protein levels but differ on
the precise biochemical mechanism. Vanselow et al. (19) pos-
tulated that the mutation led to defective nuclear retention of
PER2, leading to its premature export and degradation. On the
other hand, Xu ez al. (18) suggested that PER2 phosphorylation
at Ser-662 increased its own expression. Although our cell sys-
tem does not allow the testing of the model proposed by Xu et
al., our data argue against a role for FASPS cluster phosphory-
lation in regulating PER2 nuclear entry and retention. Our data
instead point toward the existence of a stabilizing mechanism
that is operational in both the nucleus and the cytosol. We
hypothesize that FASPS cluster phosphorylation of hPER2 may
in fact modulate hPER2 ubiquitination (Fig. 5D). Reduced
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recruitment of the PER2 ubiquitin ligase B-TrCP is one such
plausible mechanism for increased stability of Ser-662/665/
668-phosphorylated hPER2; however, we found that phosphor-
ylated hPER2 retained interaction with B-TrCP in coimmuno-
precipitation experiments (supplemental Fig. S2B). Among
several alternative models, it is possible that FASPS cluster
phosphorylation electrostatically inhibits ubiquitylation of
proximal Lys residues. Further studies are required to test this
model and better define the mechanisms of CK1-dependent
PER?2 stabilization.

An interesting next step in the study of hPER2 regulation will
be to determine whether the FASPS cluster is phosphorylated
in response to circadian-independent cues. Given the recently
identified roles for the PER2 protein in tumor suppression (21),
cardiovascular regulation (35), immune system function (36),
and metabolic control (37), it is possible that this phosphoryla-
tion event may integrate other signals into the circadian oscil-
lation network. These studies will provide much more in depth
mechanistic insights into the working of the mammalian circa-
dian clock.
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