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Background: Cryptochromes (CRYs) are transcriptional repressors that are critical components of the circadian clock.
Results: We have identified a phosphorylation site in the CRY1 tail that is negatively regulated by the DNA repair enzyme

DNA-dependent protein kinase.

Conclusion: Phosphorylation of CRY1 on Ser-588 increases its half-life and lengthens the circadian period.
Significance: The C-terminal tail of CRY1 modulates period length.

The Cryptochrome (CRY) proteins are critical components of
the mammalian circadian clock and act to rhythmically repress
the activity of the transcriptional activators CLOCK and
BMALI at the heart of the clock mechanism. The CRY proteins
are part of a large repressive complex, the components of which
are not completely known. Using mass spectroscopy, we identi-
fied the catalytic subunit of DNA-dependent protein kinase as a
CRY-interacting protein and found that loss or inhibition of this
kinase results in circadian rhythms with abnormally long peri-
ods. We then identified serine 588 in the C-terminal tail of
mouse CRY1 as a potential DNA-PK phosphorylation site but
surprisingly found that the phosphomimetic mutation S588D
also results in long period rhythms, similar to the loss of DNA-
PK. Consistent with this, we found that phosphorylation of this
site is increased in cells lacking DNA-PK, suggesting that
DNA-PK negatively regulates the phosphorylation of this site
most likely through indirect means. Furthermore, we found that
phosphorylation of this site increases the stability of the CRY1
protein and prevents FBXL3-mediated degradation. The phos-
phorylation of this site is robustly rhythmic in mouse liver
nuclei, peaking in the middle of the circadian day at a time when
CRY]1 levels are declining. Therefore, these data suggest a new
role for the C-terminal tail of CRY1 in which phosphorylation
rhythmically regulates CRY1 stability and contributes to the
proper circadian period length.

Circadian clocks are endogenous timekeeping mechanisms
that drive daily oscillations in many aspects of behavior and
physiology. In mammals, these clocks are distributed in cells
throughout the body and control the rhythmic expression of
thousands of genes (reviewed in Ref. 1). The core mechanism of
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the circadian clock is composed of a transcription/translation
negative feedback loop in which a heterodimeric transcription
factor composed of CLOCK and BMALL proteins activates
expression of genes encoding components of a repressive com-
plex, PERIOD (PER) and CRYPTOCHROME (CRY) (2). PER
and CRY proteins form complexes with each other and with
other proteins, translocate back into the nucleus, and repress
the activity of CLOCK/BMALL, thereby turning off their own
synthesis. Eventual regulated degradation of the repressive
components allows the CLOCK/BMALI-driven transcription
to begin again for the next cycle.

There are two CRY proteins in mammals, CRY1 and CRY2,
and at least one of these proteins is required for a functioning
clock; loss of both results in arrhythmicity (3, 4). Loss of CRY1
results in short circadian periods, whereas a loss of CRY2
results in long periods (3, 4), suggesting that these two proteins
have opposing roles in setting the correct circadian period. The
CRY proteins consist of well conserved N-terminal “photolyase
homology regions” (PHR?; signifying their sequence similarity
to the light-activated DNA repair enzymes, photolyases) and
C-terminal tails that are much more highly divergent. Although
the mechanism by which CRYs repress CLOCK/BMALLI activ-
ity is not well understood, the PHR domain appears to be suffi-
cient for this function as long as it includes a coiled coil domain
near the junction between the PHR and the tail (5-7). The role
of the C-terminal tails is more mysterious, although the CRY1 C
terminus may have a role in nuclear localization and may facil-
itate BMALLI binding (7, 8), and phosphorylation of the CRY2 C
terminus destabilizes the protein (9, 10).

In Drosophila CRY, the C-terminal tail plays a regulatory
role, and interactions of the tail with the PHR domain keep the
protein in an inactive conformation in the dark, which can be
reversed by loss of this interaction during light activation (11,
12). This model is supported by recent crystal structures, which
show that the C-terminal helix docks in a groove of the PHR

3 The abbreviations used are: PHR, photolyase homology region; AMPK, AMP-
activated protein kinase; DNA-PKcs, catalytic subunit of DNA-dependent
protein kinase; MEF, mouse embryonic fibroblast(s); PIKK, phosphati-
dylinositol 3-kinase-related protein kinase.

JOURNAL OF BIOLOGICAL CHEMISTRY 35277



CRY1 Tail Phosphorylation Regulates Circadian Period

domain that is analogous to the DNA-binding groove in pho-
tolyase (13—-15). Mammalian CRYs are not activated by light, and
their C-terminal tails are not conserved with the Drosophila CRY
C-terminal tail. It is unknown whether the tails play an analagous
regulatory role. Recent crystal structures of mammalian CRY1 and
CRY2 do not include the tail regions (13, 16).

Post-translational modifications of the CRY proteins play an
important role in determining the period length of circadian
rhythms. The stability of both CRY1 and CRY2 are regulated
through ubiquitination by Skpl-Cull-F-box protein (SCF)
ubiquitin ligase complexes followed by proteasomal degrada-
tion. The SCF complex containing FBXL3 (SCF*®*"3) controls
CRY degradation in the nucleus, whereas the FBXL21-contain-
ing complex (SCF*®*:2!) mediates CRY ubiquitination in the
cytoplasm and contributes to appropriate CRY degradation in
the nucleus by antagonizing SCF*®*"3 activity on CRY (17-21).
Phosphorylation of CRY1 by AMP-activated protein kinase
(AMPK) promotes ubiquitination by SCF*®*3 (22). Loss of
function mutations in the Fbx/3 gene stabilize the CRY proteins
and lengthen the circadian period (17, 19, 20), whereas muta-
tion in Fbx[21 shortens circadian periods (18, 21). In addition, a
mechanism that is specific for CRY2 includes the phosphory-
lation of CRY2 C-terminal tail, first at Ser-557 by the priming
kinase DYRK1A and then at Ser-553 by GSK-3, which generates
a degradation signal, resulting in proteasomal degradation of
CRY?2 through an undiscovered mechanism (9, 10). Knock-
down of DYRK1A results in abnormal accumulation of CRY2 in
the cytoplasm and a shortened circadian period (9).

Here we identify a phosphorylation site in the C-terminal tail
of CRY1 on serine 588 that is regulated indirectly by the kinase
DNA-PK. Phosphorylation of this residue causes the circadian
period to lengthen and, unlike the previously identified phos-
phorylation sites, increases the stability of CRY1 by preventing
FBXL3-dependent degradation. These data suggest that the
CRY1 C-terminal tail is an important modulatory domain that
contributes to period determination.

EXPERIMENTAL PROCEDURES

Animals—The animal experiments were conducted using
protocols approved by the Animal Care and Use Committee of
University of Texas Southwestern Medical Center. Eight-week-
old male mice (C57BL/6]) were entrained to 12-h light/12-h
dark cycles. After entrainment for at least 2 weeks, the animals
were placed in constant dark conditions prior to tissue
collection.

Cells and Cell Culture—U20S-Bmall-luciferase cells were a
gift from Julie Baggs and John Hogenesch (23), and U20S-Per2-
luciferase cells were generated using the Per2 3.2-kb full pro-
moter in pGL3 basic (24) followed by clonal selection. The cells
were grown as previously described (25). The catalytic subunits
of DNA-dependent protein kinase (DNA-PKcs) WT and KO
MEF were grown in DMEM supplemented with 10% FBS, 100
units/ml penicillin, 100 mg/ml streptomycin and cultured at
37 °C in a humidified incubator with 5% CO,. Cells were syn-
chronized with 100 nm dexamethasone, and real time biolumi-
nescence was recorded as described (26). The rhythms were
analyzed by performing base-line subtraction followed by sine
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curve fitting using the Lumicycle software (Actimetrics).
NU7441 was purchased from Tocris Bioscience.

Plasmids and siRNA Transfections—Mammalian expression
vectors encoding CRY and PER proteins were generated as
described (27). All point mutations were introduced by
QuikChange site-directed mutagenesis (Stratagene) and veri-
fied by sequencing. Transient transfections of HEK293 cells
were carried out with X-tremeGENE 9 transfection reagent
(Roche Applied Science) according to the manufacturer’s
instructions. siRNA oligonucleotides designed against DNA-
PKcs (28) were transfected with RNAiMax (Invitrogen) accord-
ing to the manufacturer’s instructions.

Antibodies—We generated CRY1 antibodies (epitope: amino
acids 496 -606) in guinea pigs (Cocalico Biologicals). Other
antibodies were obtained from the following commercial ven-
dors: anti-DNA-PKcs 25-4,18-2 monoclonal antibody (Neo-
Markers), RPA32 S33 (Bethyl Laboratories), anti-Myc and anti-
tubulin (Cell Signaling), anti-FLAG (Sigma), and mPER1 and
mPER2 (KeraFAST). For the CRY1 protein stability assay, the
membranes were probed with goat anti-mouse IR-Dye 680RD
labeled secondary antisera and were imaged using a LiCor
Odyssey scanner (LiCor, Lincoln, NE).

Protein Extraction, Immunoblot, and Co-immunoprecipitation
Experiments—Co-immunoprecipitation experiments were car-
ried out with mouse liver nuclear extracts or with whole cell
lysates. Proteins from mouse liver nuclei were prepared accord-
ing to the NUN procedure (29). SDS-PAGE, immunoblotting,
and immunoprecipitations were performed according to stan-
dard protocols as in Ref. 30. Signals were visualized by chemi-
luminescence using BM chemiluminescence blotting substrate
from Roche Applied Science.

In Vitro Kinase Assay—In vitro kinase assays were performed
as in Ref. 31. Phosphorylation reactions contained 25 mm Tris-
HCl, pH 7.9, 25 mm MgCl,, 1.5 mm DTT, 50 mm KCI, 10%
glycerol, 100 ng of sonicated herring DNA, 0.16 um [y->*P]JATP
(6000 Ci/mmol), 8 nm DNA-PKcs, 20 nm Ku70/80, and GST-
tagged mCRY1 carboxyl-terminal domain protein. The final
volume was 10 ul. Reactions were incubated for 30 min at 30 °C
and terminated by the addition of SDS-PAGE sample buffer.

Real Time Circadian Reporter Assay Using Cryl "~ /Cry2~"~
Cells—Cryl~'~/Cry2~'~ double knock-out MEF and the
expression vector for Cryl rescue were generous gifts from Dr.
Hiroki R. Ueda and Dr. Andrew C. Liu, and real time circadian
assays were performed according to their protocol (32).

RESULTS

CRY proteins are critical components of the large transcrip-
tional repressive complex at the heart of the mammalian circa-
dian clock mechanism, but the complete complement of pro-
teins in this complex is not known. Therefore, to further
characterize this complex, we immunoprecipitated CRY2-as-
sociated proteins from HEK293 cells expressing FLAG-tagged
CRY2 and performed mass spectrometry to identify the inter-
acting proteins. In addition to identifying peptides from pro-
teins already known to interact with CRYs, such as PERI,
FBXL3, and RACK1 (17, 19, 20, 33—-36), we identified a number
of peptides corresponding to proteins that had not been previ-
ously identified, including 19 peptides from DNA-PKcs (Table
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TABLE 1

Peptides obtained from DNA-PKcs from mass spectroscopy analysis of
CRY2-interacting proteins

The peptides are from gi 119607089 (protein kinase, DNA-activated, catalytic poly-
peptide, isoform CRA_d (Homo sapiens)).

HGDLPDIQIK
LGLPGDEVDNK
QITQSALLAEAR
FMNAVFFLLPK
LNESTFDTQITK
DLLLNTMSQEEK
VVOMLGSLGGQINK
NLLIFENLIDLK
SLGPPQGEEDSVPR
ILELSGSSSEDSEK
NLLTVTSSDEMMK
YNFPVEVEVPMER
AQEPESGLSEETQVK
SDPGLLTNTMDVFVK
TVSLLDENNVSSYLSK
MEVQEQEEDISSLIR
TVGALQVLGTEAQSSLLK
ATQQQHDFTLTQTADGR
LTPLPEDNSMNVDQDGDPSDR

1). DNA-PKcs belongs to a family of phosphatidylinositol 3-ki-
nase-like protein kinases (PIKKs), other members of which
include ATM, ATR, mTOR, hSMG-1, and TRRAP (37). In
humans, DNA-PK plays an essential role in nonhomologous end
joining-mediated double-stranded DNA break repair, and its
kinase activity is activated by double-stranded breaks in DNA (38).
However, it also plays roles in other processes, such as phosphor-
ylation of transcription factors involved in the response to insulin
signaling (39) and autoimmune regulation (40).

To validate this interaction and to further investigate the role
of DNA-PKcs in the mammalian circadian clock, we examined
whether DNA-PKcs could interact with other repressive com-
ponents of the circadian clock mechanism. HEK cells were
transfected with tagged clock proteins and immunoprecipi-
tated with an antibody to endogenous DNA-PKcs (Fig. 14). In
these experiments DNA-PKcs interacted most robustly with
CRY]1, although addition of ethidium bromide to the co-immu-
noprecipitation experiment to disrupt DNA-protein interac-
tions (41) resulted in a marked increase in the interaction of
DNA-PKcs and CRY?2, PER], and, to a lesser extent, PER2 (Fig.
1A). This increase in the presence of ethidium bromide sug-
gests that DNA is not required for these interactions, and pre-
venting interaction of DNA-PK with DNA may increase its abil-
ity to interact with the clock proteins.

To determine whether this interaction is biologically rele-
vant, we tested the effect of inactivation or knockdown of DNA-
PKcs on circadian rhythms. Knockdown of DNA-PKcs using
siRNAs (Fig. 1B) in U20S cells carrying the luciferase reporter
gene under the control of the Per2 promoter (Per2-luc) and
synchronized with dexamethasone significantly lengthened
circadian periods (Fig. 1, C and D). Likewise, dose-dependent
increases of the circadian period lengths of both Bmall-luc
(Fig. 1E) and Per2-luc (Fig. 1F) luciferase rhythms were
observed when synchronized U20S cells were treated with the
specific DNA-PKcs inhibitor, NU7441 (42). Endogenous clock
mRNAs from these cells also showed altered rhythms in the
presence of the inhibitor (Fig. 1G).

DNA-PKGcs is a nuclear serine/threonine protein kinase with
specificity for serine/threonine-glutamine (S/T-Q) motifsand a
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preference for domains that contain clustered S/T-Q sites (37).
Analysis of the clock protein sequences revealed several S/T-Q
motifs, with a cluster of three of these sites in the C-terminal tail
of CRY1 (Fig. 2A). Furthermore, one of these SQ sites (Ser-588)
had previously been identified by phosphopeptide mapping in
AD293 (HEK293 derivative) cells (22). Because of these obser-
vations and the fact that DNA-PK interacted more strongly
with CRY1 than CRY2, we carried out iz vitro kinase assays
using the purified CRY1 C-terminal tail as the substrate and
found that DNA-PK can phosphorylate the tail of CRY1 (Fig.
2B). Mutations in the three SQ sites revealed that Ser-551 is the
preferred site but that mutation of all three SQ sequences was
necessary to fully prevent phosphorylation (Fig. 2B), suggesting
that all three sites can be used. However, when full-length
CRY1 protein was used as substrate, no phosphorylation was
observed, suggesting that the conformation of the intact pro-
tein makes the tail inaccessible under these conditions (Fig. 2C).
We also could not detect significant phosphorylation of CRY2,
PER1, PER2, CLOCK, or BMAL1 by DNA-PK in our assays
(data not shown).

To determine whether phosphorylation of any of these three
SQ sites in the CRY1 tail was important for its function, we
generated mutant CRY1 proteins in which each of these three
serines was replaced with an alanine (to prevent phosphoryla-
tion) or with an aspartate (to mimic the phosphorylated state).
These six mutations (resulting in S551A, S551D, S564:A, S564D,
S588A, and S588D; alone and in combination) were introduced
into the Cryl sequence in an expression vector containing
endogenous Cryl regulatory sequences from the Cryl pro-
moter and intron 1, which result in appropriate rhythmic
expression in a pattern like the endogenous Cryl gene (32).
Expression of WT CRY1 from this construct in a Cryl/Cry2
knock-out MEF cell line can rescue normal rhythmicity in these
arrhythmic cells (Fig. 3) (6, 32). Expression of the CRY1
mutants also rescued rhythmicity, and in most cases these
rhythms were indistinguishable from those achieved by WT
CRY1 (Fig. 3). However, with the S588D mutant (or any com-
bination that contained this mutation), the rescued periods
were significantly longer than normal (Fig. 3). These results
suggest that phosphorylation of Ser-588 in the tail of CRY1 can
lengthen the period of the circadian clock.

To examine CRY1 Ser-588 phosphorylation in vivo, we studied
the known epitopes (43) of several commercially available phos-
pho-specific SQ antibodies, looking for similarity with the
sequence surrounding the Ser-588-GIn-589 in CRY1. One of
these, an antibody raised against RPA32 phosphorylated on Ser-33
(Bethyl Laboratories) had sequence with significant similarity to
the sequence surrounding Ser-588 of CRY1 (Fig. 44), and we
found that it could recognize WT CRY1 but not the mutant S588A
(Fig. 4B). Furthermore, treatment of the immunoprecipitate with
protein phosphatase resulted in loss of immunoreactivity (Fig. 4C,
second lane), whereas this was restored when a phosphatase inhib-
itor was added along with the phosphatase (Fig. 4C, third lane).
Together, these results demonstrate that this antibody (which we
will refer to as “P-CRY1(S588)”) is specific for the Ser-588-phos-
phorylated form of CRY1 and indicate that HEK293 cells contain
an endogenous protein kinase capable of phosphorylating Ser-588
of CRY1.
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FIGURE 1. DNA-PKcs interacts with clock proteins and regulates circadian period length. A, co-immunoprecipitation (/P) shows interaction of DNA-PKcs
with CRY and PER proteins with and without addition of ethidium bromide (EtBr). B, Western blot (WB) showing significantly reduced DNA-PKcs levels in U20S
cells following siRNA treatment. C, DNA-PKcs siRNA treatment of U20S cells carrying the Per2-luc reporter results in rhythms with long periods. Cells were
synchronized at time 0 with dexamethasone. The data shown are base line-subtracted luciferase measurements. D, quantitation of period lengths from four
independent cultures of Per2-luc U20S cells with control or DNA-PK siRNA treatment as in C. **, p < 0.01. E and F, inhibition of DNA-PK activity by DNA-PK
inhibitor NU7441 also shows a dose-dependent period lengthening of the circadian clock in U20S cells as measured in real time using the BmalT-luc (E) and
Per2-luc (F) reporters. G, inhibition of DNA-PKcs activity also affects endogenous circadian mRNA expression. U20S cells were synchronized by a dexametha-
sone (Dex) shock, and RNAs were extracted at 4-h intervals starting 10 h after the shock. NU7441 (10 um) was added 2 h after dexamethasone treatment. mRNA
analysis was done by real time PCR using specific primers as in Ref. 69. The plotted values are the mean values = S.D. from three independent experiments.
DMSO, dimethyl sulfoxide.
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FIGURE 2. DNA-PK can phosphorylate isolated CRY1 C-terminal tails but
not the intact CRY1 protein. A, sequence alignment of human (top row) and
mouse (bottom row) CRY1 C-terminal tails. Asterisks mark the three serines in
SQ motifs. Gray shading denotes conserved amino acids. B, in vitro DNA-PK
kinase assays using isolated CRY1 C-terminal tails (WT and various mutants, as
noted) as substrates. *°P shows phosphorylation. CBB is Coomassie Brilliant
Blue staining of total GST-CRY1-CT showing equal loading in each lane. C, in
vitro DNA-PK kinase assay on full-length CRY1 protein. The left panel shows
autoradiography of a 10% polyacrylamide gel, which shows autophosphory-
lated DNA-PKcs (lanes 2 and 3), phosphorylated Ku86 and Ku70 (components
of the DNA-PK complex that are also autophosphorylated), and phosphor-
ylation of the C-terminal tail (lane 7). However, no phosphorylation of full-
length CRY1 is observed. The right panel is an expanded view of the same
samples as lanes 2 and 3 of the left panel, run on 8% gel to better separate the
region where CRY1 would migrate (expected CRY1 position marked by an
arrow). The bottom right panel is a Western blot (WB) of the samples in lanes 2
and 3, demonstrating that sample 3 does contain mCRY1 protein.

Usingthisantibody, we examined whether CRY1 is phosphor-
ylated on this site in vivo and whether this varies in a circadian
manner. We collected liver samples at different circadian times
from mice maintained in constant darkness and isolated
nuclear fractions from these livers. We found that the levels of
the Ser-588-phosphorylated form of CRY1 exhibited a robust
circadian rhythm with a peak at CT 8 (Fig. 4D, top panel). The
protein levels of PER1, PER2, and CRY1 in the nucleus showed
the expected robust daily variation, whereas the protein levels
of DNA-PKcs were constant throughout the day (Fig. 4D, bot-
tom panels).

Because rescue of rhythmicity by the phosphomimetic CRY1
S$588D mutant had resulted in long period rhythms (Fig. 3),
similar to those seen with loss or inhibition of DNA-PK (Fig. 1),
we next used the P-CRY1(S588) antibody to further examine
the role of endogenous DNA-PK in this phosphorylation in
vivo. We immunoprecipitated CRY1 from DNA-PKcs WT and
KO MEF and, surprisingly, found that the phosphorylation of
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Ser-588 of mCRY1 is increased in the DNA-PKcs KO MEEF cells
as compared with WT (Fig. 4E). Similar results were obtained
when we depleted DNA-PKcs in HEK cells using siRNAs and
then determined the Ser-588 phosphorylation of transfected
CRY1 (Fig. 4F). The depletion of DNA-PKcs significantly
increases the amount of Ser-588 phosphorylation (Fig. 4F).
These data suggest that the Ser-588 phosphorylation of CRY1 is
not due to direct kinase activity of DNA-PK, but instead DNA-
PKcs somehow negatively regulates the phosphorylation of this
site. To determine how the S588D causes a long circadian
period, we next tested whether the S588D phosphomimetic
mutation altered the ability of CRY1 to repress CLOCK/
BMALI1-mediated activation of a PerI-luc reporter but found
that CRY1 proteins carrying the S588D mutation had strong
repressive activity, only subtly lower than WT CRY1 (Fig. 5A).

Because changes in CRY1 stability can result in changes in
circadian period (17-21), we wondered whether phosphoryla-
tion of Ser-588 affected the stability of CRY1. Although phos-
phorylation is often linked to the promotion of degradation,
when we assessed the protein half-life of CRY1 carrying the
triple A and triple D mutations, we found that the CRY1 pro-
teins with the triple phosphomimetic D mutations were more
stable than the WT CRY1 or the triple A mutants (Fig. 5B). This
increased stability was also seen in the single S588D mutant
CRY1 (Fig. 5C), which was confirmed by quantitation of the
half-lives (WT ¢, = 2.48 h and S588D ¢, = 5.06 h; Fig. 5D).

Nuclear CRY1 half-life is regulated by the F box protein
FBXL3, a component of the SCF E3 ubiquitin-ligase complex,
which targets CRY1 for degradation (17-21). To determine
whether phosphorylation of S588D affects FBXL3 action on
CRY1, we co-expressed WT and mutant CRY1 with FBXL3.
Although co-expression of FBXL3 with WT CRY1 resulted in
significantly lower levels of CRY1 protein, we found that pres-
ence of the S588D mutation, either alone or in combination
with the other mutations, results in higher levels of CRY1 accu-
mulation, similar to levels found when in the absence of FBXL3
(Fig. 5E).

DISCUSSION

Post-translational regulatory mechanisms significantly con-
tribute to the precision and stability of the circadian clock and
provide means by which diverse signals can influence the phase
of the rhythms (44, 45). Here we identify a phosphorylation site
in the C-terminal tail of the CRY1 protein that contributes to
determination of period length. Phosphorylation on Ser-588
stabilizes the CRY1 protein by antagonizing the destabilizing
effects of FBXL3, resulting in a lengthened circadian period.
The protein kinase DNA-PK interacts with CRY1 and other
components of the clock mechanism and antagonizes phos-
phorylation of this site, most likely through an indirect
mechanism.

Most of the phosphorylation events that have been discov-
ered to occur on clock proteins, including those previously
identified on CRY1 and CRY?2, act to destabilize the proteins.
These include Ser-71 and Ser-280 of CRY1, which are phosphor-
ylated by AMPK, resulting in increased ubiquitination by
FBXL3 and subsequent degradation (22), and Ser-557 and Ser-
553 in CRY2, which are phosphorylated by DYRK1A and GSK3,
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FIGURE 3. CRY1 mutations that mimic phosphorylation of Ser-588 cause lengthened circadian periods when used to rescue rhythms in Cry7=/~/
Cry2~'~ cells. A-E, traces show Per2-luc reporter rhythms (base line-subtracted) from cells transfected with WT or mutant CRY1 as noted in the legends. F
shows quantitation of the period lengths from WT, S588A, and S588D rescues such as those shown in E. (n = 8, ***p < 0.001).

respectively, and also trigger degradation (9). In contrast, the
Ser-588 site we have identified prevents FBXL3 action and
results in increased stability of the protein. Expression of the
CRY1 S588D phosphomimetic mutant in Cryl /'~ /Cry2 '~
cells results in the generation of circadian rhythms with long
periods, consistent with the long periods observed in cells or
animals lacking normal FBXL3 function (17, 20). Phosphoryla-
tion of Ser-588 is rhythmic in mouse liver, peaking during the
day at a time when CRY1 protein levels in the nucleus are
declining. It is possible that transient daily phosphorylation of
this site slows the rate of degradation to generate the proper
waveform of CRY1 protein, which ultimately contributes to the
waveform of circadian gene expression. Other examples of sta-
bilizing phosphorylation events in the clock system include
human PER2, which is also subject to stabilization by phosphor-
ylation at Ser-659, the serine mutated in patients with familial
advanced phase syndrome (46). Similarly, the Neurospora core
clock protein FRQ is stabilized by phosphorylation by cyclic
AMP-dependent protein kinase A (47).
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Despite the strong phenotype observed in the S588D mutant
CRY1, the lack of effect on circadian period in the S588A
mutant suggests that there may be a compensatory regulatory
mechanism when that site cannot be phosphorylated, as in the
S588A mutant. There are many examples of compensatory
phosphorylation events in the literature, including endothelial
NOS, which is phosphorylated on multiple sites by Akt. Com-
pensatory phosphorylation of other sites occurs when the pre-
ferred sites are mutated to alanine so that the phenotype (NO
production) of some S to A mutants is the same as WT (48).
Similar compensatory phosphorylation on secondary sites is
also observed for the important neurogenesis regulator p27<P*!
and the transcription factor inhibitor IKBa, when the primary
sites (Thr-187 and Ser-293, respectively) are mutated to alanine
(49, 50). Finally, in the core circadian clock protein PERIOD,
multiple phosphorylations regulate its stability and function
and in both mammalian and fly systems, mutation of one kinase
(CKlIe or dbt) causes compensatory phosphorylation by other
kinases (51, 52) Elucidation of the nature of the compensatory
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FIGURE 4. Phosphorylation of CRY1 Ser-588 is rhythmic in liver and is increased when DNA-PK is absent or depleted. A, alignment of CRY1 sequence
surrounding the SQ site at 588 -589 with epitope for antibody that recognizes Ser(P)-33 of RPA32. This information comes from consensus site analysis of other
proteins recognized by this antibody (43). Red denotes required amino acids SQ at the phosphorylation site, blue denotes amino acids that are highly preferred
at these positions, and green denotes amino acids that are also frequently found in protein sequences recognized by this antibody. B, P-CRY1(5588) antibody
recognizes immunoprecipitated (/P) WT CRY1 but not S588A mutant CRY1. C, P-CRY1(5588) antibody recognizes immunoprecipitated WT CRY 1, but not if lysate
is treated with phosphatase. Signal is restored if phosphatase inhibitor sodium vanadate (Na;VO,) is added along with the phosphatase. D, CRY1 Ser-588
phosphorylation is rhythmic in mouse liver nuclei. Nuclear fractions were isolated from livers collected every 4 h from mice housed in constant darkness, and
an aliquot (500 p.g) of each was subjected to immunoprecipitation with P-CRY1(5588) antibody. These immunoprecipitates (top panel) as well as whole nuclear
lysates (bottom panels) were then Western blotted (WB) with the antibodies shown. An asterisk denotes a nonspecific band. CT denotes circadian time, where
CT12 is defined as time of activity onset. E, Ser-588 phosphorylation increases in the absence of DNA-PKcs. Endogenous CRY1 was immunoprecipitated from
WT and DNA-PKcs KO MEF and then analyzed by Western blot using the P-CRY1(S588) antibody (top panel) and CRY1 antibody (bottom panel). Cells were
treated with MG132 (10 um) and okadaic acid (30 nm) for 5 h before harvesting. F, HEK293 cells were transfected with WT or S588A mutant Myc-CRY1 and with
either control siRNAs or siRNAs to GAPDH or DNA-PKcs as labeled. Myc-CRY1 was immunoprecipitated and analyzed by Western blot as in E. Western blots
showing the levels of DNA-PK, Myc-CRY1, and tubulin in the input cell lysates are also shown.

response for CRY1 S588A remains to be determined in future
studies.

Several pieces of evidence demonstrate that DNA-PK plays a
role in regulating the circadian period. This kinase is present in
complexes with other core circadian clock proteins, and loss of
DNA-PK activity, by knockdown or through the use of DNA-
PK-specific inhibitors, results in abnormally long circadian
periods. Surprisingly, our data suggest that at least some of this
effect is due to suppression by DNA-PK of CRY1 Ser-588 phos-
phorylation. The phosphorylation of this residue is increased in
DNA-PKcs knock-out MEF, and this is not likely to be a devel-
opmental compensatory effect because we see similar increases
in phosphorylation in HEK293 cells in which we acutely knock-
down DNA-PK levels with siRNAs. Furthermore, rescue of
rhythms in Cryl~'~/Cry2~' cells with the phosphomimetic
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S$588D mutant also results in long periods, similar to the effect
of knocking down DNA-PKcs.

The increase in phosphorylation when DNA-PK is reduced
or absent indicates that DNA-PK antagonizes the phosphory-
lation of S588 by some mechanism. It is possible that DNA-PK
phosphorylates and activates a protein phosphatase that then
dephosphorylates CRY1. DNA-PK (either DNA-PKcs itself or
the DNA-PK complex) has been shown to interact with several
protein phosphatases, including PP6, PP2A, PP5, and PPlc
(53-55), and PP5 and PPlc have previously been shown to
interact with cryptochromes and other clock components (56 —
58). Alternatively, DNA-PK may phosphorylate and inhibit
some other kinase that directly targets Ser-588 of CRY1. For
example, DNA-PKcs has been shown to interact with the reg-
ulatory subunit of AMPK and regulate AMPK activation in

JOURNAL OF BIOLOGICAL CHEMISTRY 35283



CRY1 Tail Phosphorylation Regulates Circadian Period

B

@l Cry1
1001 @ Cry1 S551,564,588A CHX 0 2 4 6 8() yp
= 3 Cry1 8588D ——
£ 0 -y
§ @@ Cry1S551,564,588D CRY1 Y
& 404 CRY1 S551,564,588A
S 204
: ——
g CRY1 $551,564,588D
Clock/Bmall - + + + + + + + + + +++ +
Cry1 25ng 5ng 1ng
D 1004
--- CRY1
CHX0 2 4 6 8 wB 3 -= CRY1S588D
CRY1 T
I TUBULN & s
[}
=
myc B s
crv1 ssesp| M 3
0 r ; : .
0 2 4 6 8
Time (hr)
E 4
5
0
9L & @
g & & ¢
Q Q Q © \d 9
N X > N N & ~
PR R S N N
myc-CRY1: - - + \\é 9 ) ) 2 ) 9 2]
FLAG-FBXL3: -  + - + 4+ + + + + +

FIGURE 5. The S588D phosphomimetic mutation causes increased CRY1 stability by antagonizing FBXL3 function. A, repression assays showing the level of
CLOCK/BMALT activation of Per1-luc reporter in the presence of different doses of WT or mutant CRY 1. HEK293 cells were transfected with Clock and BmalT expression
plasmids and WT or mutant Cry T expression plasmids as shown. The raw data were normalized such that the average level of activation of cells transfected with Clock
and Bmal1,and the reporter control was equal to 100%. Each data point is averaged from the results of three replicates, with the error bars representing the S.E. B, triple
phosphomimetic mutant (5551D,5564D,5588D) has a longer half-life than WT or the triple alanine mutant. Cycloheximide (CHX) was added to HEK293 cells expressing
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when the S588D mutation is present. Shown are Western blots for Myc-CRY1 (top panel) and FLAG-FBXL3 (bottom panel).

response to glucose-free conditions (59). However, although
CRY1 is a substrate for AMPK, this is unlikely to be the mech-
anism in this case, because DNA-PK activates AMPK (rather
than inhibiting its activity) and because the Ser-588 site on
CRY1 is part of an SQ motif, which is not predicted to be a
phosphorylation site for AMPK.

Finally, DNA-PK is a member of the PIKK family of protein
kinases, and it is possible that some other member of this family
phosphorylates CRY1 on Ser-588, and loss of DNA-PK some-
how enhances the ability of one of these kinases to act on CRY1.
It has been proposed that one of the other PIKK family mem-
bers can substitute for DNA-PK in DNA-PKcs null cells (60).
Furthermore, most of the members of this family phosphory-
late SQ motifs, and it has previously been reported that knock-
down of one of these (SMG-1) can cause up-regulation of
another (ATM), resulting in enhanced phosphorylation of the
nonsense-mediated decay protein hUPF1 (61). Similarly, in our
attempt to identify the kinase responsible for Ser-588 phosphor-
ylation, we found that inhibition of ATM also caused an
increase in Ser-588 phosphorylation (data not shown), suggest-
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ing that phosphorylation of this site may be regulated in a com-
plex way, by more than one member of the PIKK family. How-
ever, neither ATM nor ATR could phosphorylate CRY1 in our
in vitro kinase assays (data not shown).

The identification of DNA-PK as a regulator of circadian period
is interesting because of a long-recognized intimate relationship
between DNA repair and circadian rhythms, and it may be that
circadian clocks evolved as a protective mechanism to protect
DNA from light- and radiation-induced damage (62). Further-
more, loss of various clock components, including CLOCK,
BMALI, PER1, and PER2, have been linked to increased chronic
sensitivity to DNA cross-linking reagents, increased tumor devel-
opment, and deficiencies in DNA damage responses (63— 65). In
addition, the CLOCK protein is recruited to sites of DNA damage
(66), and DNA damage can act as a resetting cue for the mamma-
lian circadian clock (67). Therefore, a role for DNA-PK in the reg-
ulation of CRY1 stability and period control is another example of
the relationships between these pathways.

Finally, this work reveals new insight into the role of the
CRY1 C-terminal tail. The function of this highly divergent
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portion of the CRY1 protein has been unclear, with some evi-
dence that it is involved in nuclear localization or BMAL bind-
ing (7, 8, 68) and other evidence that it is dispensable for core
clock function (6). However, even in the latter case, some role
for the C terminus in period control was noted (6). Here we
provide a mechanism for this period control through rhythmic
phosphorylation of Ser-588, which causes increased stability of
CRY1 and lengthening of the circadian period.
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