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Abstract

The circadian clock regulates biological processes from gene expression to organism behavior in a
precise, sustained rhythm that is generated at the unicellular level by coordinated function of
interlocked transcriptional feedback loops and post-translational modifications of core clock
proteins. CLOCK phosphorylation regulates transcriptional activity, cellular localization and
stability; however little is known about the specific residues and enzymes involved. We have
identified a conserved cluster of serines that include, Ser431, which is a prerequisite
phosphorylation site for the generation of BMAL dependent phospho-primed CLOCK and for the
potential GSK-3 phosphorylation at Ser427. Mutational analysis and protein stability assays
indicate that this serine cluster functions as a phospho-degron. Through the use of GSK-3
activators/inhibitors and kinase assays, we demonstrate that GSK-3p regulates the degron-site by
increasing CLOCK phosphorylation/degradation, which correlates with an increase in the
expression of CLOCK responsive promoters. Stabilization of phospho-deficient CLOCK delays
the phase of oscillation in synchronized fibroblasts. This investigation begins the characterization
of a complex phospho-regulatory site that controls the degradation of CLOCK, a core transcription
factor that is essential for circadian behavior.
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Introduction

The intrinsic circadian clock regulates biological processes from gene expression to
organism behavior.! This remarkably precise, sustained, circadian rhythm is generated at the
unicellular level allowing for a cell culture approach to the dissection of clock molecular
mechanisms. Genetic studies have revealed a network of clock genes that function as
transcription-translation feedback loops.2 In mammals, a heterodimer of two basic helix-
loop-helix/PAS domain-containing transcription factors, CLOCK and BMAL1, bind to E-
box elements and allow for the rhythmic expression of clock genes including Per and Cry.
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Increasing levels of PER/CRY protein promote translocation to the nucleus where a
repressor complex is formed with CLOCK/BMALL, thereby completing a negative feedback
loop. Numerous studies indicate that temporal changes in clock protein post-translational
modifications, such as phosphorylation, allow for altered protein-protein interactions,
subcellular localization, protein activity and stability, which together provide an important
mechanism for fine tuning the 24 rhythmicity of gene expression.3

Similar to other circadian proteins, CLOCK is subject to phosphorylation that displays
circadian oscillations in vivo.# Phosphorylation of CLOCK is triggered by interaction with
its transcriptional partner, BMAL1.% 6 To date, only PKG and PKC have been reported to
phosphorylate CLOCK; 7- 8 however their specific phosphorylation sites have not been
identified. A recent mass-spectrometry—based study identified Ser38, Ser42 and Ser427 as in
vivo phosphorylation sites for CLOCK by yet unknown kinases.? While the significance of
Ser427 has not been reported, Ser38 and Ser42 were shown to regulate nuclear localization
and DNA binding. °

Here we report the identification of a phospho-degron, a phospho-regulatory region that
controls CLOCK stability. This region includes a classical GSK-3 consensus site at Ser427
with Ser431 representing the phospho-priming site, which is BMAL —dependent and is a
prerequisite for subsequent phosphorylation at Ser427. We provide experimental evidence
that CLOCK is a direct substrate for GSK-3-mediated phospho-degradation. Functional
assays demonstrated that the CLOCK phospho-degron is an important regulator of
transcriptional activity, and consequently of the basal circadian parameters of the molecular
clock.

A conserved cluster of phospho-serines mediates BMAL-dependent CLOCK
phosphorylation

In order to identify important functional domains of CLOCK, we performed a protein blast
search using STAR-DNA proteomic server, and determined CLOCK amino acids 425-461
to be highly conserved across species and within homolog, NPAS2 (Fig. 1A). This stretch of
residues contains 52% serines and threonines, which suggests that it controls CLOCK
function through phosphorylation. Further use of proteomic servers, NET- PHOSK and
NET-PHQOS, allowed for a prediction of specific kinases and their specific phospho-residues,
respectively. Serd37 is the most probable phosphorylated residue in CLOCK and many other
serines/threonines between residues 425-461 exhibited high phosphorylation probability
scores suggesting that this is a hot-spot for kinase activity (Supplementary Fig. 1A,B).

Using site-directed mutagenesis, we generated a set of mutant Clock expression plasmids, in
which the conservative-serines were substituted by alanines (Fig. 1A). Western blot analysis
of the resulting phospho-deficient (PD) CLOCK proteins SS434/436AA, S437A, and
SS440/441AA showed varying degrees of deficiency in phosphorylation (Fig. 1B). At the
same time, phosphorylation of BMAL1 was independent of the mutated serine residues
since PD-CLOCK mutants are all equally able to induce phosphorylation of BMAL1 (Fig.
1B).
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To ensure that the lack of BMAL-mediated CLOCK phosphorylation was not due to loss of
interaction of mutant proteins with BMALL, we preformed co-immunoprecipitation (co-IP)
assays using lysates of transfected cells and anti-FLAG (BMAL) antibody. All PD-CLOCK
proteins were detected on Western Blot probed with HA (CLOCK)-specific antibody (Fig.
2A, top) A reverse co-IP was performed by using anti-MY C (CLOCK) antibody followed
by BMAL detection with anti-HA antibody (Fig. 2A, bottom). Both Co-IP experiments
confirmed that BMAL dimerizes with PD-CLOCKSs. Western Blot analysis and
immunostaining also showed that mutant proteins are translocated to the nucleus upon
interaction with BMAL1 (Fig. 2B,C) and therefore have access to nuclear kinases. Together,
these data suggest that the identified serine residues are true phosphorylation sites.

Phosphorylation of serines within the conservative region of CLOCK leads to protein

degradation

We and others have previously observed a correlation between CLOCK phosphorylation and
degradation.® 10 Consistent with these observations, our Western Blots showed less protein
in cells expressing phospho-competent (PC) CLOCK compared to cells expressing PD
mutant proteins, however when phospho-mimic mutants were co-expressed with BMAL1,
their abundance was similar to PC-CLOCK (Fig. 3A). The results suggest that a deficiency
in phosphorylation within this region leads to protein stabilization. To test whether the loss
of CLOCK is the result of protein degradation, 293T cells co-expressing BMALL1 in
combination with each of PD-CLOCK mutant proteins were treated at various times with
cycloheximide. The results showed that PD-CLOCK proteins degrade slower compared to
wild-type CLOCK (Fig. 3B). The data suggest that the identified conserved region between
Ser425 and Ser461 represents a phospho-regulatory site, which is involved in
phosphorylation-dependent degradation of CLOCK (i.e. “phospho-degron™).

To further confirm the involvement of BMALL1 in phosphorylation-mediated degradation of
CLOCK, we compared levels of individual CLOCK proteins ectopically expressed in wild-
type MEFs and MEFs derived from mice with a targeted disruption of the Bmall gene. In
MEF with endogenous BMAL, the level of PC-CLOCK protein was reduced compared to
PD-CLOCK proteins, whereas no difference in abundance was observed in Bmall—/— cells
(Fig. 3C). Taken together, these data suggest that BMAL mediates CLOCK degradation
through the identified phospho-degron site.

To better define the boundaries of the phospho-degron region, we generated additional
mutants of CLOCK, in which serine and threonine residues surrounding Ser434 — Ser441
were substituted with alanine. The subsequent Western Blot showed that the mutants
exhibited varying degrees of phosphorylation. Thus, phosphorylation was most significantly
impaired in mutant CLOCK proteins SS431/433AA and SS434/436 AA whereas CLOCK
mutants ST427/429AA and S437A were also phosphorylation deficient, although to a lesser
extent (Fig. 3D). Mutations outside of the Ser427 — Ser441 region did not significantly
affect the level of CLOCK phosphorylation. These data suggest that individual serine
residues within the phospho-degron cluster cooperate and provide differential contribution
to the generation of phospho-CLOCK.
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The CLOCK phospho-degron is regulated by the activity of RAS/PISK/AKT/GSK3 pathway
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The NetPhosK 1 server predicts that Ser427 and Thr429 are potential sites of GSK-3-
mediated phosphorylation (Supplementary Fig. 1B) since they are included in a classical
GSK-3 motif ((S/T)XXX(S/T)), which therefore indicate that Ser431 and Ser433 represent
potential GSK-3 phospho-priming sites. To test the importance of these residues for CLOCK
phosphorylation, we constructed a series of single point mutants (S427A, T429A, S431A,
and S433A) and compared their phosphorylation pattern after co-expression with BMALL in
293T cells. Western Blot analysis revealed that both Ser427 and Ser431 were required for
BMAL-dependent CLOCK phosphorylation. However, while substitution of Ser431 (the
potential priming site) with alanine completely blocked CLOCK phosphorylation, a similar
mutation of Ser427 (the potential GSK-3 phosphorylation site) only partially blocked
phosphorylation (Fig. 3D). These data suggest that phosphorylation of Ser431 is required for
subsequent phosphorylation events that generate phospho-primed CLOCK, a substrate for
GSK-3 kinase.

To test for a potential physical interaction between GSK-3 and CLOCK, we performed an
anti-BMAL co-IP using cell lysates containing Myc-CLOCK and HA-BMAL1 followed by
anti-Myc and anti-GSK-3 Western Blots. As shown in Fig. 4A, in addition to CLOCK, anti-
BMAL antibody pulled down endogenous GSK-3p. A physical interaction between CLOCK
and GSK-3 was further confirmed in complementary experiments, in which cells expressing
different combinations of CLOCK, BMAL1 and CRY2 were subject to co-IP with anti-
GSK-3 followed by anti-MYC Western Blot for the detection of CLOCK. These results
suggest that the dimerization of CLOCK and BMAL allow for an interaction with GSK-3.
Greater amount of GSK-3 were pulled-down when CLOCK and BMAL1 were co-expressed
with CRY2 (a known substrate of GSK-3) (Fig. 4B).

To test whether GSK-3p directly phosphorylates CLOCK, we performed an in vitro kinase
assay using recombinant GSK-3f and IP-CLOCK as a substrate. The results showed that
recombinant GSK-3p can specifically phosphorylate CLOCK and that this phosphorylation
is abrogated in the presence of GSK-3 inhibitor BIO (Fig. 4C).

GSK-3 is constitutively active in resting cells, and is primarily inactivated through direct
phosphorylation by AKT, a major player in the RAS/PI3K/AKT survival pathway. To
further confirm that the regulation of CLOCK stability is mediated by GSK-3-dependent
phosphorylation, we tested the effect of overexpression of constitutively active RAS on the
abundance of the CLOCK protein. Signal transduction through the RAS pathway inactivates
GSK-3p; therefore if GSK-3 mediates the degradation of CLOCK, then expression of RAS
would increase CLOCK protein levels. Indeed, cells co-expressing CLOCK, BMALL1 and
RAS showed an increase of PC-CLOCK protein, whereas the protein level of PD-CLOCK
was not affected (Fig. 4D). These data suggest that decreased CLOCK stability occurs
through phosphorylation of serine residues within the phospho-degron site.

If inhibition of GSK-3 stabilizes CLOCK, then activation of GSK-3 should result in
CLOCK degradation. Indeed, treatment with the PI3K/AKT inhibitor, LY294002, resulted
in a decrease in CLOCK abundance in cells with ectopically expressed CLOCK, BMAL1
and RAS (Fig. 4E).
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To demonstrate the intracellular phosphorylation of CLOCK by GSK-3p, cells were co-
transfected with expression plasmids for either CLOCK or phospho-deficient mutant
(S427A) and ectopic GSK-3p, either the active (CA) or kinase-dead (KD) form. Ectopic
RAS was included to inhibit the constitutively active endogenous GSK-3 activity. A
proteasome inhibitor was used to prevent loss of the highly unstable GSK-3( phosphorylated
CLOCK. As seen in Fig. 3F, GSK-3p(CA) increased CLOCK phosphorylation while
GSK-3p(KD) decreased it. Importantly, S427 is required for this GSK-3p induced
phosphorylation (Fig. 3G). Taken together, these data convincingly demonstrate that
GSK-3B-mediated phosphorylation of CLOCK targets its degradation through a
conservative Ser-rich phospho-degron.

BMAL1-dependent CLOCK phosphorylation increases the transcriptional activity of the
complex

1duosnuely Joyny vd-HIN

In our previous work, we have shown that BMAL 1-dependent phosphorylation and
degradation of CLOCK are tightly linked to its transactivation function.®> Here, we identified
a phospho-degron that requires BMAL1-induction of phospho-primed CLOCK, a target
substrate of GSK-3-mediated degradation. This prompted us to test PD-CLOCK mutants for
their ability to activate responsive promoters. For this, 293T cells were transiently
transfected with plasmids encoding BMALL1 with either PC- or individual PD-CLOCK
mutants. To eliminate potential effects of phosphorylation on other characteristics of the
CLOCK/BMAL dimer (i.e. DNA-binding activity) and to address its transactivation
property in a more direct way, we chose to utilize GAL4 luciferase assay. As shown in Fig.
5A, PD-CLOCK mutants are less transcriptionally active compared to the wild type protein.
At the same time, CRY2 represses CLOCK/BMAL1-mediated transactivation independent
of the identified phosphorylation sites (Fig. 5A). These results were corroborated in a similar
experiment using GAL4-BMAL fusion co-expressed with individual phospho-deficient
mutants of CLOCK (data not shown).

1duosnuely Joyny vd-HIN

The observed decrease in transactivation capacity of PD-CLOCK suggests that GSK-3-
dependent control of CLOCK stability may regulate its transcriptional activity. To test this
hypothesis, we co-expressed increasing amounts of constitutively active RAS with either
PC- or PD-CLOCK in combination with BMAL1 and GAL4-luciferase reporter and
monitored CLOCK protein abundance and activity. In line with data presented in Fig. 4E,
RAS increases the abundance of both phosphorylated and unphosphorylated forms of PC-
CLOCK but had no effect on PD-CLOCK mutants. Importantly, the RAS-induced increase
in phospho-CLOCK abundance correlated with increased activity of the responsive
promoter (Fig. 5B). Consistently, there was no effect of RAS expression on the
transactivation property of mutant CLOCK protein. Thus, RAS-mediated inhibition of
GSK-3 reduces CLOCK degradation via the phospho-degron site allowing for increased
CLOCK-dependent transcription.

Stabilization of phospho-deficient CLOCK delays the phase of oscillation in synchronized
fibroblasts

1duosnuely Joyny vd-HIN

To address the potential functional significance of GSK-3-mediated CLOCK degradation,
we monitored the expression of mPerl-driven luciferase in synchronized cells expressing

Cell Cycle. Author manuscript; available in PMC 2014 June 27.
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either wild type PC-CLOCK or the highly phospho-deficient mutant. To eliminate effects of
the endogenous CLOCK protein, we utilized MEFs isolated from mice with the targeted
disruption of the Clock gene. As shown in Fig. 5C, the peak of mPer1-driven luciferase was
significantly delayed in cells expressing PD-CLOCK when compared to PC-CLOCK. Taken
together, these data suggest that the newly identified phospho-degron is involved in
regulation of circadian molecular mechanism through control of stability of its integral
component, CLOCK. A key role of GSK-3p in this regulation is further confirmed by results
of a complimentary study demonstrating that GSK-3f can also directly phosphorylate
BMAL1 (P. Sassone-Corsi, personal communication).

DISCUSSION

The regulation of the biological clock depends on tightly controlled gene transcription as
well as precisely controlled degradation and stability of clock proteins. Post-translational
modifications of clock proteins, particularly phosphorylation, regulate the phase and period
length of circadian oscillation by controlling the rate of protein accumulation, association
and translocation. Phosphorylation is often a signal for the recruitment of an E3 ligase,
which ubiquitinates a substrate and allows proteasome-mediated degradation. In mammals,
the phosphorylated forms of PER and CRY are targeted for degradation by components of
ubiquitin ligase complexes, -TRCP1 and FBXL3 respectively.11-15 Two kinases have been
implicated in mammalian PER/CRY degradation, CK1 and GSK-3p.

GSK-3p is a pro-apoptotic kinase that is constitutively active in resting cells, and is
primarily regulated by inactivation involving direct phosphorylation by AKT, a major player
in the RAS/PI3K/AKT survival pathway. Unlike most kinases, GSK-3 and CK1 often
require that their substrates are phosphorylated by a “priming” kinase, which acts 4 residues
C-terminal to the GSK-3 site or 3 residues C-terminal to the CK1 site. GSK-3 is involved in
phospho-degrons of many transcription factors and proto-oncogenic proteins including -
catenin, cyclin D1, c-myc, c-jun, and Snail.16-20 More recently, GSK-3 has been implicated
in the regulation/degradation of molecular clockwork components.

In Drosophila, GSK-3 homolog phosphorylates TIMELESS, which is required for nuclear
translocation of the PER/TIM dimer. 2 Mammalian GSK-3 phosphorylates PER facilitating
PER/CRY nuclear translocation, and CRY2. The latter is phosphorylated through a degron-
site at Ser553 subsequent to priming phosphorylation at Ser557. 22 Another target of GSK-3
is the nuclear receptor REV-ERBa; an important regulator of Bmall gene expression.23
GSK-3 control of circadian regulation is supported by the screening results of a Library of
Pharmacologically Active Compounds (LOPAC) for pharmacological modulators of basal
circadian parameters in cultured cells. This screening identified several inhibitors of GSK-3p
by their ability to shorten the period of circadian oscillation.24 Here we further extend the
role of GSK-3 in mammalian circadian clock by showing that this kinase is involved in
phosphorylation of a major component of the positive arm of the circadian loop, CLOCK
protein.

We have provided several lines of evidence to suggest that CLOCK is a substrate of GSK-3.
First, CLOCK contains a classical GSK-3 motif (with Ser427 as a potential GSK-3 site)

Cell Cycle. Author manuscript; available in PMC 2014 June 27.
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within a phospho-degron element and mutation of the GSK-3 motif results in loss of
CLOCK phosphorylation and increased stability. Second, inhibition of GSK-3 increases
CLOCK protein levels while its activation results in the loss of CLOCK. Third, endogenous
GSK-3 can be immunoprecipitated with the CLOCK/BMALL1 complex in cultured cells.
Fourth, recombinant GSK-3 can specifically phosphorylate CLOCK in vitro, and the over-
expression of constitutive active GSK-3p increases an unstable phospho-CLOCK while an
inactive GSK-3p inhibits phosphorylation In good agreement with our data, recent report
using mass spectrometry approach has confirmed the phosphorylation of Ser427 residue in
the mouse liver in vivo. ?

The NET-PHOSK sequence analysis data identified PKC as a high probability candidate to
function as a priming kinase for GSK-3-mediated phosphorylation (Supplementary Fig. 1B).
This is also supported by previous work showing that CLOCK can be transiently
phosphorylated by Ca2*-dependent PKC « and y within 1 hour of PMA treatment although
specific sites for PKC-dependent phosphorylation have not been identified.8 Therefore we
were compelled to investigate the potential role of PKC as a priming kinase for the GSK-3-
mediated phosphorylation in the phospho-degron site. However, the results of mutational
analysis indicated that BMAL1-mediated CLOCK phosphorylation/degradation is
independent of classical PKC (Supplementary Fig. 2). Thus, the kinase(s) responsible for
BMAL1-dependent “phospho-priming” of CLOCK remain unknown.

Itis likely that the identified phospho-degron region of CLOCK represents just one of many
regulatory sites that can cooperate in governing the phosphorylation-dependent functions of
this core clock component. The phosphorylation of a specific site in CLOCK may trigger a
chain of subsequent phosphorylation events performed by either the same or different kinase
which will result in generation of differentially phosphorylated forms of CLOCK that may
also vary in their functional characteristics. Since the phosphorylation of circadian proteins
was originally viewed as a mechanism of targeted degradation that allows for the next
circadian cycle, it has been traditionally associated with the reduction in functional activity.
However, our data demonstrate that the transactivation function of individual CLOCK
mutants is directly correlated with its phosphorylation status and that the more stable PD-
CLOCK proteins are less transcriptionally active than the unstable phosphorylated protein.
These data are corroborated by a recent study, which showed that regulation of activity and
life cycle of the Drosophila homolog of CLOCK is controlled by sequential
phosphorylation.2® Detailed investigation of the intracellular distribution of the CLK/CYC
heterodimer, the level of its phosphorylation and its functional activity has demonstrated that
the most transcriptionally active is an intermediate phosphorylated form of CLOCK whereas
PER-dependent hyperphosphorylation of CLK by DOUBLE-TIME kinase results in
transcriptional inhibition and degradation of the CLK protein.2% The analogy with the
mammalian system would suggest that transactivation properties of CLOCK may depend on
the extent and/or specific sites of phosphorylation and that phosphorylation is important
both for functional activity and rapid turnover of the protein. The further development of
specific tools and techniques that allow for the discrimination between the various CLOCK
phosphorylation states will be useful in addressing these issues. In this regards, our work
represents an important step in this direction.

Cell Cycle. Author manuscript; available in PMC 2014 June 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Spengler et al.

Page 8

The circadian regulatory mechanism described here is based on phosphorylation mediated
protein degradation. As we have shown previously, BMAL1-induced CLOCK degradation,
at least in part, occurs through the proteasome pathway. > A growing body of evidence
suggests that the proteasome itself is involved in transcription by promoting the exchange of
transcription factors on chromatin and facilitating multiple rounds of transcription
initiation.2” According to this model, CLOCK that is bound to the E-box must be removed
for the next round of transcriptional activation. The more stable degron-deficient CLOCK
would not be efficiently cleared and therefore would exhibit a lower steady-state
transactivation property, which is consistent with the luciferase functional assays.
Accordingly, the observed delay in phase of circadian oscillation in synchronized cells
expressing phospho-deficient CLOCK protein is also likely to result from the deficiency in
rapid promoter clearance. Together, our data identifies the regulation of CLOCK turnover as
an important mechanism within the molecular clockwork.

Another important aspect of the data presented here is the implication of RAS/AKT pathway
in GSK-mediated CLOCK degradation. Previously, we determined that the functional status
of the CLOCK/BMAL1 complex correlates with an animal’s response to genotoxic stress
induced by DNA damaging agents.?8 Since the RAS/AKT pathway plays a central role in
growth, proliferation and anti- apoptotic mechanisms to promote cell cycle and survival, our
data showing that the RAS/AKT pathway mediate stability of a transcriptionally active
phospho-CLOCK may provide clues to the molecular mechanisms involved. This
experimental direction would be an important step in the understanding of the molecular
basis of a crosstalk between the circadian and stress response pathways. Furthermore, since
GSK-3p has been implicated in numerous diseases including diabetes, stroke, Alzheimer and
cancer, identification of new targets of this kinase and detailed study of their regulation are
important in developing novel therapeutic intervention strategies.

MATERIAL AND METHODS

Animals

Cell Culture

Plasmids

The Clock mutant, 22-31 Bmal1—/— knockout 32 and Clock—/— knockout 33 mice are
maintained on C57BL/6J background. All animal studies were conducted in accordance with
the regulations of the Committee of Animal Care and Use at Roswell Park Cancer Institute.

HEK-293T cells were obtained from ATCC. Mouse fibroblasts were isolated from 13-day
Bmall+/+, Bmall—/— and Clock—/— embryos and were immortalized by a retrovirus-
mediated expression of GSE56 (a fragment of p53 encoding for a peptide working as
dominant-negative inhibitor of p53) as described.34 Cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum.

Expression constructs encoding tagged BMALL and CLOCK proteins were described
previously.5 Substitution mutants were made using QuikChange site-directed mutagenesis
kit (Stratagene). Details, including sequence of primers, are provided in Supplementary

Cell Cycle. Author manuscript; available in PMC 2014 June 27.
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Information. The mPer1 reporter construct containing 6.4 kb of mPer1 promoter was
described in.3> GAL4-fused constructs were generated as described in Supplementary
Information. GSK-3B(CA) and GSK-3p(KD) were described in.36

Bl1O, Dexamethasone, DMSO, cycloheximide and LY 294002 were purchased through
Sigma Inc. Recombinant GSK-3B was purchased through NEN Biolabs. 32P-ATP was
purchased from Perkin-Elmer. Luciferin was obtained from Promega.

Transfection, Western Blotting and Antibody

HEK-293T cells were transfected with plasmids encoding clock proteins by using Fugene 6
(Roche Diagnostics) according the manufacturer’s protocol. Whole cell lysates were
prepared 24-36 hrs post-transfection by boiling in 2% SDS, and nuclear and cytoplasmic
extracts — by using Active Motif Nuclear Extract Kit. Proteins were resolved in 6.5% SDS-
PAGE, transferred to nitrocellulose membrane and probed with specific antibody. HA- and
FLAG-tagged proteins were detected with mouse anti-HA.11 (Covance Research Products,
Richmond, CA) and mouse monoclonal anti-FLAG (Sigma) respectively. Monoclonal anti-
GSK-3 and monoclonal anti-Myc antibody 9E10 were purchased from Santa Cruz
Biotechnology; Anti-CLOCK and anti-BMAL1 were raised in guinea pig as described in
Lee et. al. 4. HRP conjugated anti-rabbit (Santa Cruz Biotechnologies) were used as
secondary antibodies. Proteins were visualized with the ECL detection kit (Jackson
Research Laboratories).

Immunoprecipitation

HEK-293T cells transfected with plasmids encoding CLOCK and BMALL1 were lysed in a
buffer (100mM NaCl, 50mM Tris-HCL at pH 7.5, 2mM EDTA, 1% NP-40, 0.1% SDS),
supplemented with proteinase cocktail mixture (Roche Diagnostics), and
phenylmethylsulfonyl fluoride (Sigma). The lysates containing equal amounts of total
ectopic protein (as determined by Western Blot) were incubated at 4°C with primary
antibody for 2 hours and then with protein A/G beads for an additional 2 hours. The beads
were washed with TBS washing buffer (50 mM Tris/HCI, pH 7.4 and 150 mM NacCl)
supplemented with 0.1% Tween and the precipitates were analyzed for the presence of
CLOCK and BMAL1 by Western Blots.

Immunofluorescence

HEK-293T cells were seeded overnight onto coverslips in 35mm 6-well plates. At 30 hours
post-transfection, cells were washed in PBS followed by fixation in 3.7% formaldehyde for
15 minutes at room temperature. Cells were then permeabilized in 0.2% Triton-X100 in PBS
for 5 minutes and incubated with anti-HA monoclonal antibody (1:500). Coverslips were
washed 3 times in PBS-Triton-X100 and incubated at room temperature with the appropriate
secondary antibodies: anti-mouse TRITC- and anti-rabbit FITC-conjugated secondary
antibodies (Jackson Labs). Cells were mounted by using Vectashield mounting media
(Vector Laboratories) and analyzed with a fluorescence microscope (Zeiss) equipped with

Cell Cycle. Author manuscript; available in PMC 2014 June 27.
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the appropriate optics and filter modules, and results were recorded with a digital camera
(SPOT; Diagnostic Instruments Inc.).

Reporter gene assays

Cells were plated in 24-well plates and transfected by a plasmid mixture containing CLOCK
(70ng), BMAL1 (30ng), CRY2 (30ng), reporter plasmids (GAL4-luciferase or mPer1-
luciferase) (50ng), and 10ng of pcDNA3-BGAL (to normalize efficiency of transfection).
Empty vector pcDNA3 was used to equalize the amount of plasmid DNA for each
transfection. Detection of luciferase and 3-Galactosidase activities were performed as
described previously.3”: 38 Results are representative of at least three experiments.

Protein degradation assay

Cells expressing ectopic wild type and mutant CLOCK proteins were treated at various
times with 40ug/ml cycloheximide and then harvested in SDS-sample buffer for Western
Blot analysis.

GSK-3in vitro kinase assay

Cell lysates from transfectants of CLOCK were immunoprecipitated with anti-CLOCK
antibody using a stringent RIPA buffer (150mM NaCl; 50mM Tris-HCI at pH 8,0; 0.5% Na-
DOX, 0.1% SDS and proteinase cocktail). Immunoprecipitates were mixed with
recombinant GSK-3p and 5uCi of 32P labeled ATP in 25ul kinase buffer and incubated at 30
Ce for 1hr. The reaction was stopped by boiling in SDS sample buffer, and the proteins were
resolved by SDS-PAGE.

Circadian synchronization by dexamethasone treatment

MEFs derived from mice with the targeted disruption of the Clock gene were seeded onto 6-
well plates and transfected with mPer1-luciferase reporter in combination with either
plasmids expressing BMAL and CLOCK or BMAL and CLOCK(S434/436/437/440/441A).
The following day cells were collected, evenly transferred to 96-well plates in DMEM
supplemented with 2% FBS and allowed to grow until confluent. Cells were synchronized
by a 4-hr treatment with 0.1uM dexamethasone as described previously.3° Relative
luciferase activity was plotted against time after dexamethasone removal.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. A conserved cluster of serines mediate BM AL -dependent CLOCK phosphorylation
A. The CLOCK amino acid residues 425-461, which includes 14 serines and 4 threonines,

are highly conserved across species, as determined by a blast search using STAR-DNA
proteomic server. Based on the bioinformatics shown in Supplemental Figures 1A and 1B,
bold faced serine (Ser) residues were mutated to alanine. B. Substitution mutants were made
by site-directed mutagenesis (Stratagene) using pcDNA plasmid encoding HA-CLOCK as
template. The resulting plasmids encoding PD-CLOCK SS434/436AA, S437A, and
SS440/441AA were transfected into cells with or without pcDNA-HA-BMAL1 as indicated.
Cell lysate loading was adjusted to allow for comparable CLOCK concentrations, which
were visualized by anti-HA Western Blot. Arrows depict phosphorylated (Ph-CLOCK) and
un-phosphorylated (CLOCK) proteins.
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Fig. 2. Characterization of phospho-deficient mutant CLOCK proteins
A. Phospho-deficient CLOCK proteins dimerize with BMAL 1. Cells expressing ectopic

FLAG-tagged BMAL1 with either HA-tagged PC-CLOCK or individual phospho-deficient
mutants were lysed, immunoprecipitated with anti-FLAG antibody and analyzed for
CLOCK by Western Blot using HA antibody (top panel). Reverse co-1P was performed with
anti-MYC to pull down CLOCK. The HA-tagged BMAL1 associated with this pull down
was detected by anti-HA Western Blot (bottom panel).

B. Phospho-deficient CLOCK proteins are translocated to the nucleus in the presence of
BMAL 1. Cell transfectants expressing various mutant CLOCK proteins individually or in
combination with BMAL were fractionated into cytoplasmic and nuclear proteins, resolved
by SDS-PAGE and probed with anti-HA antibody. All tested mutant CLOCK proteins are
detected in the nucleus, but only phospho-competent CLOCK is phosphorylated in the
nuclear fraction.

C. Phospho-competent and phospho-deficient CLOCK proteins showed similar immuno-
staining patterns. Cells expressing either wild type PC- or PD-CLOCK proteins showed a
predominantly cytoplasmic staining following incubation with primary anti-HA antibody
and FITC-tagged secondary antibody; co-expression with Flag-tagged BMALL1 resulted in a
predominantly nuclear staining pattern for all CLOCK proteins. A representative image set
is shown.
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Fig. 3. Identification of a CLOCK phospho-degron
A. Phosphomimics of CLOCK exhibit stability similar to wild-type CLOCK

293T cells were transfected with Bmall cDNA in combination with expression plasmids of
either phospho-deficient or phospho-mimic CLOCK mutants as indicated. Resolved
CLOCK proteins were detected by anti-HA Western Blot.

B. Phospho-deficient CLOCK mutants are more stable than phospho-competent CLOCK.
Cells expressing either PC-CLOCK or PD-CLOCK mutants SS434/436AA and S/
T427/429/431/433/434/436/437/440/441A (CLOCKA9) were treated with 40ug/ml
cycloheximide for the indicated time periods, resolved by SDS-PAGE, and analyzed by
Western Blot for CLOCK with anti-HA antibody.

C. Phosphorylation of the degron siteis BMAL 1-dependent. Wild-type MEFs and MEFs
derived from mice with the targeted disruption of Bmall gene were transfected with
plasmids expressing either PC-CLOCK or PD-CLOCK protein S434/436/437/440/441A and
treated with cycloheximide at 3 and 5hrs as indicated. The resulting Western Blot was
probed for CLOCK with anti-MY C antibody.

D. Mapping important residues of the phospho-degron site.

Single point mutants of the potential GSK-3 phosphorylation sites Ser427 and Thr429 were
generated as well as their putative corresponding phospho-priming sites Ser-431 and Ser433
using myc-Clock cDNA as template. Individual mutants were transfected into 293T cells in
combination with BMALL. The phosphorylation pattern of mutant proteins was visualized
by anti-MYC antibody. The amino acid position and phosphorylation pattern of a
corresponding mutant are labeled with the same color.
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Fig. 4. CLOCK phospho-degron isregulated by the activity of RAS/PI3K/AK T/GSK 3 pathway
A,B GSK-38is pulled down in complex with CLOCK and BMAL 1

A. 293T cells expressing ectopic CLOCK and BMAL1 were immunoprecipitated with anti-
BMAL or normal serum (NS) and analyzed for CLOCK by anti-MYC Western Blot; the
same blot was re-probed for the detection of GSK-3. The monoclonal antibody against
GSK-3 recognized both alpha and beta forms; GSK-3 a migrated with the 1gG heavy chain
as denoted by arrows.

B. 293T cells expressing various combinations of clock proteins, as indicated, were
immunoprecipitated with anti-GSK-3 antibody followed by CLOCK determination by
Western Blot using anti-MYC antibody. Arrows indicate the position of phosphorylated (Ph-
CLOCK) and un-phosphorylated CLOCK.

C. GSK-34 phosphorylates CLOCK in vitro. Lysate from cells expressing ectopic CLOCK
and BMAL were immunoprecipitated with anti-CLOCK antibody in a stringent RIPA
buffer. The immunoprecipitate was incubated in kinase buffer in various combinations of
recombinant GSK-3, BIO, and 32P-ATP followed by incubation at 30 C°. After 1 hr,
samples were boiled in SDS buffer, resolved by SDS-PAGE and transferred to nitrocellulose
for autoradiogram analysis.

D. Inhibition of GSK-3, via constitutive activation of the RAS/AKT pathway, specifically
increases phospho-competent CLOCK levels compared to phospho-deficient CLOCK.
293T cells were transfected with plasmids encoding for BMALL1 and either PC-CLOCK or
PD-CLOCK S427/431A, and with either constitutively active RAS or empty vector, as
indicated. Cell lysates were analyzed by Western Blot using anti-MYC antibody for the
detection of CLOCK.

E. Up-regulation of GSK-3, via inhibition of the RAS pathway, destabilizes CLOCK. 293T
cells expressing CLOCK, BMAL and RAS or empty vector, pcDNA3 were treated with
either DMSO or PI3K/AKT inhibitor, LY294002 as indicated. A non-specific (n.s.) protein
is shown as an indicator of loading.
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F. GSK-#3 mediates CLOCK phosphorylation in cell culture. Cells expressing ectopic
CLOCK and RAS were co-expressed with either active (CA) or inactive (KD) GSK-3p, as
indicated. Cells were treated 3.5 hours with MG132 prior to harvest. CLOCK was visualized
by anti-MYC Western Blot.

G. GSK-3pfails to phosphorylate phospho-mutant CLOCK S427A. Cell extract were
prepared and analyzed as described in Fig. 4F.
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Fig. 5. Stabilization of phospho-deficient CLOCK affects CLOCK/BMAL 1 functional activity
A. Phospho-deficient CLOCK proteins are less transcriptionally active compareto
phospho-competent CLOCK. 293T were transfected with a GAL4 luciferase reporter and
plasmid encoding BMAL1 with either GAL4-PC-CLOCK fusion or GAL4-PD-CLOCK
fusion S427/429/431/433/434/436A, followed by luciferase activity measurement. Bars
represent relative luciferase signal normalized for efficiency of transfection using p-Gal
assay. Experiments were performed at least 3 times in duplicates. Values are mean +
standard error. The transactivation property of all phospho-deficient mutants tested was
significantly decreased compared to wild-type CLOCK (p<0.05 as determined by Student’s
t-test). The insert shows the abundance and pattern of phosphorylation of CLOCK proteins
analyzed by Western Blot.

B. Over-expression of RAS increases transcriptional activity of phospho-competent but
not phospho-deficient CLOCK proteins.

A similar GAL4 luciferase assay was executed with co-expression of BMALL and either
GAL4-CLOCK fusion or GAL4-PD-CLOCK fusion S427/429/431/433/434/436A.
Increasing concentrations of the plasmid expressing RAS were used as indicated.
Transfected cells were lysed in reporter buffer and luciferase activity was measured and
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normalized for B-Gal activity. The Western Blot inserts show the abundance and
phosphorylation status of CLOCK.

C. Stabilization of phospho-deficient CLOCK protein delays the phase of oscillation in
synchronized fibroblasts.

MEFs derived from mice with the targeted disruption of the Clock gene were transfected
with mPer1-luciferase reporter gene and BMAL expression construct with either wild type
or PD-CLOCK mutant S434/436/437/440/441A. 36 hrs post transfection cells were
transferred to 24-well plates and treated with 0.1 uM dexamethasone for 4 hrs. Luciferase
activity was measured in cell lysates over a 20-hr period with a 4-hr resolution. Shown is a
representative experiment out of three that were each performed in triplicates. Values are
normalized by luciferase signal in cells at 0 time point (time of dexamethasone removal) and
show mean value + standard error. Closed circles represent cells transfected with PC-
CLOCK, open circles — cells transfected with PD-CLOCK. Black and white arrows indicate
peak and trough of Per1-driven luciferase expression by the phospho-competent and
phospho-deficient CLOCK/BMAL1 complexes respectively.
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