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Significance

It has long been established that 
circadian clock oscillations rely 
on transcriptional and 
translational feedback loops but 
the specific phosphorylation sites 
underlying the displacement of 
the CLOCK–BMAL1 complex are 
still elusive. In this study, we 
explore the detailed intricate 
molecular mechanisms 
governing the circadian clock in 
mammals, specifically focusing 
on the roles of phosphorylation 
events within CLOCK and BMAL1 
proteins and their impact on the 
circadian oscillation. Our 
research combines mathematical 
modeling, knockout–rescue 
experiments, and biochemical 
experiments to provide direct 
evidence of the critical role 
played by their phosphorylation 
in Period (PER)- dependent 
displacement mechanisms. 
These findings shed light on the 
hitherto elusive details of a 
PER- dependent displacement 
mechanism and demonstrate its 
physiological importance for the 
circadian clock oscillation.
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In mammals, CLOCK and BMAL1 proteins form a heterodimer that binds to E- box 
sequences and activates transcription of target genes, including Period (Per). Translated 
PER proteins then bind to the CLOCK–BMAL1 complex to inhibit its transcriptional 
activity. However, the molecular mechanism and the impact of this PER- dependent 
inhibition on the circadian clock oscillation remain elusive. We previously identified 
Ser38 and Ser42 in a DNA- binding domain of CLOCK as phosphorylation sites at 
the PER- dependent inhibition phase. In this study, knockout rescue experiments 
showed that nonphosphorylatable (Ala) mutations at these sites shortened circadian 
period, whereas their constitutive- phospho- mimetic (Asp) mutations completely abol-
ished the circadian rhythms. Similarly, we found that nonphosphorylatable (Ala) and 
constitutive- phospho- mimetic (Glu) mutations at Ser78 in a DNA- binding domain 
of BMAL1 also shortened the circadian period and abolished the rhythms, respec-
tively. The mathematical modeling predicted that these constitutive- phospho- mimetic 
mutations weaken the DNA binding of the CLOCK–BMAL1 complex and that the 
nonphosphorylatable mutations inhibit the PER- dependent displacement (reduction 
of DNA- binding ability) of the CLOCK–BMAL1 complex from DNA. Biochemical 
experiments supported the importance of these phosphorylation sites for displacement 
of the complex in the PER2- dependent inhibition. Our results provide direct evidence 
that phosphorylation of CLOCK–Ser38/Ser42 and BMAL1–Ser78 plays a crucial role 
in the PER- dependent inhibition and the determination of the circadian period.

circadian rhythm | phosphorylation | DNA binding | CRISPR- Cas9 | mathematical modeling

The molecular mechanisms of the circadian clocks in various species consist of inter-
locked networks of transcriptional and translational feedback loops (TTFL) (1, 2). In 
mammals, the CLOCK and BMAL1 proteins form a heterodimer that binds to E- box 
(CACGTG and its related sequences) and activates transcription of target genes, includ-
ing Period (Per) and Cryptochrome (Cry). The translated PER and CRY proteins then 
bind to the CLOCK–BMAL1 complex to inhibit its transcriptional activity (3, 4). This 
inhibition occurs through various mechanisms. For example, chromatin remodeling 
factors are recruited to the E- box, resulting in orchestrating histone modifications (5–7) 
and inducing the repositioning of E- box- containing genomic DNA to a perinuclear 
locale (8). Additionally, CRY can bind to the CLOCK–BMAL1 complex on the E- box 
to block activation of the E- box- dependent transcription (9, 10), while PER can seques-
ter the CLOCK–BMAL1 complex from binding to the E- box (11). Furthermore, recent 
studies have identified PER- dependent displacement mechanisms, wherein PER 
removes the CLOCK–BMAL1 complex from the E- box through phosphorylation of 
CLOCK via PER- dependent recruitment of CK1 (9, 12, 13). This PER- dependent 
displacement is consistent with several previous reports showing that the CLOCK–
BMAL1 complex is dissociated from the E- box at the PER- dependent suppression 
phase (6, 7, 14). Nevertheless, the intricate molecular details of the mechanisms and 
the impact of the PER- dependent displacement on the circadian clock oscillation 
remain elusive.

Phosphorylation of clock proteins plays a central role for the regulation of the TTFL 
in various species. It was previously reported that posttranslational modifications 
(PTMs) of mouse clock proteins regulate both the quantity and quality of the proteins 
(reviewed in ref. 15). PTMs of CRY proteins, including their phosphorylation, regulate 
their protein stability, interaction with PER, and repressor activity (16–25). 
Phosphorylation of PER proteins also plays a critical role in the circadian clock by 
regulating their protein levels (26–32) and subcellular localization (27, 28, 33, 34). 

OPEN ACCESS

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:sfukada@mail.ecc.u-tokyo.ac.jp
mailto:jaekkim@kaist.ac.kr
mailto:yoshitane-hk@igakuken.or.jp
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2316858121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2316858121/-/DCSupplemental
https://orcid.org/0009-0009-3527-1621
https://orcid.org/0009-0007-8215-8707
https://orcid.org/0000-0002-8192-0778
mailto:
https://orcid.org/0000-0003-2096-6008
mailto:
https://orcid.org/0000-0001-7842-2172
mailto:
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2316858121&domain=pdf&date_stamp=2024-5-23


2 of 10   https://doi.org/10.1073/pnas.2316858121 pnas.org

In particular, two competing clusters of phosphorylation sites 
in PERs act as a phospho- switch that affects the period length 
by determining their degradation rate (30, 31, 35, 36). The 
PER–CRY complex, whose function is regulated by PTMs, 
interacts with the CLOCK–BMAL1 complex, thereby changing 
its phosphorylation state. Previously, we showed that CLOCK 
and BMAL1 proteins are phosphorylated in a circadian manner, 
and that Ser38 and Ser42 in the DNA- binding domain of 
CLOCK are phosphorylated at the PER- dependent suppression 
phase (37). These phosphorylations reduced the DNA- binding 
ability of the CLOCK–BMAL1 complex, which may cause 
inhibition of the E- box- dependent transcription (37, 38). 
However, the importance of these phosphorylations in the cir-
cadian clock oscillation is not understood.

In this study, to comprehensively understand the mouse circa-
dian clock system driven by phosphorylation, we established 
knockout (KO)- rescue systems for CLOCK and BMAL1. These 
systems revealed that nonphosphorylatable (Ala) and constitutive-  
phospho- mimetic (Asp/Glu) mutations at the DNA- binding 
domains of the CLOCK–BMAL1 complex shortened the circa-
dian period and abolished the rhythms, respectively. We analyzed 
the change in circadian rhythms via a combination of experimental 
approaches and mathematical models, and identified the impor-
tance of these phosphorylation sites for the PER- dependent dis-
placement mechanism. The present study provides direct evidence 
that the “displacement” repression via phosphorylation of the 
DNA- binding domain in CLOCK and BMAL1 is critical for the 
circadian oscillation.

Results

Knockout Rescue Experiments of CLOCK and BMAL1. To evaluate 
the relative importance of the phosphorylation sites in CLOCK and 
BMAL1, we aimed to establish knockout (KO)- rescue experiments 
of Clock and Bmal1 genes. To this end, we used CRISPR- Cas9 to 
knockout Clock gene in NIH3T3 cells (Fig. 1A and SI Appendix, 
Fig. S1). Western blotting analysis revealed that the full- length 
CLOCK protein was abolished in the mutant cells (Fig.  1B). 
When wild- type (WT) NIH3T3 cells were transiently transfected 
with a Bmal1- Luc reporter, we observed clear circadian rhythms 
of the bioluminescence level. These rhythms were abolished in 
the Clock- KO cells, indicating the essential role of Clock gene in 
the circadian clockwork of NIH3T3 cells (Fig. 1C). In the mouse 
behavior, the function of CLOCK can be compensated by NPAS2, 
a homolog of CLOCK (39, 40), but the contribution of NPAS2 is 
negligible in cultured cells, possibly due to undetectable expression 
of Npas2 mRNA in NIH3T3 cells (SI Appendix, Fig. S2). It should 
be noted that the bioluminescence intensity in the Clock- KO cells 
was apparently higher than that in Bmal1- KO cells (Fig. 1D) that 
were reported in our previous study (41).

We have previously shown that Bmal1 mRNA rhythms are not 
essential for the circadian oscillation, by eliminating RRE cis- elements 
in the 5′UTR region of Bmal1 gene (41). Furthermore, it has been 
reported that constitutive overexpression of BMAL1 and CLOCK 
was enough to rescue the circadian oscillation in Bmal1- KO (42) 
and Clock- KO (43) cells, respectively. Consistently, we found that 
overexpression of CLOCK in the Clock- KO cells reduced the 
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Fig. 1.   KO- rescue experiments for CLOCK and BMAL1 in NIH3T3 cells. (A) Strategy for knocking out mouse Clock gene. The genome structure of mouse Clock 
gene (Upper) and the protein domain structure (Lower) are shown. The designed targeting sites of the sgRNAs in the Clock gene locus are indicated by scissors. 
(B) Western blotting of CLOCK protein that was immunoprecipitated from the Clock- KO and the control cell lines. (C–F) Representative bioluminescence rhythms 
from the control NIH3T3 cells (C and D; gray), the Clock- KO cells (C and E; black), the Bmal1- KO cells (D and F; black), the Clock- KO cells transfected with 500 ng of 
CLOCK–WT plasmid (E, green), and the Bmal1- KO cells transfected with 500 ng of BMAL1–WT plasmid (F, green). Cellular rhythms were monitored by transient 
transfection with the Bmal1- luc reporter. These cells were synchronized by 2- h pulse treatment with dexamethasone just before the bioluminescence monitoring.
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abnormal high bioluminescence levels down to the normal levels 
and restored the circadian bioluminescence rhythms (Fig. 1E and 
SI Appendix, Fig. S3). Overexpression of BMAL1 also restored the 
rhythmicity in the Bmal1- KO cells (Fig. 1F and SI Appendix, 
Fig. S3). These results indicate that the rescue systems are suitable 
for investigating the role of phosphorylation at each phosphorylation 
site of the CLOCK–BMAL1 complex in the circadian clockwork.

In the KO- rescue experiments, intriguingly, changes in the 
amount of overexpressed CLOCK protein (the amount of 
CLOCK expressing plasmid) in the Clock- KO cells had no signif-
icant effect on the circadian period (Fig. 2 A and B), and similarly, 
those of overexpressed BMAL1 in the Bmal1- KO cells had mar-
ginal effects (Fig. 2 C and D). To simulate the circadian oscillation 
in the KO- rescue experiments, we utilized a detailed mathematical 
model (Kim- Forger model) that describes a mammalian circadian 
clock and captures changes by various clock gene mutations and 
pharmacological inhibition (44, 45). In this model, the transcrip-
tion of clock genes is promoted and inhibited by the binding of 
CLOCK–BMAL1 and CRY–CLOCK–BMAL1 to E- box, respec-
tively. Notably, the model has been updated to incorporate the 
displacement of CLOCK–BMAL1 complex from the E- box by 
PER binding, a mechanism known to play a critical role in circa-
dian oscillation (Fig. 2E) (13, 46, 47). For simplicity, we did not 
consider the role of CK1 in promoting the displacement of 
CLOCK–BMAL1 from E- box by PER or PER–CRY. We elimi-
nated CLOCK or BMAL1 in this WT model to construct the 
Clock- KO model or the Bmal1- KO model, respectively. Both 
models cannot generate rhythms (Fig. 2 F–I, black lines), consist-
ent with observations in the cultured cells (Fig. 1 C and D). In 
these models, overexpression of CLOCK (Fig. 2 F and G) or 
BMAL1 (Fig. 2 H and I) can rescue the circadian oscillations, 
although the period lengths do not fully align with those observed 
in the cultured cells (Fig. 2 B and D). This inconsistency can be 
attributed to the Kim–Forger model, which was developed based 
on SCN exhibiting different period alteration by overexpression 
of CLOCK or BMAL1 protein compared to NIH3T3 cells (44). 
Importantly, expression levels of CLOCK or BMAL1 had only 
marginal effects on the circadian period (Fig. 2 F–I) as observed 
in the KO- rescue experiments (Fig. 2 A–D). Furthermore, over-
expression of either CLOCK or BMAL1 had only minimal effects 
on the circadian oscillation not only in the KO models (Fig. 2 
F–I) but also in the WT model (Fig. 2 J and K), whereas overex-
pression of both CLOCK and BMAL1 abolished the circadian 
oscillation (Fig. 2 J and K). The prediction by our simulation was 
experimentally confirmed by using WT NIH3T3 cells, in which 
CLOCK, BMAL1, or both was overexpressed (Fig. 2 L and M). 
Taken together, the level of the CLOCK–BMAL1 heterodimer 
should be a critical factor for the circadian oscillation, while the 
levels of free CLOCK or free BMAL1 proteins appear to have 
marginal effects on the circadian oscillation.

Ser38 and Ser42 in CLOCK and Ser78 in BMAL1 Are Critical Amino 
Acid Residues for Circadian Period Determination. It has been 
reported that phosphorylation of the CLOCK–BMAL1 complex is 
important for the dissociation of the complex from the E- box (13). 
However, the phosphorylation sites responsible for the dissociation 
of the complex from the E- box have not been identified. To address 
this question, we generated mutants, CLOCK–bHLH (1- 194 
S/T- all- A) and BMAL1–bHLH (1- 149 S/T- all- A), where all 
the Ser and Thr residues (35 and 25 residues for CLOCK and 
BMAL1, respectively) in these N- terminal regions including their 
bHLH domains were replaced with Ala (i.e., nonphosphorylatable 
mutations) (SI Appendix, Fig. S4). In the KO- rescue experiments, 
the CLOCK–bHLH (1- 194 S/T- all- A) mutant rescued the circadian 

oscillation in the Clock- KO cells, but the circadian period of the 
rescued cells was significantly shorter (~1.7 h) than that of the 
WT- rescued cells (Fig. 3 A and B magenta, SI Appendix, Fig. S5 
A and C). In addition, BMAL1–bHLH (1- 149 S/T- all- A) 
also had a significantly shorter (~1.6 h) period (Fig.  3 C and 
D magenta, SI Appendix, Fig. S5 B and D). These data suggest 
that phosphorylation in the DNA- recognition domains of the 
CLOCK–BMAL1 complex is important for the circadian period 
determination.

We previously reported that Ser38 and Ser42 of CLOCK are 
phosphorylated in the mouse liver and that Asp (constitutive-  
phospho- mimetic) mutations at these sites markedly reduce the 
DNA binding ability of the CLOCK–BMAL1 complex and inhibit 
its transcriptional activity (37). Separately, it has been reported that 
Ser78 of BMAL1 is an important amino acid residue for the DNA 
recognition and that the circadian oscillation was abolished by 
BMAL1–Ser78Glu (constitutive- phospho- mimetic) mutation (38). 
Therefore, we examined the role of these phosphorylation sites by 
using another mutant, CLOCK–bHLH (1- 194 S/T- all- A; A38S/
A42S), in which Ala38 and Ala42 of CLOCK–bHLH (1- 194 
S/T- all- A) were mutated back to Ser. In the KO- rescue experiments, 
the A38S/A42S mutation significantly attenuated the period short-
ening effect of CLOCK–bHLH (1- 194 S/T- all- A) (Fig. 3 A and B 
black, SI Appendix, Fig. S5C). Similarly, back mutation of Ala78Ser 
on the BMAL1–bHLH (1- 149 S/T- all- A) mutant almost com-
pletely abolished the period shortening effect of the all Ala mutation 
(Fig. 3 C and D black, SI Appendix, Fig. S5D). Taken together, the 
mechanism of circadian period determination by phosphorylation 
on the bHLH domains of CLOCK and BMAL1 is determined by 
a few amino acids in their DNA recognition sites.

Then, we examined the effect of Ala (nonphosphorylatable) or 
Asp/Glu (constitutive- phospho- mimetic) mutation on CLOCK–
Ser38/Ser42 and BMAL1–Ser78. In the KO- rescue experiments, 
Ser38Ala and Ser42Ala mutations independently shortened the 
circadian period, and CLOCK–Ser38Ala/Ser42Ala double mutant 
had an additive effect of significantly shorter (~1.4 h) period 
(Fig. 3 E–G red, SI Appendix, Figs. S5 and S6). In addition, 
BMAL1–Ser78Ala mutant had also a significantly shorter (~1.0 h) 
period (Fig. 3 H–J red, SI Appendix, Fig. S5). Importantly, a 
CLOCK–Ser38Asp/Ser42Asp mutant and a BMAL1–Ser78Glu 
mutant showed arrhythmic phenotypes (Fig. 3 E–J, blue). 
These results indicate that these Ser residues in the bHLH 
domains of CLOCK and BMAL1 are important amino acids 
in the circadian period determination, probably by regulating 
the timing of the transition from the CLOCK–BMAL1 bound 
with E- box to the complex released from E- box, due to an 
increase of the negative charge by the phosphorylation at the 
DNA recognition sites.

Mathematical Modeling Reveals that the Phosphorylation of 
DNA- Binding Domains of the CLOCK–BMAL1 Complex Disrupts 
Its PER- Dependent Displacement from DNA. To systematically 
investigate how phosphorylation of CLOCK–Ser38/Ser42 
and BMAL1–Ser78 modulates the circadian period, we used 
the Clock- KO and Bmal1- KO models, which accurately 
predicted the alteration of circadian periods by overexpression 
of CLOCK and BMAL1 in Clock- KO and Bmal1- KO cells, 
respectively (Fig. 2). With these models, we simulated mutations 
of CLOCK and BMAL1 on phosphorylation sites, based on 
our experimental data. Specifically, the complex of CLOCK 
and BMAL1 binds to the E- box in a circadian manner (6) 
and their mutations that mimic phosphorylation reduce its 
DNA- binding ability (37, 38). Furthermore, PER- dependent 
phosphorylation of the complex is a key step for its dissociation 
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from the E- box (13). Collectively, we hypothesized that the 
mutations at the phosphorylation sites could affect the circadian 
period determination by altering the DNA- binding ability of 

the CLOCK–BMAL1 complex. To validate this hypothesis, 
we first simulated the Asp mutations of CLOCK by decreasing 
the binding ability (i.e., increasing the dissociation constant) 
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between the CLOCK–BMAL1 heterodimer and DNA (37) 
after overexpressing CLOCK in the Clock- KO model. This 
modification resulted in an arrhythmic phenotype (Fig.  4A), 

consistent with our experimental results of the Asp mutations 
(Fig. 3 E and G, blue line). Similarly, when we simulated the 
Glu (constitutive- phospho- mimetic) mutations of BMAL1 
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by decreasing its binding ability to DNA after overexpressing 
BMAL1 in the Bmal1- KO model, an arrhythmicity was observed 
in the model (Fig.  4B). This indicates that the arrhythmicity 

of these Asp/Glu (constitutive- phospho- mimetic) mutations 
appears to stem from the reduced binding of the CLOCK–
BMAL1 complex to DNA.
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Next, to assess the effects of the Ala (nonphosphorylatable) muta-
tions, disrupting the phosphorylation of CLOCK or BMAL1, we 
investigated the impact of decreasing the dissociation constant (i.e., 
enhancing the binding affinity) between the CLOCK–BMAL1 
complex and DNA. This led to a lengthening of the circadian period 
in the simulated rhythms (Fig. 4 C and D). On the other hand, we 
showed that the phospho- deficient mutation of these sites shortened 
the circadian period of the cellular clock (Fig. 3 G and J), while the 
phospho- mimetic mutation reduced the binding affinity against 
E- box (Fig. 5B; see below), similar to the previous results by ref. 
13. These suggest that phosphorylatable but not phosphorylated 
serine residues of CLOCK and BMAL1 should positively influence 
E- box affinity and have a period- shortening effect. However, this 
is inconsistent with our simulations in Fig. 4 C and D. To address 
this inconsistency, we examined whether Ala (nonphosphorylatable) 
mutation affects the binding of CRY–CLOCK–BMAL1 and both 
PER–CLOCK–BMAL1 and PER–CRY–CLOCK–BMAL1 on 
DNA. While the decreased dissociation constant (i.e., the enhanced 
binding affinity) of CRY–CLOCK–BMAL1 with DNA lengthened 

the period (Fig. 4 E and F), the decreased dissociation constant of 
both PER–CLOCK–BMAL1 and PER–CRY–CLOCK–BMAL1 
with DNA shortened the periods (Fig. 4 G and H) as observed in 
our experimental results (Fig. 3). This indicates that the Ala muta-
tion may disrupt the displacement of the CLOCK–BMAL1 com-
plex from DNA, induced by PER.

Ser38 and Ser42 in CLOCK and Ser78 in BMAL1 Contribute to 
the Inhibitory Effect of PER2. To confirm the model prediction, 
we examined whether phosphorylations of CLOCK–Ser38/
Ser42 and BMAL1–Ser78 contribute to the PER2- dependent 
suppression on the E- box activity. In a dual- luciferase reporter 
assay using HEK293 cells, CLOCK–Ser38Ala/Ser42Ala and 
BMAL1–Ser78Ala activated the E- box- dependent transcription, 
and the transcriptional activity was significantly higher than that 
of WT CLOCK–BMAL1 complex (Fig.  5 A, Upper, black). 
Coexpression of PER2 caused a significant inhibition of the E- box 
activity, and the inhibitory effect of PER2 on the E- box activity 
was significantly attenuated by the Ala (nonphosphorylatable) 
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Fig. 5.   The inhibitory effect of PER2 is mediated by Ser38 and Ser42 in CLOCK and Ser78 in BMAL1. (A) Inhibitory effects of PER2 (blue), CRY1 (red), or PER2/
CRY1 (purple) on the E- box- dependent transcription by CLOCK and BMAL1 were examined by a dual luciferase reporter assay. The values of the E- box activity 
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and shorten the circadian period (Right).
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mutations of the complex (Fig. 5A, blue). It should be noted that 
an inhibitory effect of CRY1 was not significantly altered by the 
mutation (Fig. 5A, red). In the presence of CRY1, coexpression of 
PER2 additively inhibited the transcriptional activity of the WT 
complex (Fig. 5 A, Left, red vs. purple), but the additive inhibitory 
effect was not observed when the E- box was activated by the SA 
mutants (Fig. 5 A, Right, red vs. purple). This implies that the 
SA mutants disrupt the PER2- dependent inhibition, while the 
CRY1- dependent inhibition remains. This is mainly due to that 
CRY1 is also involved in multiple types of repressions including 
the displacement type of repression (48).

Next, to examine the effect of the phospho- mimic mutations 
on the E- box- binding ability of the CLOCK–BMAL1 complex, 
we performed a DNA pull- down assay, which quantitatively deter-
mines protein levels of CLOCK and BMAL1 that bind to a bioti-
nylated E- box- containing DNA oligo. The DNA pull- down assay 
revealed that CLOCK–Ser38Asp/Ser42Asp and BMAL1–
Ser78Glu mutations as mimicking phosphorylation additively 
attenuated the E- box- binding ability of the complex (Fig. 5B). 
These results indicate that the phosphorylations of both CLOCK–
Ser38/Ser42 and BMAL1–Ser78 play a crucial role in the PER2-  
dependent displacement repression.

Finally, to investigate how the Ala (nonphosphorylatable) muta-
tions of the CLOCK–BMAL1 complex affect the circadian phase, 
we simulated the mutations under a standard 12:12 light- dark 
(LD) condition as well as under the constant dark (DD) condition 
(SI Appendix, Fig. S7). Specifically, we simulated a decrease in the 
dissociation constants of both PER–CLOCK–BMAL1 and PER–
CRY–CLOCK–BMAL1 with DNA after overexpressing CLOCK 
and BMAL1 in the Clock- KO (SI Appendix, Fig. S7A) and 
Bmal1- KO models (SI Appendix, Fig. S7B), respectively. We found 
that the displacement rate exhibited the circadian rhythm, with 
its peak time similar to that of the nuclear PER rhythm and PER–
(CRY)–CLOCK–BMAL1 rhythm (SI Appendix, Fig. S7A). 
Importantly, the Ala (nonphosphorylatable) mutations reduced 
the displacement rate and caused about 1 h advance in the circa-
dian phase (SI Appendix, Fig. S7 A and B, Left column), consistent 
with the short- period phenotypes (SI Appendix, Fig. S7 A and B, 
Right). Collectively, these findings suggest that PER proteins 
recruit kinases including CKI to the CLOCK–BMAL1 complex, 
inducing phosphorylations of CLOCK–Ser38/Ser42 and 
BMAL1–Ser78 (Fig. 5C). As one of the inhibitory mechanisms 
on the E- box- dependent transcription, these phosphorylations 
inhibit the E- box- dependent transcription by displacing the 
CLOCK–BMAL1 complex from the E- box to determine the cir-
cadian period.

Discussion

PER protein is generally considered as a state variable of TTFLs, 
and its protein level and functions regulate the speed of the circa-
dian period. A recent study suggested that the PER2- dependent- 
recruitment of CKI to the CLOCK–BMAL1 complex caused 
dissociation of the complex from the E- box (13). However, it has 
remained unclear how the displacement mechanisms governed by 
the state variable PER has an impact on the circadian oscillation. 
In the present study, a combination of mathematical modeling 
and biochemical experiments revealed that the PER- dependent- 
displacement of the complex from the E- box is a critical step for 
the circadian clock. Specifically, we adopted an experimental strat-
egy of replacing Ser and Thr residues of transcription factors with 
Ala and selectively reintroducing phosphorylatable residues into 
the Ala mutants. Especially, we focused on the DNA- binding 
domains of CLOCK and BMAL1, because phosphorylation of 

these domains possibly promotes the dissociation of the complex 
from DNA due to increase of the negative charges. Through this 
approach, we identified CLOCK–Ser38/Ser42 and BMAL1–Ser78 
as the functional phosphorylation sites. Furthermore, with a com-
bination of mathematical modeling incorporating displacement- 
type repression (Fig. 2E), we found that these sites are responsible 
for the period- shortening effect (Figs. 3 and 4) and the PER- 
dependent repression (Figs. 4 and 5).

Our strategy also works as a screening system for other tran-
scription factors to identify a key phosphorylation site(s). In gen-
eral, phosphorylation plays a key role in regulatory mechanisms 
for transcription factors (e.g., CLOCK, BMAL1, PER, and CRY) 
by altering not only their protein abundance but also their func-
tions, such as subcellular localization, protein–protein interaction, 
and DNA- binding ability (15, 49, 50). Furthermore, these phos-
phorylations can shorten or lengthen the circadian period, 
depending on the phosphorylation sites. Notably, one well- known 
example is the phospho- switch of PER, where phosphorylations 
of two serine clusters change protein stability in opposite direc-
tions (30, 50). Subsequently, the stabilization and degradation of 
PER protein leads to lengthening and shortening of the circadian 
period, respectively. In the present study, we conclude that phos-
phorylations of the DNA- binding domains of the CLOCK–
BMAL1 complex promote the dissociation of the complex from 
the E- box (Fig. 5B) and contribute to determining the circadian 
period (Fig. 3). Our findings are supported by a previous study 
in Neurospora, which showed that its circadian rhythms were not 
abolished by mutations at phosphorylation sites of WC- 1 alone 
but by those of both WC- 1 and WC- 2 (51). The essential role of 
the phosphorylation in the fungi clock is consistent with our idea 
that triple mutations at the phosphorylation sites in CLOCK and 
BMAL1 proteins also blunt the mammalian clock.

Many kinases, such as GSK3β (52), CK2α (53), S6K1 (54), 
CDK5 (55), AKT (56), and CK1 (4), are known to be responsible 
for phosphorylating the CLOCK–BMAL1 heterodimer. However, 
a kinase(s) responsible for the phosphorylations at CLOCK–Ser38/
Ser42 and BMAL1–Ser78 remains unclear. According to Kinase 
Library, a substrate motif analysis based on human serine/threo-
nine kinome datasets (57), CK1 (probably isoforms δ and/or ε) is 
one of the strong candidate kinases for phosphorylation of 
CLOCK–Ser38/Ser42 and BMAL1–Ser78. CK1δ/ε are reported 
to form a complex including CLOCK, BMAL1, PERs, and CRYs 
(4, 58). CK1δ in the large complex phosphorylates CLOCK pro-
tein, resulting in dissociation of the complex from the E- box (13). 
This model of displacement repression where CK1 governs the 
dissociation of the transactivators is conserved in not only mam-
mals but also Neurospora and Drosophila (51, 59, 60). To our 
knowledge, however, no reports have identified the CK1- dependent 
phosphorylation sites of CLOCK. In the present study, we found 
that the phosphorylations at CLOCK–Ser38/Ser42 and BMAL1–
Ser78 were associated with the PER2- dependent displacement 
(Fig. 5A). Based on these results, it is possible that CK1 is the 
kinase responsible for these phosphorylation sites, but we could 
not exclude the contribution of other kinases.

We found that the mechanism for the PER- dependent displace-
ment is critical in generating circadian rhythms. Interestingly, as 
well as the displacement, two additional repression mechanisms, 
blocking and sequestration, are employed together for the tran-
scriptional negative feedback loop in the circadian clock of mam-
mals and Drosophila (9, 10, 13, 61). For instance, in the 
mammalian circadian clock, CRY binds to the CLOCK–BMAL1 
complex on E- box to block the transcription, while PER sequesters 
the CLOCK–BMAL1 complex not to bind with E- box and dis-
places the CLOCK–BMAL1 complex bound to E- box. When 

http://www.pnas.org/lookup/doi/10.1073/pnas.2316858121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316858121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316858121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316858121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316858121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316858121#supplementary-materials
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these three mechanisms for seemingly redundant repressions are 
used together, circadian rhythms with high amplitude (62) and 
robust signal to noise can be generated (63). The PER- dependent 
displacement contributes to not only generating strong rhythms 
but also the mobility of the CLOCK–BMAL1 complex to its 
target sites (46). This is reminiscent of the fact that the displace-
ment of NF- κB by IκB plays an important role in generating 
coherent oscillation of NF- κB across cells with different binding 
affinities between NF- κB and IκB (64).

Collectively, we conclude that a highly conserved mechanism 
of the displacement repression in the circadian clockwork is medi-
ated by phosphorylation at DNA- binding domains of the trans-
activators and is essential for the normal clock oscillation.

Materials and Methods

Cell Culture. The NIH3T3 and HEK293T/17 cells were cultured and passaged 
under 5% CO2 in Dulbecco’s modified Eagle’s medium (D5796; Sigma or 08459- 
64; Nacalai Tesuque) containing 100 U/mL penicillin, 100 mg/mL streptomycin, 
and 10% fetal bovine serum.

Genome Editing with the CRISPR- Cas9 System. For knockout of CLOCK 
protein, targeting sequences were determined by CRISPRdirect (https://crispr.
dbcls.jp) (65). pX459 plasmid containing a chimeric guide RNA and SpCas9 
expression cassette (Cat. No. 42230; Addgene) (66, 67) was digested by BbsI 
restriction enzyme, and the targeting sequences were inserted. NIH3T3 cells 
were transfected with the plasmid by Lipofectamine3000 Reagent (Thermo 
Fisher Scientific) according to the manufacturer’s protocol. After the transfection, 
cells were seeded at a density of one cell per well in 96- well plates. For isolating 
cell lines, wells containing a single colony were selected by CloneSelect Imager 
(Molecular Device). The genome DNA sequences of the target site were read by 
direct Sanger sequencing.

Real- Time Monitoring of Cellular Rhythms. Cellular bioluminescence 
rhythms were monitored as described previously (68) with minor modifications. 
Briefly, NIH3T3 (WT, Clock- KO, or Bmal1- KO cells) plated on 35- mm dishes 
were transiently transfected with Bmal1- luc/pGL4.12 and indicated plasmids by 
Lipofectamine3000 Reagent (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. After 24 h, the cells were treated with 0.1 µM (final) dexametha-
sone for 2 h, and then, the media were replaced by recording media (phenol- red 
free Dulbecco’s modified Eagle’s medium [Sigma] supplemented with 10% fetal 
bovine serum, 3.5 g/L glucose, 25 U/mL penicillin, 25 µg/mL streptomycin, 0.1 
mM luciferin, and 10 mM HEPES- NaOH; pH 7.0). The bioluminescence signals 

of the cultured cells were continuously recorded for 5 to 10 d at 37 °C in air with 
Dish Type Luminescencer, Lumi- Cycle (Actimetrics).

For the determination of the circadian period, the raw data of bioluminescence 
rhythms were detrended by subtracting their 24- h moving averages and were 
smoothed by their 2- h moving averages. The circadian period was calculated 
from the slope of a regression line fitted to time points of consecutive peaks and 
troughs of cellular rhythms by the least- squares method. At least 5 time points of 
peaks and troughs of cellular rhythms were selected for the fitting. We observed 
that the calculated circadian periods of the cultured cells have small variations 
among cultured dishes in a single experiment but large variations between exper-
iments performed on different days (SI Appendix, Figs. S3 and S5). Therefore, in 
this study, we compared the circadian periods between the WT- rescued cells and 
the mutant- rescued cells in a single- day experiment.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix. The Mathematica codes to simulate the mathemat-
ical models are available at https://github.com/Mathbiomed/The- mammalian- 
circadian- clock- with- PER- dependent- displacement (69).
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