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The circadian clock in cyanobacteria employs a posttranslational oscillator composed of a
sequential phosphorylation–dephosphorylation cycle of KaiC protein, inwhich the dynamics
of protein structural changes driven by temperature-compensated KaiC’s ATPase activity are
critical for determining the period. On the other hand, circadian clocks in eukaryotes employ
transcriptional feedback loops as a core mechanism. In this system, the dynamics of protein
accumulation and degradation affect the circadian period. However, recent studies of eu-
karyotic circadian clocks reveal that the mechanism controlling the circadian period can be
independent of the regulation of protein abundance. Instead, the circadian substrate is often
phosphorylated at multiple sites at flexible protein regions to induce structural changes. The
phosphorylation is catalyzed by kinases that induce sequential multisite phosphorylation
such as casein kinase 1 (CK1) with temperature-compensated activity. We propose that the
design principles of phosphorylation-dependent circadian-period determination in eukary-
otes may share characteristics with the posttranslational oscillator in cyanobacteria.

The circadian clock produces near-24-h
rhythms in physiological activities. From

multicellular animals to plants, circadian clocks
regulate cellular metabolic pathways and other
physiological responses of the organism, such as
sleep–wake cycles and immune responses (Levi
and Schibler 2007; Bass and Takahashi 2010;
Mohawk et al. 2012; Albrecht 2013; Greenham
and McClung 2015; Lu et al. 2017; Sanchez and
Kay 2017). The evolutionary advantage of a cir-
cadian clock was demonstrated by coculture ex-
periments with prokaryotic cyanobacteria, in

which strains with a circadian period matching
the light–dark cycle of their environment be-
came dominant in the population (Woelfle
et al. 2004). This advantage should apply to
many species; circadian rhythmicity of physio-
logical activities is observed in evolutionarily
distant species. Conserved features of the mo-
lecular mechanisms that drive circadian clocks
in different phyla have been revealed through
studies in a variety of organisms, including con-
ventional models such as rodents in mammals,
Drosophila melanogaster in insects, Arabidopsis
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thaliana in higher plants, Neurospora crassa in
fungi, and Synechococcus elongatus in cyano-
bacteria. In all organisms, circadian rhyth-
micity is cell-autonomous. Even in mammals,
various cell types show robust circadian rhyth-
micity in gene expression and physiological ac-
tivity, even when cultured in vitro (Welsh et al.
1995; Yagita et al. 2001; Nagoshi et al. 2004;
Yoo et al. 2004). Cell-autonomous circadian
oscillation is produced by the system-level or-
chestration of transcription–translation feed-
back and/or a posttranslational interaction net-
work (Gallego and Virshup 2007; Ukai and
Ueda 2010; Millius and Ueda 2017), but the
molecular components of the oscillators espe-
cially for transcriptional or translational regu-
lators differ between species (Rosbash 2009;
Brown et al. 2012; van Ooijen and Millar
2012; Takahashi 2017). However, the question
arises whether a common design principle un-
derlies the molecular components of circadian
clocks in different organisms.

In most organisms, circadian molecular os-
cillators seem to be based on transcription–
translation feedback loops (TTFLs). However,
how circadian clocks maintain a robust 24-h
oscillation is a mystery. The suprachiasmatic
nucleus, a region of the brain central to circadi-
an rhythm in mammals, can sustain oscillating
gene expression for years when cultured in vitro
(Yamazaki and Takahashi 2005). However, the
periodic gene expression in artificial biological
oscillators encoded as TTFLs is less stable when
subjected to cell-intrinsic or cell-extrinsic
changes (Elowitz and Leibler 2000; Danino
et al. 2010). This observation suggests that an
additional layer exists in the period-keeping
mechanism of circadian cellular oscillators.
Here, we review the circadian-clock features in
various organisms from the perspective of
TTFL-based design principles and posttransla-
tional modifications of oscillator components.
Through the comparison between a phosphor-
ylation-based oscillator in cyanobacteria and
multisite phosphorylation of clock components
that can regulate the circadian period in eukary-
otes, we propose that shared design principles
can be found in the circadian period-determi-
nation mechanisms.

TRANSCRIPTION NEGATIVE FEEDBACK IN
EUKARYOTIC CIRCADIAN OSCILLATORS

Figure 1 summarizes the major molecular com-
ponents of circadian oscillators in different phy-
la. Eukaryote oscillators have conserved negative
feedback loops in the transcription–translation
network (Fig. 1A). The PERIOD protein (PER)
is a key transcriptional repressor in mammals
and Drosophila. PER binds and inhibits a basic
helix–loop–helix transcription-activator com-
plex consisting of CLOCK and BMAL1 inmam-
mals (Fig. 1B). In Drosophila, PER inhibits a
complex of CLOCK (CLK) and CYCLE (CYC),
a BMAL1 ortholog (Fig. 1C). The CLOCK–
BMAL1 (CLK-CYC in Drosophila) complex ac-
tivates Per transcription; thus, the overall tran-
scription network creates a negative feedback
loop. PERbinds other partners in various organ-
isms to act on transcription activators. In Dro-
sophila, PER represses its own transcription by
binding TIMELESS (TIM), the vertebrate ho-
molog of which maintains chromosomal integ-
rity (Chou and Elledge 2006; Tanaka et al. 2009).
In contrast, mammalian PER forms a complex
with CRYPTOCHROME (CRY). The crypto-
chrome superfamily is widely conserved from
bacteria to plants, but nonmammalian crypto-
chrome functions as a blue-light receptor rather
than as a circadian transcription repressor (Lin
and Todo 2005; Ozturk et al. 2007). Phylogenet-
ically, the closest homolog of mammalian cryp-
tochrome is 6–4 photolyase, which catalyzes the
repair of damaged DNA residues using energy
from blue light. These functional divergence of
TIM and CRY in maintaining DNA integrity
and circadian rhythmicity may be related to
the evolutionarily close relationship of DNA-
damage responses and circadian clocks in an
environment with daily oscillations in sunlight.

The molecular components of circadian
negative feedback loops differ between fungi
and plants. White Collar complex (WCC) and
FREQUENCY (FRQ) are the primary drivers of
Neurospora circadian clocks (Fig. 1D).WCC ac-
tivates FRQ transcription, which in turn inhibits
WCC and creates the negative feedback loop.
The canonical core feedback architecture of
the circadian clock in plants is more complex

K.L. Ode and H.R. Ueda

2 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028357

Laboratory Press 
 at University of Tokyo on August 26, 2018 - Published by Cold Spring Harborhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


(Fig. 1E). In Arabidopsis, the canonical model
involves transcription feedback loops around
two transcription repressors, CCA1 and LHY,
which suppress the transcription of both activa-
tors and inhibitors of CCA1/LHY expression,
creating an architecture combining positive
and negative feedback.

Theoretical studies emphasize the impor-
tance of a negative feedback loop encoded as a
TTFL in autonomous oscillation (Novak and
Tyson 2008; Kim 2016). In a general sense, the

period of TTFL-based oscillators is determined
through the dynamics of protein quantity: the
repression phase is initiated by the accumula-
tion of transcription repressor(s) and ceases
when the repressors have disappeared. Indeed,
the circadian period is reported to be regulated
through the delayed timing (phase) of the accu-
mulation of mammalian transcriptional repres-
sor Cry messenger RNA (mRNA) (Ukai-Tade-
numa et al. 2011) or Per mRNA in mammals
andDrosophila (Kadener et al. 2008; Fustin et al.
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Figure 1. Shared structure of transcription–translation feedback loop (TTFL)-based eukaryotic circadian clocks.
(A) Diagram showing the basic structure of a circadian negative-feedback transcription oscillator. The transcrip-
tion repressor is regulated by multisite phosphorylation and proteasome-mediated proteolysis. (B–E) Major
components of the circadian TTFL-based oscillator in each species. Note that the indicated components and
pathways were selected based on the context of this review; the actual circadian systems are far more complex
reaction networks involving numerous gene products. EC (evening complex) composed of ELF4, LUX, and ELF3.
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2013). These changes are regulated by the tim-
ing of transcription and the mRNA maturation
process, independent of the biochemical char-
acteristics of the CRY/PER proteins themselves.
However, evidence suggests that the dynamics of
mRNA abundance are less important in eliciting
rhythmic transcription; noncircadian expres-
sion of the per gene in Drosophila (Ewer et al.
1988; Frisch et al. 1994; Vosshall and Young
1995; Yang and Sehgal 2001) and a constitutive
supply of CRY protein in mammals can support
circadian oscillation (Fan et al. 2007; Ukai-Ta-
denuma et al. 2011), indicating the importance
of protein-level dynamics in the regulation of
circadian clocks. Consistent with this view,
rhythmic changes in mammalian PER levels
were observed when PER was expressed under
a constitutive promoter (Yamamoto et al. 2005;
Fujimoto et al. 2006; Nishii et al. 2006).

In protein-level regulation of the circadian
period, several theoretical models predict the
importance of transcriptional repressor degra-
dation rates (Gerard et al. 2009). In a simplified
negative feedback TTFL model such as the
Goodwin model, accelerating the degradation
rate shortens the circadian period (Forger
2011), and this relationship is observed in mod-
el organisms. The degradation rate of core
circadian components is fine-tuned by their
phosphorylation and subsequent proteasome-
dependent degradation. In mammals and Dro-
sophila, the circadian period is shortened or
lengthened by mutations that destabilize or sta-
bilize PER, respectively (Vanselow et al. 2006;
Chiu et al. 2008; Meng et al. 2008; Syed et al.
2011). Mammalian CRY also regulates the cir-
cadian period; genetic and pharmacological
perturbations that stabilize CRY lengthen the
period (Siepka et al. 2007; Hirota et al. 2012;
Gao et al. 2013; Hirano et al. 2017), while de-
stabilizing CRY shortens it (Hirano et al. 2013,
2016; Yoo et al. 2013). The causal relationship
between CRY degradation and a shorter period
was demonstrated by tuning the period through
CRY-specific artificial proteolysis (Ode et al.
2017). In Neurospora, FRQ stability is also
well correlated with the circadian period (Liu
et al. 2000; Gorl et al. 2001; Baker et al. 2009;
Tang et al. 2009).

Recent findings, however, indicate that peri-
od-determination processes can be independent
of transcriptional-repressor clearance rates. De-
leting a ubiquitin-ligase component leading to
the proteolysis of FRQ stabilized FRQ but, sur-
prisingly, had little effect on rhythmic FRQ ex-
pression (Larrondo et al. 2015). Several mutant
alleles of mammalian CRY1 altered the circadi-
an period but had little effect on CRY1’s stability
(Ode et al. 2017). One chemical biology study
designed a compound that stabilizes CRY1 and
shortens the circadian period (Oshima et al.
2015). These studies suggest that the regulation
of protein quantity (the rates of protein produc-
tion and degradation) does not tell the entire
story of circadian-period determination, and a
question remains about the general applicability
of the TTFL model in determining circadian
periods (Gallego and Virshup 2007; Blau 2008).

POSTTRANSLATIONAL CIRCADIAN
OSCILLATOR DESIGN PRINCIPLES
IN CYANOBACTERIA

The prokaryotic cyanobacterial circadian clock
is an example of circadian-period determination
independent of protein-quantity dynamics. This
clock is driven by the proteins KaiA, KaiB, and
KaiC (Ishiura et al. 1998). KaiC represses tran-
scription, and its targets include KaiC itself.
Thus, it was proposed that KaiC forms a TTFL
(Fig. 2A). However, a subsequent study showed
that the circadian clock in cyanobacteria can op-
erate in the absence of global transcription and
translational activities (Tomita et al. 2005). In-
deed, autonomous circadian rhythmicity in the
phosphorylation status of purified KaiC can be
reconstituted by incubating a mixture of KaiC,
KaiA, and KaiB with ATP in vitro (Nakajima
et al. 2005). Thus, KaiC provides a posttransla-
tional oscillator (PTO) as well as a TTFL-based
negative-feedback architecture. The coupling of
PTO and TTFL-based oscillators appears to be
important for cyanobacteria circadian clocks,
depending on growth conditions (Kitayama
et al. 2008; Teng et al. 2013). PTO rhythmicity
requires fine-tuning the expression of KaiA,
KaiB, and KaiC at specific ratios for oscillation
in vitro (Nakajima et al. 2010). Their expression
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is also regulated by translational efficiency: non-
optimal codon usage in kaiBC genes tunes the
amplitude of the circadian clock in response to
growth conditions (Xu et al. 2013). However,
detailed analysis of a reconstituted KaiC oscilla-
tor revealed amechanism inwhich protein func-
tion itself creates the circadian oscillation and
determines 24-h rhythmicity.

KaiC is biochemically unique. It functions as
a homohexamer and has autophosphorylation,
autodephosphorylation, and ATPase activities.
KaiC has two sites that are autophosphorylated
and autodephosphorylated in a defined order,
such that KaiC undergoes four distinct phos-
phorylation states over the course of the circa-
dian cycle (Fig. 2B) (Nishiwaki et al. 2007; Rust
et al. 2007). Each phosphorylation state has a
distinct affinity to KaiA and KaiB. In turn,
KaiA and KaiB regulate KaiC’s autophosphor-
ylation and autodephosphorylation to autono-

mously switch between a “daytime” KaiC com-
plex with autophosphorylation activity and a
“nighttime” complex with autodephosphoryla-
tion activity. These switches include dynamic
structural alterations in a flexible loop domain
in KaiC (Chang et al. 2011; Tseng et al. 2014)
and a fold switch in the KaiB structure (Chang
et al. 2015).

The force that drives KaiC status switching is
provided through KaiC-intrinsic ATP hydroly-
sis and ADP/ATP exchange. The ATP-hydroly-
sis rate is relatively slow (∼10ATPmolecules per
day), is well correlated with the circadian period
in vivo for several period-modulating mutants
(Terauchi et al. 2007), and is unaffected by
changes in incubation temperature (Terauchi
et al. 2007; Murakami et al. 2008). Thus, in cy-
anobacteria, temperature-insensitive ATPase
activity is proposed to support temperature
compensation of the circadian period, a mech-
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Figure 2. The KaiA/B/C-dependent posttranslational circadian oscillator in cyanobacteria. (A) KaiC represses its
own transcription, and thus forms a transcriptional negative-feedback loop. Although every reaction should be
reversible, biased reaction rates between antagonizing kinase/phosphatase reactions are required to create a
posttranslational oscillator (PTO). (B) A mixture of KaiA/B/C with ATP can reconstitute a PTO in vitro. (C)
The period-determining step of the KaiC oscillator is temperature-insensitive ATP hydrolysis, which induces a
structural change in KaiC.
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anism for maintaining a constant circadian pe-
riod irrespective of environmental temperature.
The crystal structure of KaiC reveals that the
ATP-hydrolysis rate is determined by the posi-
tion of ATP’s phosphorus atom and a water
molecule (Abe et al. 2015). The unfavored posi-
tion of the water molecule slows down ATP hy-
drolysis, which is coupled to an alternation of
KaiC’s structure at ATP-binding surfaces, fur-
ther slowing ATP hydrolysis (Abe et al. 2015)
and driving a structural change in KaiC that
induces it to interact with KaiA/B (Snijder
et al. 2017; Tseng et al. 2017).

Based on the KaiC oscillator mechanism, we
can deduce an abstractive design principle of the
posttranslational circadian oscillator (Fig. 2C):
energy from temperature-compensated ATP
hydrolysis induces local structural alterations
that induce biochemical changes in protein–
protein interactions, enzymatic activities, and
modification patterns. Transitions between pro-
tein states have a significant energy barrier that
determines the length of the circadian period. In
this scenario, the circadian period is not deter-
mined by the dynamics of protein quantity, but
rather by the dynamics of status change or the
quality of each protein molecule.

MULTISITE PHOSPHORYLATION
DETERMINES THE PERIOD OF EUKARYOTIC
CIRCADIAN CLOCKS

Although transcription-independent circadian
oscillation marked by cellular redox states has
been found in eukaryotic cells (O’Neill and
Reddy 2011; O’Neill et al. 2011; Edgar et al.
2012; Reddy and Rey 2014), it is not known
whether components in TTFL-based eukaryotic
circadian oscillators can elicit posttranslational
oscillation. If you recall, however, that the cya-
nobacteria circadian clock adopts a combination
of PTO and TTFL-based oscillators, it may be
useful to consider that some part of the design
principles observed in the cyanobacteria circa-
dian PTO might be also applicable to the regu-
lation of eukaryotic circadian oscillators.

APTOcan theoreticallybeconstructedusing
a generic kinase, phosphatase, and substrate (Jol-
ley et al. 2012) with a similar oscillation mecha-

nism to that proposed through the modeling of
the KaiA/B/C oscillator (Fig. 3A) (Clodong et al.
2007;Rust et al. 2007; vanZonetal. 2007).APTO
constructedwith a kinase, phosphatase, and sub-
strate protein (assuming that processes are cata-
lyzed in the Michaelis–Menten scheme) must
use a substrate that is phosphorylated atmultiple
sites, because reversible phosphorylation at one
site alone cannot produce autonomous oscilla-
tion in the substrate’s phosphorylation states
(Angeli and Sontag 2008; Conradi and Shiu
2015). Interestingly, various lines of evidence
show that several components of the eukaryotic
circadian oscillators are also phosphorylated at
multiple sites (Fig. 1), and that such multisite
phosphorylation is critical for determining the
oscillation period. Indeed, as discussed in the
following sections, several features of design
principles found in cyanobacterial PTO can be
also found in the eukaryotic circadian substrates
of themultisite phosphorylation andkinases cat-
alyzing the phosphorylation.

CK1, CK2, and Glycogen Synthase Kinase
(GSK)3β

Casein kinase 1 (CK1) is a conserved compo-
nent that markedly regulates the circadian-clock
period in mammals and Drosophila. CK1ε was
first characterized as a period-controlling kinase
coded by the Drosophila gene doubletime, mu-
tations of which shorten or lengthen the circa-
dian period (Kloss et al. 1998; Price et al. 1998).
CK1ε was subsequently identified as the mole-
cule responsible for the shorter circadian period
found in tau mutant hamsters (Lowrey et al.
2000). Another CK1 isoform, CK1δ, was iden-
tified as a mutation associated with a familial
advanced sleep-phase syndrome (FASPS) pedi-
gree (Xu et al. 2005). The genetic evidence for
CK1’s contribution to period determination was
further supported by high-throughput screen-
ing of small molecules or short interfering
RNAs (siRNAs), which identified chemicals/
siRNAs that lengthen the circadian period by
inhibiting CK1δ/ε (Hirota et al. 2008, 2010; Iso-
jima et al. 2009; Zhang et al. 2009; Chen et al.
2012). Screening revealed that GSK3β, casein
kinase 2 (CK2), and CK1α also control the cir-

K.L. Ode and H.R. Ueda

6 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028357

Laboratory Press 
 at University of Tokyo on August 26, 2018 - Published by Cold Spring Harborhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


cadian period (Hirota et al. 2008, 2010; Maier
et al. 2009; Zhang et al. 2009). Although other
kinases such as AMP-activated protein kinase
(AMPK), calmodulin-dependent protein kinase
II (CaMKII), and mitogen-activated protein ki-
nase (MAPK) regulate circadian clocks by in-

corporating various cellular and environmental
signals (Gallego and Virshup 2007; Reischl and
Kramer 2011), the importance of CK1, CK2,
and GSK3β in period determination is high-
lighted both by screening studies and in the con-
servation of their roles across species. Among
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these kinases, CK1 may have one of the most
prominent effects on the circadian period be-
cause the inhibition of CK1δ/ε can double the
period up to 48 h (Isojima et al. 2009) and be-
cause CK1δ/ε-dependent phosphorylation in
vitro andCK1δ/ε-dependent degradation in cel-
lulo are both temperature-compensated (Iso-
jima et al. 2009).

Kinases can phosphorylate multiple sites on
a substrate in a random manner, phosphorylat-
ing each site with a random access, or in a se-
quential manner in which the kinase phosphor-
ylates the target sites in a specific order (Yamada
and Forger 2010). Intriguingly, CK1, GSK3β,
and CK2 undergo sequential phosphorylation
(Fig. 3B). CK1’s substrate consensus sequence
is pS/T-X-X-S/T (pS/T denotes phosphorylated
serine or threonine, X denotes any amino acids,
and S/T denotes the target residue). The CK1
kinase preferentially phosphorylates residues
downstream of prephosphorylated residues
(Flotow et al. 1990). The consensus sequence
of GSK3β is S/T-X-X-X-pS/T (Frame and Co-
hen 2001), and that of CK2 is S/T-X-X-D/E,
where substituting pS into the +1 and +3 posi-
tions optimize the phosphorylation efficiency
(St-Denis et al. 2015). Thus, all three of these
important period-controlling kinases preferen-
tially phosphorylate residues near prephos-
phorylated residues. When a kinase with this
property acts on multiple and clustered target
residues, phosphorylation events preferentially
follow a defined order. For instance, CK1 pref-
erentially phosphorylates sites sequentially,
from the peptide amino terminus toward the
carboxy terminus. This sequential phosphory-
lation also makes it easy to enrich local protein
regions with phosphorylated residues.

PER

Transcription repressors in the eukaryotic circa-
dian oscillator are regulated through multisite
phosphorylation, catalyzed at least partly by the
above-mentioned kinases. PER in fly and mam-
mals is among the best-understood substrates of
CK1δ/ε (DBT in Drosophila). PER is progres-
sively phosphorylated as the circadian cycle pro-
gresses (Edery et al. 1994; Lee et al. 2001). The

mammalian PER sequence contains a repeat of
the CK1motif. Once the amino-terminal side of
the S-X-X-S repeat is phosphorylated (i.e., prim-
ing phosphorylation), CK1 can efficiently phos-
phorylate the downstream serine cluster (Vanse-
low et al. 2006). A mutation on the priming
phosphorylation site, found in a FASPS pedigree
(Toh et al. 2001), destabilizes the PER protein
(Vanselowet al. 2006), indicating thatphosphor-
ylationat this sitehelps stabilizePERandregulate
the circadian period. The kinase responsible for
the priming site is unclear, but CK1δ/ε may be
able to act on the nonphosphorylated PER-de-
rived sequence (Isojima et al. 2009). Another
PER phosphorylation domain is important for
proteasome-dependent PER degradation (Eide
et al. 2005; Shirogane et al. 2005; Shanware
et al. 2011; Zhou et al. 2015). CK2 also controls
the period of the mammalian circadian clock by
phosphorylating PER (Tsuchiya et al. 2009). In
Drosophila, DBT phosphorylates PER at multi-
ple sites (Chiu et al. 2008).DBT-dependentmul-
tisite phosphorylation is primed by NEMO ki-
nase (Chiuet al. 2011;Yuet al. 2011). Inaddition,
CK2 (Lin et al. 2002; Akten et al. 2003; Nawa-
thean and Rosbash 2004) and GSK3β (Martinek
et al. 2001; Fang et al. 2007; Ko et al. 2010; Hara
et al. 2011) regulate the actionofDrosophilaPER,
although the effect is probably mediated partly
through thephosphorylationofTIMboundwith
PER (Top et al. 2016).

CRY

Mammalian CRY also has multiple phosphory-
lation sites (Lamia et al. 2009; Gao et al. 2013;
Ode et al. 2017) targeted by various kinases,
including CK1δ/ε (Eide et al. 2002; Qin et al.
2015; Ode et al. 2017) and GSK3β (Kurabayashi
et al. 2010). The multisite phosphorylation of
CRY plays a critical role in period determination
since combinatorial mutations in the phosphor-
ylation sites results in the twofold change of the
period length from 19 to 38 h (Ode et al. 2017).
CRY phosphorylation sites appear to be concen-
trated in the P-loop and carboxy terminus, and
mutations in several phosphorylation sites in
these regions significantly affect the circadian
period (Gao et al. 2013; Liu and Zhang 2016;
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Ode et al. 2017). Furthermore, a recent study
identified a FASPS pedigree CRY mutation in
which an alanine in the P-loop region is replaced
by threonine (Hirano et al. 2016). This substitu-
tionmight create a de novo phosphorylation site
around the P-loop that modulates the circadian
period. Indeed, the threonine-substitution phe-
notype can be recapitulated by aspartic-acid
substitution, which mimics the phosphorylated
residue (Hirano et al. 2016).

FRQ

Like PER, FRQ is progressively phosphorylated
during the circadian cycle (Garceau et al. 1997)
at multiple sites, many of which are presumably
phosphorylated by CK1 and CK2 (Baker et al.
2009; Tang et al. 2009). CK1 stably binds FRQ
and is responsible for its clustered phosphoryla-
tion (He et al. 2006; Baker et al. 2009; Querfurth
et al. 2011). CK2 also directly phosphorylates
FRQ (Yang et al. 2003; Mehra et al. 2009).

CCA1

InArabidopsis, CCA1 is phosphorylated by CK2
to obtain the proper circadian period (Sugano
et al. 1998, 1999; Daniel et al. 2004). Depleting
CK2 or increasing its activity lengthens or short-
ens the circadian period, respectively (Sugano
et al. 1999; Lu et al. 2011). Although the kinases
responsible for phosphorylatingCCA1arenot as
well understood as those in other conventional
model organisms, several circadian proteins ex-
hibit circadian variations in their phosphoryla-
tion state (Fujiwara et al. 2008), suggesting that
multisite phosphorylation is critical in regulat-
ing the circadian period in plants (Seo and Mas
2014).A studyusing theunicellular plantOstreo-
coccus tauri revealed that pharmacological inhi-
bition of CK1 markedly lengthens the period
over 8 h, suggesting that the central role of CK1
in determining the circadian period is conserved
in the plant kingdom (van Ooijen et al. 2013).

Temperature Compensation

CK1 andCK2 and their substrates are important
for the temperature compensation that pre-

serves the circadian period. Mammalian CK1
is linked to temperature compensation (Tosini
and Menaker 1998; Isojima et al. 2009; Zhou
et al. 2015), andCK2 is at least partly responsible
for the temperature compensation in Neurospo-
ra and higher plants (Mehra et al. 2009; Portoles
and Mas 2010).

In general, increased temperature acceler-
ates biochemical reactions such as phosphory-
lation and protein degradation, thus raising the
temperature should accelerate clock speed.
However, a previous study indicated that CK1δ/
ε kinase activity markedly influences the speed
of mammalian circadian clocks and is largely
insensitive to temperature changes in vitro (Iso-
jima et al. 2009). A subsequent study revealed
that temperature-insensitive kinase activity is
achieved through CK1δ/ε’s ability to bind sub-
strate and phosphorylated products in a tem-
perature-dependent manner (Shinohara et al.
2017). When CK1 acts on a substrate with a
single phosphorylation site, which may be sim-
ilar to the reaction step for catalyzing the prim-
ing phosphorylation site, raising the tempera-
ture decreases the affinity between the kinase
and the substrate to be phosphorylated (Fig.
3C). In addition, when CK1 acts on a substrate
with multiple phosphorylation sites, raising the
temperature increases the affinity between the
kinase and the phosphorylated product at mul-
tiple sites in the presence of ADP, reducing the
turnover number of CK1 action (Fig. 3D). These
temperature-sensitive affinity alterations reduce
substrate binding and product release at higher
temperatures. Therefore, the net kinase-reaction
rate stays nearly constant despite temperature
changes. Ueda and his colleagues successfully
conferred temperature insensitivity on another
temperature-sensitive kinase protein by intro-
ducing an evolutionarily conserved CK1-specif-
ic domain that seems to bind to substrates and
phosphorylated product.

The presence of a temperature-insensitive
kinase such as CK1 can provide another layer
of regulation to achieve the circadian tempera-
ture compensation. Detailed analysis of the deg-
radation kinetics of mammalian PER showed
that raising the temperature stabilizes PER,
which were proposed by the combination of
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temperature-insensitive and temperature-sensi-
tive kinases (Zhou et al. 2015). At higher tem-
peratures, CK1δ/ε preferentially phosphorylates
PERon the PER-stabilizing domain (which con-
tains the site of themutation found in the FASPS
pedigree), while at lower temperatures, the
CK1δ/ε preferentially phosphorylates PER on
the PER-destabilizing domain (Fig. 3E). Thus,
increasing the temperature decelerates the PER
degradation, slowing down the pace of the cir-
cadian clock. The similar temperature-depen-
dent stability mechanism was also proposed in
Neurospora FRQ. A study proposed that in-
creasing the temperature accelerates FRQ stabi-
lization and counteracts any temperature-de-
pendent acceleration of the circadian clock
(Mehra et al. 2009). This balance can be modu-
lated by mutations of either CK2 or the CK2-
phophorylation site on FRQ. These studies in-
dicated that temperature-dependent kinase ac-
tivity counteracts the canonical acceleration of
clock speed in response to a rise in temperature
by modulating the substrate degradation rate.

To summarize, the CK1δ/ε kinase reaction
itself can be insensitive to temperature changes,
providing the mechanism of temperature com-
pensation at the systems’ component level. This
temperature-insensitive kinase together with
other temperature-sensitive kinases (or proba-
bly phosphatases) may provide the system-level
tuning of FRQ/PER proteolysis, which further
compensates the effect of temperature changes.
Thesemechanisms are not mutually exclusive in
circadian clocks (Hogenesch and Ueda 2011);
however, the former model suggests that tem-
perature-insensitive reactions are not exclusive
to the circadian substrate. Rather, if the affinity
of CK1δ/ε for phosphorylated products is im-
portant for temperature-insensitive kinase reac-
tions, such temperature-compensated reactions
may also function in other biological processes.
In a study of temperature-compensated budding
yeast metabolic oscillation, the oscillation peri-
od was sensitive to CK1 and GSK3β (Causton
et al. 2015). Indeed, a budding yeast homologue
of CK1 also preserves temperature-compensat-
ed kinase activity (Shinohara et al. 2017). There-
fore, the CK1 enzyme might confer robust bio-
chemical reaction rates on circadian clock and

other systems to protect against environmental
temperature fluctuations.

MULTISITE PHOSPHORYLATION AT
FLEXIBLE PROTEIN REGIONS

The multisite phosphorylation process itself
may contribute to period determination inde-
pendent of the regulation of protein degrada-
tion. In a recent study inNeurospora, mutations
in FRQ phosphorylation sites strongly affected
the circadian period even in a genetic back-
ground in which FRQ’s stability was unchanged
(Larrondo et al. 2015). In another study, a series
of phosphorylation-site mutants of mammalian
CRY severely affected the circadian period, even
though CRY’s stability was only marginally af-
fected (Ode et al. 2017). Furthermore, a dele-
tion-mutant CRY found in delayed sleep-phase
disorder extends the circadian period without a
detectable change in the stability of the CRY
protein (Patke et al. 2017). In plants, CK2 phos-
phorylation regulates CCA1 transcription with-
out affecting the amount of CCA1 protein (Por-
toles and Mas 2010).

KaiC studies strongly suggest that circadian
clock speed is encoded as the time necessary for
changes in protein structure. On the other hand,
a common feature of other circadian-period reg-
ulatory processes is that the period is largely
determined by multisite phosphorylation by ki-
nases that elicit clustered and sequential phos-
phorylation, although the events downstream of
the phosphorylation may vary among circadian
systems. Are there any links connecting the de-
sign principles of the KaiC oscillator and multi-
site phosphorylation-based oscillation? Serial
enzymatic reactions such asmultisite phosphor-
ylation can produce cooperative responses and a
sufficient delay to produce fully modified sub-
strates, and can potentially determine period
length (Salazar and Hofer 2009; Salazar et al.
2010; Ferrell and Ha 2014). Studies suggest
that even apart from its time-related character-
istics, multisite and clustered phosphorylation
might be able to strongly modulate protein
structure.

Multisite phosphorylation often affects pro-
tein structure and function by acting on intrin-
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sically disordered regions (IDRs) of substrate
proteins (Valk et al. 2014; Wright and Dyson
2015). In IDRs, the polypeptide structure is
highly flexible, not rigid as in an α-helical con-
formation. IDRs tend to be located at the protein
surface where they are accessible to kinases. In-
deed, statistical analyses of proteomics data in-
dicated that phosphorylation sites and that IDRs
are located close together (Iakoucheva et al.
2004; Xie et al. 2007), and IDRs are often regu-
lated by phosphorylation (Holt et al. 2009; Tya-
nova et al. 2013; Sharma et al. 2014). Multiple
phosphorylations on IDRs dramatically alter the
bulk electrostatic potential of the region and
may induce dynamic structural changes (Fig.
4A) (Theillet et al. 2014). When the flexibility
of an IDR strongly affects intramolecular inter-
actions, multisite phosphorylation can change
the overall structure of the proteins themselves.
If the IDR is located at the interface of protein–

protein interactions, such structural changes
could affect binding affinity.

Multisite phosphorylations on IDRs may
have a critical role for circadian-period control.
It has been suggested that FRQ is an intrinsically
disordered protein (IDP) (Hurley et al. 2013).
Multisite phosphorylation changes the structure
of FRQ (Querfurth et al. 2011), and the non-
phosphorylated FRQ is proposed to have a com-
pact form through an interaction between the
basic amino-terminal domain and the acidic
carboxy-terminal domain. Multisite phosphor-
ylation of the amino-terminal domain loosens
the interaction, and the FRQ becomes more
sensitive to limited protease digestion. The mul-
tisite phosphorylation on PER appears to be
similar to FRQ. Although PER contains func-
tionally important structured domains, such as
Par-Arnt-Sim (PAS) domains and the CRY-
binding domain (Hennig et al. 2009; Kucera
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structure. (B) The multisite phosphorylation process could be a period-determining step in eukaryotic circadian
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Fig. 2C).
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et al. 2012; Nangle et al. 2014), most of the other
regions are predicted to be disordered (Gustaf-
son and Partch 2015). In both mammalian and
Drosophila PER, phosphorylation states control
the PER global structure, as indicated by an al-
tered susceptibility to protease treatment (Chiu
et al. 2011; Zhou et al. 2015). In contrast to FRQ
and PER, the structure of the photolyase homol-
ogy domain of cryptochrome superfamily pro-
teins is well conserved, indicating that CRY is
not an IDP. Nonetheless, clustered phosphory-
lation sites that are critical for controlling the
circadian period are located near the flexible
P-loop (Hirano et al. 2016; Liu and Zhang
2016; Ode et al. 2017). Multisite phosphoryla-
tion appears to additively regulate the circadian
period, and the number of phosphorylation sites
around this loop domain may serve as a cumu-
lative timer for the circadian period (Ode et al.
2017). These lines of evidence suggest that struc-
tural changes in flexible regions, elicited bymul-
tisite phosphorylation, are a critical step in de-
termining the circadian period.

Although the detailed mechanisms of peri-
od-determination remain unknown, the out-
come of phosphorylation-dependent protein
structural change could be coupled to TTFL-
based architecture via proteolysis (Chiu et al.
2011; Zhou et al. 2015). Changes in the multiple
phosphorylation state would also affect the pro-
tein–protein interaction. We further point out
that the substratewithmultiple phosphorylation
sites can reciprocally regulate the action of ki-
nases such as CK1. For example, PER protein
alters the CK1’s substrate preference (Qin et al.
2015). Anionic small molecules and phosphor-
ylated peptides can bind to the allosteric site of
CK1 and therebymodulate the CK1’s enzymatic
activity (Shinohara et al. 2017). These substrate–
CK1 interactions may imply that phosphor-
ylation events in a stable protein complex,
including CK1, PER, and CRY, should not be
interpreted as a simple mixture of kinases and
substrates. Instead, the components in a kinase–
substrate complex cooperatively regulate the
process of multiple phosphorylation, providing
the temperature-compensated and accurate pe-
riod-determining information for the eukaryot-
ic circadian clocks.

CONCLUDING REMARKS

The importance of multisite phosphorylation
and structural changes in eukaryotic circadian-
period control remind us of the unsolved ques-
tions: What is the source of the 24-h period?
What are the rate-limiting steps? Why is the
circadian period is so slow (a scale of minutes)
compared with biochemical events in general (a
scale of seconds), but still accurate (Akiyama
2012). Studies of the KaiC oscillator revealed a
structural basis for slow kinetics (Abe et al.
2015). In contrast, a structural basis for its ac-
curacy remains unknown. Although transcrip-
tion–translation dynamics are at the core of
noncyanobacterial circadian clocks, we may
well find phosphorylation-dependent structural
changes at the core of timekeeping mechanisms
in these organisms. In addition, a recent study
proposed that the slow cis/trans isomerization of
specific peptide bonding in BMAL1 is a time-
keeping mechanism in mammalian circadian
clocks (Gustafson et al. 2017). Such rate-limiting
events, encoded as protein structures, could be
induced directly (via control of the local electro-
static state) or indirectly (via protein–protein
interactions) through multisite phosphoryla-
tion. Furthermore, the temperature-compensa-
tion property of reaction speed could be en-
coded via multisite phosphorylation by CK1
(Isojima et al. 2009; Shinohara et al. 2017).

From this perspective, the circadian time-
keeping mechanism in the KaiC protein oscilla-
tor and eukaryotic circadian oscillator may con-
verge as the progressive regulation of protein
structure powered by temperature-compensated
enzymatic activities—KaiC’s ATPase activity
and CK1’s phosphorylation activity (Fig. 4B),
thus encoding circadian-period determination
as a quality rather than quantity of protein dy-
namics (Larrondo et al. 2015; Ode et al. 2017).
The rate-limiting step should be encoded as a
protein structural property to keep the period
length constant regardless of fluctuations in
expression (Dibner et al. 2009), especially for
low-abundance circadian-transcription factors
(Forger and Peskin 2005; Narumi et al. 2016).
To evaluate this perspective, we must execute a
structure-based analysis of the clock proteins,
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and reconstruct and design circadian timekeep-
ing steps in eukaryotic circadian systems.

ACKNOWLEDGMENTS

Studies from our laboratory introduced in this
manuscript were supported in part by Japan
Agency for Medical Research and Development
(AMED)-Core Research for Evolutional Science
and Technology (CREST), CREST, Brain Map-
ping by Integrated Neurotechnologies for Dis-
ease Studies (Brain/MINDS), the Basic Science
and Platform Technology Program for Inno-
vative Biological Medicine, Japan Society for
the Promotion of Science (JSPS) (25221004,
23115006, 25830146, 16K14653), Rikagaku
Kenkyusho (Institute of Physical and Chemical
Research, Japan—RIKEN), and the Takeda Sci-
ence Foundation.

REFERENCES
�Reference is also in this collection.

Abe J, Hiyama TB, Mukaiyama A, Son S, Mori T, Saito S,
Osako M, Wolanin J, Yamashita E, Kondo T, et al. 2015.
Circadian rhythms. Atomic-scale origins of slowness in
the cyanobacterial circadian clock. Science 349: 312–316.

Akiyama S. 2012. Structural and dynamic aspects of protein
clocks: How can they be so slow and stable? Cell Mol Life
Sci 69: 2147–2160.

Akten B, Jauch E, Genova GK, Kim EY, Edery I, Raabe T,
Jackson FR. 2003. A role for CK2 in the Drosophila cir-
cadian oscillator. Nat Neurosci 6: 251–257.

Albrecht U. 2013. Circadian clocks andmood-related behav-
iors. In Handbook of experimental pharmacology (ed.
Kramer A, Merrow M), pp. 227–239. Springer, Berlin.

Angeli D, Sontag ED. 2008. Translation-invariantmonotone
systems, and a global convergence result for enzymatic
futile cycles.Nonlinear Anal Real World Appl 9: 128–140.

Baker CL, Kettenbach AN, Loros JJ, Gerber SA, Dunlap JC.
2009. Quantitative proteomics reveals a dynamic interac-
tome and phase-specific phosphorylation in the Neuro-
spora circadian clock. Mol Cell 34: 354–363.

Bass J, Takahashi JS. 2010. Circadian integration of metab-
olism and energetics. Science 330: 1349–1354.

Blau J. 2008. PERspective on PER phosphorylation. Genes
Dev 22: 1737–1740.

Brown SA,Kowalska E,DallmannR. 2012. (Re)inventing the
circadian feedback loop. Dev Cell 22: 477–487.

Causton HC, Feeney KA, Ziegler CA, O’Neill JS. 2015. Met-
abolic cycles in yeast share features conserved among
circadian rhythms. Curr Biol 25: 1056–1062.

ChangYG, KuoNW, Tseng R, LiWangA. 2011. Flexibility of
the C-terminal, or CII, ring of KaiC governs the rhythm

of the circadian clock of cyanobacteria. Proc Natl Acad Sci
108: 14431–14436.

Chang YG, Cohen SE, Phong C, Myers WK, Kim YI, Tseng
R, Lin J, Zhang L, Boyd JS, Lee Y, et al. 2015. Circadian
rhythms. A protein fold switch joins the circadian oscil-
lator to clock output in cyanobacteria. Science 349: 324–
328.

Chen Z, Yoo SH, Park YS, Kim KH, Wei S, Buhr E, Ye ZY,
Pan HL, Takahashi JS. 2012. Identification of diverse
modulators of central and peripheral circadian clocks
by high-throughput chemical screening. Proc Natl Acad
Sci 109: 101–106.

Chiu JC, Vanselow JT, Kramer A, Edery I. 2008. The phos-
pho-occupancy of an atypical SLIMB-binding site on PE-
RIOD that is phosphorylated by DOUBLETIME controls
the pace of the clock. Genes Dev 22: 1758–1772.

Chiu JC, Ko HW, Edery I. 2011. NEMO/NLK phosphory-
lates PERIOD to initiate a time-delay phosphorylation
circuit that sets circadian clock speed. Cell 145: 357–370.

Chou DM, Elledge SJ. 2006. Tipin and Timeless form a
mutually protective complex required for genotoxic stress
resistance and checkpoint function. Proc Natl Acad Sci
103: 18143–18147.

Clodong S, DuhringU, Kronk L,Wilde A, Axmann I, Herzel
H, Kollmann M. 2007. Functioning and robustness of a
bacterial circadian clock. Mol Syst Biol 3: 90.

Conradi C, Shiu A. 2015. A global convergence result for
processive multisite phosphorylation systems. Bull Math
Biol 77: 126–155.

Daniel X, Sugano S, Tobin EM. 2004. CK2 phosphorylation
of CCA1 is necessary for its circadian oscillator function
in Arabidopsis. Proc Natl Acad Sci 101: 3292–3297.

Danino T, Mondragon-Palomino O, Tsimring L, Hasty J.
2010. A synchronized quorum of genetic clocks. Nature
463: 326–330.

Dibner C, Sage D, Unser M, Bauer C, d’Eysmond T, Naef F,
Schibler U. 2009. Circadian gene expression is resilient to
large fluctuations in overall transcription rates. EMBO J
28: 123–134.

Edery I, Zwiebel LJ, DembinskaME, RosbashM. 1994. Tem-
poral phosphorylation of the Drosophila period protein.
Proc Natl Acad Sci 91: 2260–2264.

Edgar RS, Green EW, Zhao Y, vanOoijenG, OlmedoM, Qin
X, Xu Y, Pan M, Valekunja UK, Feeney KA, et al. 2012.
Peroxiredoxins are conserved markers of circadian
rhythms. Nature 485: 459–464.

Eide EJ, Vielhaber EL, Hinz WA, Virshup DM. 2002. The
circadian regulatory proteins BMAL1 and cryptochromes
are substrates of casein kinase Iε. J Biol Chem 277: 17248–
17254.

Eide EJ, Woolf MF, Kang H, Woolf P, Hurst W, Camacho F,
Vielhaber EL, Giovanni A, Virshup DM. 2005. Control of
mammalian circadian rhythm by CKIε-regulated protea-
some-mediated PER2 degradation. Mol Cell Biol 25:
2795–2807.

Elowitz MB, Leibler S. 2000. A synthetic oscillatory network
of transcriptional regulators. Nature 403: 335–338.

Ewer J, Rosbash M, Hall JC. 1988. An inducible promoter
fused to the period gene in Drosophila conditionally res-
cues adult per-mutant arrhythmicity. Nature 333: 82–84.

Phosphorylation-Dependent Timekeeping in Eukaryotes

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028357 13

Laboratory Press 
 at University of Tokyo on August 26, 2018 - Published by Cold Spring Harborhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


Fan Y, Hida A, Anderson DA, IzumoM, Johnson CH. 2007.
Cycling of CRYPTOCHROME proteins is not necessary
for circadian-clock function in mammalian fibroblasts.
Curr Biol 17: 1091–1100.

Fang Y, Sathyanarayanan S, Sehgal A. 2007. Post-translation-
al regulation of the Drosophila circadian clock requires
protein phosphatase 1 (PP1). Genes Dev 21: 1506–1518.

Ferrell JE Jr, Ha SH. 2014. Ultrasensitivity part II: Multisite
phosphorylation, stoichiometric inhibitors, and positive
feedback. Trends Biochem Sci 39: 556–569.

Flotow H, Graves PR, Wang AQ, Fiol CJ, Roeske RW, Roach
PJ. 1990. Phosphate groups as substrate determinants for
casein kinase I action. J Biol Chem 265: 14264–14269.

Forger DB. 2011. Signal processing in cellular clocks. Proc
Natl Acad Sci 108: 4281–4285.

Forger DB, Peskin CS. 2005. Stochastic simulation of the
mammalian circadian clock. Proc Natl Acad Sci 102:
321–324.

Frame S, Cohen P. 2001. GSK3 takes centre stage more than
20 years after its discovery. Biochem J 359: 1–16.

Frisch B, Hardin PE, Hamblen-Coyle MJ, Rosbash M, Hall
JC. 1994. A promoterless period genemediates behavioral
rhythmicity and cyclical per expression in a restricted
subset of the Drosophila nervous system. Neuron 12:
555–570.

Fujimoto Y, Yagita K, Okamura H. 2006. Does mPER2 pro-
tein oscillate without its coding mRNA cycling?: Post-
transcriptional regulation by cell clock. Genes Cells 11:
525–530.

Fujiwara S, Wang L, Han L, Suh SS, Salome PA, McClung
CR, Somers DE. 2008. Post-translational regulation of the
Arabidopsis circadian clock through selective proteolysis
and phosphorylation of pseudo-response regulator pro-
teins. J Biol Chem 283: 23073–23083.

Fustin JM, Doi M, Yamaguchi Y, Hida H, Nishimura S,
Yoshida M, Isagawa T, Morioka MS, Kakeya H, Manabe
I, et al. 2013. RNA-methylation-dependent RNAprocess-
ing controls the speed of the circadian clock. Cell 155:
793–806.

Gallego M, Virshup DM. 2007. Post-translational modifica-
tions regulate the ticking of the circadian clock. Nat Rev
Mol Cell Biol 8: 139–148.

Gao P, Yoo SH, Lee KJ, Rosensweig C, Takahashi JS, Chen
BP, Green CB. 2013. Phosphorylation of the crypto-
chrome 1 C-terminal tail regulates circadian period
length. J Biol Chem 288: 35277–35286.

Garceau NY, Liu Y, Loros JJ, Dunlap JC. 1997. Alternative
initiation of translation and time-specific phosphoryla-
tion yield multiple forms of the essential clock protein
FREQUENCY. Cell 89: 469–476.

Gerard C, Gonze D, Goldbeter A. 2009. Dependence of the
period on the rate of protein degradation in minimal
models for circadian oscillations. Philos Trans A Math
Phys Eng Sci 367: 4665–4683.

Gorl M, Merrow M, Huttner B, Johnson J, Roenneberg T,
Brunner M. 2001. A PEST-like element in FREQUENCY
determines the length of the circadian period in Neuro-
spora crassa. EMBO J 20: 7074–7084.

Greenham K, McClung CR. 2015. Integrating circadian dy-
namics with physiological processes in plants. Nat Rev
Genet 16: 598–610.

Gustafson CL, Partch CL. 2015. Emerging models for the
molecular basis of mammalian circadian timing. Bio-
chemistry 54: 134–149.

Gustafson CL, Parsley NC, Asimgil H, Lee HW, Ahlbach C,
Michael AK, Xu H, Williams OL, Davis TL, Liu AC, et al.
2017. A slow conformational switch in the BMAL1 trans-
activation domainmodulates circadian rhythms.Mol Cell
66: 447–457 e447.

Hara T, KohK, CombsDJ, Sehgal A. 2011. Post-translational
regulation and nuclear entry of TIMELESS and PERIOD
are affected in new timeless mutant. J Neurosci 31: 9982–
9990.

He Q, Cha J, He Q, Lee HC, Yang Y, Liu Y. 2006. CKI and
CKII mediate the FREQUENCY-dependent phosphory-
lation of theWHITE COLLAR complex to close theNeu-
rospora circadian negative feedback loop. Genes Dev 20:
2552–2565.

Hennig S, Strauss HM, Vanselow K, Yildiz O, Schulze S,
Arens J, Kramer A,Wolf E. 2009. Structural and function-
al analyses of PAS domain interactions of the clock pro-
teins Drosophila PERIOD and mouse PERIOD2. PLoS
Biol 7: e94.

Hirano A, Yumimoto K, Tsunematsu R, Matsumoto M,
Oyama M, Kozuka-Hata H, Nakagawa T, Lanjakornsir-
ipan D, Nakayama KI, Fukada Y. 2013. FBXL21 regulates
oscillation of the circadian clock through ubiquitination
and stabilization of cryptochromes. Cell 152: 1106–1118.

Hirano A, Shi G, Jones CR, Lipzen A, Pennacchio LA, Xu Y,
Hallows WC, McMahon T, Yamazaki M, Ptacek LJ, et al.
2016. A Cryptochrome 2 mutation yields advanced sleep
phase in humans. eLife 5: 16695.

Hirano A, Braas D, Fu YH, Ptacek LJ. 2017. FAD regulates
CRYPTOCHROME protein stability and circadian clock
in mice. Cell Rep 19: 255–266.

Hirota T, Lee JW, Lewis WG, Zhang EE, Breton G, Liu X,
Garcia M, Peters EC, Etchegaray JP, Traver D, et al. 2010.
High-throughput chemical screen identifies a novel po-
tent modulator of cellular circadian rhythms and reveals
CKIα as a clock regulatory kinase. PLoS Biol 8: e1000559.

Hirota T, Lewis WG, Liu AC, Lee JW, Schultz PG, Kay SA.
2008. A chemical biology approach reveals period short-
ening of the mammalian circadian clock by specific inhi-
bition of GSK-3β. Proc Natl Acad Sci 105: 20746–20751.

Hirota T, Lee JW, St John PC, Sawa M, Iwaisako K, Noguchi
T, Pongsawakul PY, Sonntag T, Welsh DK, Brenner DA,
et al. 2012. Identification of small molecule activators of
cryptochrome. Science 337: 1094–1097.

Hogenesch JB, UedaHR. 2011. Understanding systems-level
properties: Timely stories from the study of clocks. Nat
Rev Genet 12: 407–416.

Holt LJ, Tuch BB, Villen J, Johnson AD, Gygi SP, Morgan
DO. 2009. Global analysis of Cdk1 substrate phosphory-
lation sites provides insights into evolution. Science 325:
1682–1686.

Hurley JM, Larrondo LF, Loros JJ, Dunlap JC. 2013. Con-
served RNA helicase FRH acts nonenzymatically to sup-
port the intrinsically disorderedNeurospora clock protein
FRQ. Mol Cell 52: 832–843.

Iakoucheva LM, Radivojac P, Brown CJ, O’Connor TR, Sikes
JG, Obradovic Z, Dunker AK. 2004. The importance of
intrinsic disorder for protein phosphorylation. Nucleic
Acids Res 32: 1037–1049.

K.L. Ode and H.R. Ueda

14 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028357

Laboratory Press 
 at University of Tokyo on August 26, 2018 - Published by Cold Spring Harborhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


Ishiura M, Kutsuna S, Aoki S, Iwasaki H, Andersson CR,
Tanabe A, Golden SS, Johnson CH, Kondo T. 1998. Ex-
pression of a gene cluster kaiABC as a circadian feedback
process in cyanobacteria. Science 281: 1519–1523.

Isojima Y, Nakajima M, Ukai H, Fujishima H, Yamada RG,
Masumoto KH, Kiuchi R, Ishida M, Ukai-Tadenuma M,
Minami Y, et al. 2009. CKIε/δ-dependent phosphoryla-
tion is a temperature-insensitive, period-determining
process in the mammalian circadian clock. Proc Natl
Acad Sci 106: 15744–15749.

Jolley CC, Ode KL, Ueda HR. 2012. A design principle for a
posttranslational biochemical oscillator. Cell Rep 2: 938–
950.

Kadener S, Menet JS, Schoer R, Rosbash M. 2008. Circadian
transcription contributes to core period determination in
Drosophila. PLoS Biol 6: e119.

Kim JK. 2016. Protein sequestration versus Hill-type repres-
sion in circadian clock models. IET Syst Biol 10: 125–135.

Kitayama Y, Nishiwaki T, Terauchi K, Kondo T. 2008. Dual
KaiC-based oscillations constitute the circadian system of
cyanobacteria. Genes Dev 22: 1513–1521.

Kloss B, Price JL, Saez L, Blau J, Rothenfluh A, Wesley CS,
Young MW. 1998. The Drosophila clock gene double-
time encodes a protein closely related to human casein
kinase Iε. Cell 94: 97–107.

Ko HW, Kim EY, Chiu J, Vanselow JT, Kramer A, Edery I.
2010. A hierarchical phosphorylation cascade that regu-
lates the timing of PERIOD nuclear entry reveals novel
roles for proline-directed kinases and GSK-3β/SGG in
circadian clocks. J Neurosci 30: 12664–12675.

Kucera N, Schmalen I, Hennig S, Ollinger R, Strauss HM,
Grudziecki A, Wieczorek C, Kramer A, Wolf E. 2012.
Unwinding the differences of the mammalian PERIOD
clock proteins from crystal structure to cellular function.
Proc Natl Acad Sci 109: 3311–3316.

Kurabayashi N, Hirota T, Sakai M, Sanada K, Fukada Y.
2010. DYRK1A and glycogen synthase kinase 3β, a
dual-kinase mechanism directing proteasomal degrada-
tion of CRY2 for circadian timekeeping.Mol Cell Biol 30:
1757–1768.

Lamia KA, Sachdeva UM, DiTacchio L, Williams EC, Alva-
rez JG, Egan DF, Vasquez DS, Juguilon H, Panda S, Shaw
RJ, et al. 2009. AMPK regulates the circadian clock by
cryptochrome phosphorylation and degradation. Science
326: 437–440.

Larrondo LF, Olivares-Yanez C, Baker CL, Loros JJ, Dunlap
JC. 2015. Circadian rhythms. Decoupling circadian clock
protein turnover from circadian period determination.
Science 347: 1257277.

Lee C, Etchegaray JP, Cagampang FR, Loudon AS, Reppert
SM. 2001. Posttranslational mechanisms regulate the
mammalian circadian clock. Cell 107: 855–867.

Levi F, Schibler U. 2007. Circadian rhythms: Mechanisms
and therapeutic implications. Annu Rev Pharmacol Tox-
icol 47: 593–628.

Lin C, Todo T. 2005. The cryptochromes. Genome Biol 6:
220.

Lin JM, Kilman VL, Keegan K, Paddock B, Emery-Le M,
Rosbash M, Allada R. 2002. A role for casein kinase 2α
in the Drosophila circadian clock. Nature 420: 816–820.

Liu N, Zhang EE. 2016. Phosphorylation regulating the ratio
of intracellular CRY1 protein determines the circadian
period. Front Neurol 7: 159.

Liu Y, Loros J, Dunlap JC. 2000. Phosphorylation of the
Neurospora clock protein FREQUENCY determines its
degradation rate and strongly influences the period length
of the circadian clock. Proc Natl Acad Sci 97: 234–239.

Lowrey PL, Shimomura K, Antoch MP, Yamazaki S, Zeme-
nides PD, Ralph MR, Menaker M, Takahashi JS. 2000.
Positional syntenic cloning and functional characteriza-
tion of the mammalian circadian mutation tau. Science
288: 483–492.

Lu SX, Liu H, Knowles SM, Li J, Ma L, Tobin EM, Lin C.
2011. A role for protein kinase casein kinase2 α-subunits
in the Arabidopsis circadian clock. Plant Physiol 157:
1537–1545.

Lu H, McClung CR, Zhang C. 2017. Tick tock: Circadian
regulation of plant innate immunity. Annu Rev Phytopa-
thol 55: 287–311.

Maier B, Wendt S, Vanselow JT, Wallach T, Reischl S,
Oehmke S, Schlosser A, Kramer A. 2009. A large-scale
functional RNAi screen reveals a role for CK2 in the
mammalian circadian clock. Genes Dev 23: 708–718.

Martinek S, Inonog S, Manoukian AS, Young MW. 2001. A
role for the segment polarity gene shaggy/GSK-3 in the
Drosophila circadian clock. Cell 105: 769–779.

Mehra A, Shi M, Baker CL, Colot HV, Loros JJ, Dunlap JC.
2009. A role for casein kinase 2 in the mechanism under-
lying circadian temperature compensation.Cell 137: 749–
760.

Meng QJ, Logunova L, Maywood ES, Gallego M, Lebiecki J,
Brown TM, Sladek M, Semikhodskii AS, Glossop NR,
Piggins HD, et al. 2008. Setting clock speed in mammals:
The CK1 ε tau mutation in mice accelerates circadian
pacemakers by selectively destabilizing PERIODproteins.
Neuron 58: 78–88.

Millius A, Ueda HR. 2017. Systems biology-derived discov-
eries of intrinsic clocks. Front Neurol 8: 25.

Mohawk JA, Green CB, Takahashi JS. 2012. Central and
peripheral circadian clocks in mammals. Annu Rev Neu-
rosci 35: 445–462.

Murakami R, Miyake A, Iwase R, Hayashi F, Uzumaki T,
Ishiura M. 2008. ATPase activity and its temperature
compensation of the cyanobacterial clock protein KaiC.
Genes Cells 13: 387–395.

Nagoshi E, Saini C, Bauer C, Laroche T, Naef F, Schibler U.
2004. Circadian gene expression in individual fibroblasts:
Cell-autonomous and self-sustained oscillators pass time
to daughter cells. Cell 119: 693–705.

Nakajima M, Imai K, Ito H, Nishiwaki T, Murayama Y,
Iwasaki H, Oyama T, Kondo T. 2005. Reconstitution of
circadian oscillation of cyanobacterial KaiC phosphory-
lation in vitro. Science 308: 414–415.

Nakajima M, Ito H, Kondo T. 2010. In vitro regulation of
circadian phosphorylation rhythm of cyanobacterial
clock protein KaiC by KaiA and KaiB. FEBS Lett 584:
898–902.

Nangle SN, Rosensweig C, Koike N, Tei H, Takahashi JS,
Green CB, Zheng N. 2014. Molecular assembly of the
period-cryptochrome circadian transcriptional repressor
complex. eLife 3: e03674.

Phosphorylation-Dependent Timekeeping in Eukaryotes

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028357 15

Laboratory Press 
 at University of Tokyo on August 26, 2018 - Published by Cold Spring Harborhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


Narumi R, Shimizu Y, Ukai-Tadenuma M, Ode KL, Kanda
GN, Shinohara Y, Sato A, Matsumoto K, Ueda HR. 2016.
Mass spectrometry-based absolute quantification reveals
rhythmic variation of mouse circadian clock proteins.
Proc Natl Acad Sci 113: E3461–E3467.

Nawathean P, Rosbash M. 2004. The doubletime and CKII
kinases collaborate to potentiate Drosophila PER tran-
scriptional repressor activity. Mol Cell 13: 213–223.

Nishii K, Yamanaka I, Yasuda M, Kiyohara YB, Kitayama Y,
Kondo T, Yagita K. 2006. Rhythmic post-transcriptional
regulation of the circadian clock proteinmPER2 inmam-
malian cells: A real-time analysis. Neurosci Lett 401: 44–
48.

Nishiwaki T, Satomi Y, Kitayama Y, Terauchi K, Kiyohara R,
Takao T, Kondo T. 2007. A sequential program of dual
phosphorylation of KaiC as a basis for circadian rhythm
in cyanobacteria. EMBO J 26: 4029–4037.

Novak B, Tyson JJ. 2008. Design principles of biochemical
oscillators. Nat Rev Mol Cell Biol 9: 981–991.

Ode KL, Ukai H, Susaki EA, Narumi R, Matsumoto K, Hara
J, Koide N, Abe T, Kanemaki MT, Kiyonari H, et al. 2017.
Knockout-rescue embryonic stem cell-derived mouse re-
veals circadian-period control by quality and quantity of
CRY1. Mol Cell 65: 176–190.

O’Neill JS, Reddy AB. 2011. Circadian clocks in human red
blood cells. Nature 469: 498–503.

O’Neill JS, van Ooijen G, Dixon LE, Troein C, Corellou F,
Bouget FY, ReddyAB,MillarAJ. 2011. Circadian rhythms
persist without transcription in a eukaryote. Nature 469:
554–558.

Oshima T, Yamanaka I, Kumar A, Yamaguchi J, Nishiwaki-
Ohkawa T, Muto K, Kawamura R, Hirota T, Yagita K, Irle
S, et al. 2015. C-H activation generates period-shortening
molecules that target cryptochrome in the mammalian
circadian clock. Angew Chem Int Ed Engl 54: 7193–7197.

Ozturk N, Song SH, Ozgur S, Selby CP, Morrison L, Partch
C, Zhong D, Sancar A. 2007. Structure and function of
animal cryptochromes. Cold Spring Harb Symp Quant
Biol 72: 119–131.

PatkeA,Murphy PJ,OnatOE, KriegerAC,Ozcelik T, Camp-
bell SS, Young MW. 2017. Mutation of the human circa-
dian clock gene CRY1 in familial delayed sleep phase
disorder. Cell 169: 203–215 e213.

Portoles S, Mas P. 2010. The functional interplay between
protein kinase CK2 and CCA1 transcriptional activity is
essential for clock temperature compensation in Arabi-
dopsis. PLoS Genet 6: e1001201.

Price JL, Blau J, Rothenfluh A, Abodeely M, Kloss B, Young
MW. 1998. double-time is a novel Drosophila clock gene
that regulates PERIODprotein accumulation.Cell 94: 83–
95.

Qin X, Mori T, Zhang Y, Johnson CH. 2015. PER2 differ-
entially regulates clock phosphorylation versus transcrip-
tion by reciprocal switching of CK1ε activity. J Biol
Rhythms 30: 206–216.

Querfurth C, Diernfellner AC, Gin E, Malzahn E, Hofer T,
Brunner M. 2011. Circadian conformational change of
the Neurospora clock protein FREQUENCY triggered
by clustered hyperphosphorylation of a basic domain.
Mol Cell 43: 713–722.

Reddy AB, Rey G. 2014. Metabolic and nontranscriptional
circadian clocks: Eukaryotes.Annu Rev Biochem 83: 165–
189.

Reischl S, Kramer A. 2011. Kinases and phosphatases in the
mammalian circadian clock. FEBS Lett 585: 1393–1399.

Rosbash M. 2009. The implications of multiple circadian
clock origins. PLoS Biol 7: e62.

RustMJ, Markson JS, LaneWS, Fisher DS, O’Shea EK. 2007.
Ordered phosphorylation governs oscillation of a three-
protein circadian clock. Science 318: 809–812.

Salazar C, Hofer T. 2009. Multisite protein phosphoryla-
tion—From molecular mechanisms to kinetic models.
FEBS J 276: 3177–3198.

Salazar C, Brummer A, Alberghina L, Hofer T. 2010. Timing
control in regulatory networks by multisite protein mod-
ifications. Trends Cell Biol 20: 634–641.

Sanchez SE, Kay SA. 2017. The plant circadian clock: From a
simple timekeeper to a complex developmental manager.
Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.
a027748.

Seo PJ, Mas P. 2014. Multiple layers of posttranslational
regulation refine circadian clock activity in Arabidopsis.
Plant Cell 26: 79–87.

Shanware NP, Hutchinson JA, Kim SH, Zhan L, Bowler MJ,
Tibbetts RS. 2011. Casein kinase 1-dependent phosphor-
ylation of familial advanced sleep phase syndrome-asso-
ciated residues controls PERIOD 2 stability. J Biol Chem
286: 12766–12774.

Sharma K, D’Souza RC, Tyanova S, Schaab C, Wisniewski
JR, Cox J, MannM. 2014. Ultradeep human phosphopro-
teome reveals a distinct regulatory nature of Tyr and Ser/
Thr-based signaling. Cell Rep 8: 1583–1594.

Shinohara Y, Koyama YM, Ukai-TadenumaM, Hirokawa T,
Kikuchi M, Yamada RG, Ukai H, Fujishima H, Umehara
T, Tainaka K, Ueda HR. 2017. Temperature-sensitive
substrate and product binding underlie temperature-
compensated phosphorylation in the clock. Mol Cell 67:
783–798.

Shirogane T, Jin J, Ang XL, Harper JW. 2005. SCFβ-TRCP
controls clock-dependent transcription via casein kinase
1-dependent degradation of the mammalian period-1
(Per1) protein. J Biol Chem 280: 26863–26872.

Siepka SM, Yoo SH, Park J, SongW, Kumar V, Hu Y, Lee C,
Takahashi JS. 2007. CircadianmutantOvertime reveals F-
box protein FBXL3 regulation of cryptochrome and pe-
riod gene expression. Cell 129: 1011–1023.

Snijder J, Schuller JM, Wiegard A, Lossl P, Schmelling N,
Axmann IM, Plitzko JM, Forster F, Heck AJ. 2017. Struc-
tures of the cyanobacterial circadian oscillator frozen in a
fully assembled state. Science 355: 1181–1184.

St-Denis N, GabrielM, Turowec JP, Gloor GB, Li SS, Gingras
AC, Litchfield DW. 2015. Systematic investigation of hi-
erarchical phosphorylation by protein kinase CK2. J Pro-
teomics 118: 49–62.

Sugano S, Andronis C, Green RM, Wang ZY, Tobin EM.
1998. Protein kinase CK2 interacts with and phosphory-
lates theArabidopsis circadian clock-associated 1 protein.
Proc Natl Acad Sci 95: 11020–11025.

Sugano S, Andronis C, OngMS,Green RM,Tobin EM. 1999.
The protein kinase CK2 is involved in regulation of cir-

K.L. Ode and H.R. Ueda

16 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028357

Laboratory Press 
 at University of Tokyo on August 26, 2018 - Published by Cold Spring Harborhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


cadian rhythms in Arabidopsis. Proc Natl Acad Sci 96:
12362–12366.

Syed S, Saez L, Young MW. 2011. Kinetics of doubletime
kinase-dependent degradation of the Drosophila period
protein. J Biol Chem 286: 27654–27662.

Takahashi JS. 2017. Transcriptional architecture of the
mammalian circadian clock. Nat Rev Genet 18: 164–179.

Tanaka H, Kubota Y, Tsujimura T, Kumano M, Masai H,
Takisawa H. 2009. Replisome progression complex links
DNA replication to sister chromatid cohesion in Xenopus
egg extracts. Genes Cells 14: 949–963.

Tang CT, Li S, Long C, Cha J, Huang G, Li L, Chen S, Liu Y.
2009. Setting the pace of the Neurospora circadian clock
by multiple independent FRQ phosphorylation events.
Proc Natl Acad Sci 106: 10722–10727.

Teng SW,Mukherji S,Moffitt JR, de Buyl S,O’Shea EK. 2013.
Robust circadian oscillations in growing cyanobacteria
require transcriptional feedback. Science 340: 737–740.

Terauchi K, Kitayama Y, Nishiwaki T,Miwa K,Murayama Y,
Oyama T, Kondo T. 2007. ATPase activity of KaiC deter-
mines the basic timing for circadian clock of cyanobacte-
ria. Proc Natl Acad Sci 104: 16377–16381.

Theillet FX, Binolfi A, Frembgen-Kesner T, Hingorani K,
Sarkar M, Kyne C, Li C, Crowley PB, Gierasch L, Pielak
GJ, et al. 2014. Physicochemical properties of cells and
their effects on intrinsically disordered proteins (IDPs).
Chem Rev 114: 6661–6714.

Toh KL, Jones CR, He Y, Eide EJ, Hinz WA, Virshup DM,
Ptacek LJ, Fu YH. 2001. An hPer2 phosphorylation site
mutation in familial advanced sleep phase syndrome. Sci-
ence 291: 1040–1043.

Tomita J, Nakajima M, Kondo T, Iwasaki H. 2005. No tran-
scription-translation feedback in circadian rhythm of
KaiC phosphorylation. Science 307: 251–254.

TopD,Harms E, Syed S, Adams EL, Saez L. 2016. GSK-3 and
CK2 kinases converge on timeless to regulate the master
clock. Cell Rep 16: 357–367.

Tosini G, Menaker M. 1998. The tau mutation affects tem-
perature compensation of hamster retinal circadian oscil-
lators. Neuroreport 9: 1001–1005.

Tseng R, Chang YG, Bravo I, Latham R, Chaudhary A, Kuo
NW, Liwang A. 2014. Cooperative KaiA-KaiB-KaiC in-
teractions affect KaiB/SasA competition in the circadian
clock of cyanobacteria. J Mol Biol 426: 389–402.

Tseng R, Goularte NF, Chavan A, Luu J, Cohen SE, Chang
YG, Heisler J, Li S, Michael AK, Tripathi S, et al. 2017.
Structural basis of the day–night transition in a bacterial
circadian clock. Science 355: 1174–1180.

Tsuchiya Y, Akashi M, Matsuda M, Goto K, Miyata Y, Node
K, Nishida E. 2009. Involvement of the protein kinase
CK2 in the regulation of mammalian circadian rhythms.
Sci Signal 2: ra26.

Tyanova S, Cox J, Olsen J, Mann M, Frishman D. 2013.
Phosphorylation variation during the cell cycle scales
with structural propensities of proteins. PLoS Comput
Biol 9: e1002842.

Ukai H, Ueda HR. 2010. Systems biology of mammalian
circadian clocks. Annu Rev Physiol 72: 579–603.

Ukai-Tadenuma M, Yamada RG, Xu H, Ripperger JA, Liu
AC, Ueda HR. 2011. Delay in feedback repression by

cryptochrome 1 is required for circadian clock function.
Cell 144: 268–281.

Valk E, Venta R, Ord M, Faustova I, Koivomagi M, Loog M.
2014. Multistep phosphorylation systems: Tunable com-
ponents of biological signaling circuits. Mol Biol Cell 25:
3456–3460.

van Ooijen G, Millar AJ. 2012. Non-transcriptional oscilla-
tors in circadian timekeeping. Trends Biochem Sci 37:
484–492.

van Ooijen G, Hindle M, Martin SF, Barrios-Llerena M,
Sanchez F, Bouget FY, O’Neill JS, Le Bihan T, Millar AJ.
2013. Functional analysis of casein kinase 1 in a minimal
circadian system. PLoS ONE 8: e70021.

Vanselow K, Vanselow JT, Westermark PO, Reischl S,
Maier B, Korte T, Herrmann A, Herzel H, Schlosser A,
Kramer A. 2006. Differential effects of PER2 phosphor-
ylation: Molecular basis for the human familial ad-
vanced sleep phase syndrome (FASPS). Genes Dev 20:
2660–2672.

van Zon JS, Lubensky DK, Altena PR, ten Wolde PR. 2007.
An allosteric model of circadian KaiC phosphorylation.
Proc Natl Acad Sci 104: 7420–7425.

Vosshall LB, Young MW. 1995. Circadian rhythms in Dro-
sophila can be driven by period expression in a restricted
group of central brain cells. Neuron 15: 345–360.

Welsh DK, Logothetis DE, Meister M, Reppert SM. 1995.
Individual neurons dissociated from rat suprachiasmatic
nucleus express independently phased circadian firing
rhythms. Neuron 14: 697–706.

Woelfle MA, Ouyang Y, Phanvijhitsiri K, Johnson CH.
2004. The adaptive value of circadian clocks: An exper-
imental assessment in cyanobacteria. Curr Biol 14:
1481–1486.

Wright PE, Dyson HJ. 2015. Intrinsically disordered pro-
teins in cellular signalling and regulation. Nat Rev Mol
Cell Biol 16: 18–29.

Xie H, Vucetic S, Iakoucheva LM, Oldfield CJ, Dunker AK,
Obradovic Z, Uversky VN. 2007. Functional anthology of
intrinsic disorder. 3: Ligands, post-translational modifi-
cations, and diseases associated with intrinsically disor-
dered proteins. J Proteome Res 6: 1917–1932.

Xu Y, Padiath QS, Shapiro RE, Jones CR, Wu SC, Saigoh N,
Saigoh K, Ptacek LJ, Fu YH. 2005. Functional conse-
quences of a CKIδ mutation causing familial advanced
sleep phase syndrome. Nature 434: 640–644.

Xu Y,Ma P, Shah P, Rokas A, Liu Y, JohnsonCH. 2013. Non-
optimal codon usage is a mechanism to achieve circadian
clock conditionality. Nature 495: 116–120.

Yagita K, Tamanini F, van Der Horst GT, Okamura H. 2001.
Molecular mechanisms of the biological clock in cultured
fibroblasts. Science 292: 278–281.

Yamada Y, Forger D. 2010. Multiscale complexity in the
mammalian circadian clock. Curr Opin Genet Dev 20:
626–633.

Yamamoto Y, Yagita K, Okamura H. 2005. Role of cyclic
mPer2 expression in the mammalian cellular clock. Mol
Cell Biol 25: 1912–1921.

Yamazaki S, Takahashi JS. 2005. Real-time luminescence
reporting of circadian gene expression in mammals.
Methods Enzymol 393: 288–301.

Phosphorylation-Dependent Timekeeping in Eukaryotes

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028357 17

Laboratory Press 
 at University of Tokyo on August 26, 2018 - Published by Cold Spring Harborhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


Yang Z, Sehgal A. 2001. Role of molecular oscillations in
generating behavioral rhythms in Drosophila. Neuron
29: 453–467.

Yang Y, Cheng P, He Q, Wang L, Liu Y. 2003. Phosphoryla-
tion of FREQUENCY protein by casein kinase II is nec-
essary for the function of the Neurospora circadian clock.
Mol Cell Biol 23: 6221–6228.

Yoo SH, Yamazaki S, Lowrey PL, Shimomura K, Ko CH,
Buhr ED, Siepka SM, Hong HK, Oh WJ, Yoo OJ, et al.
2004. PERIOD2::LUCIFERASE real-time reporting of
circadian dynamics reveals persistent circadian oscilla-
tions in mouse peripheral tissues. Proc Natl Acad Sci
101: 5339–5346.

Yoo SH,Mohawk JA, Siepka SM, ShanY,Huh SK,HongHK,
Kornblum I, Kumar V, Koike N, Xu M, et al. 2013. Com-

peting E3 ubiquitin ligases govern circadian periodicity
by degradation of CRY in nucleus and cytoplasm. Cell
152: 1091–1105.

Yu W, Houl JH, Hardin PE. 2011. NEMO kinase contrib-
utes to core period determination by slowing the pace of
the Drosophila circadian oscillator. Curr Biol 21: 756–
761.

Zhang EE, Liu AC, Hirota T, Miraglia LJ, Welch G,
Pongsawakul PY, Liu X, Atwood A, Huss JW III, Janes
J, et al. 2009. A genome-wide RNAi screen for mod-
ifiers of the circadian clock in human cells. Cell 139:
199–210.

ZhouM, Kim JK, EngGW, ForgerDB, VirshupDM. 2015. A
Period2 phosphoswitch regulates and temperature com-
pensates circadian period. Mol Cell 60: 77–88.

K.L. Ode and H.R. Ueda

18 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028357

Laboratory Press 
 at University of Tokyo on August 26, 2018 - Published by Cold Spring Harborhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


October 16, 2017
2018; doi: 10.1101/cshperspect.a028357 originally published onlineCold Spring Harb Perspect Biol 

 
Koji L. Ode and Hiroki R. Ueda
 
Eukaryotic Circadian Clocks
Design Principles of Phosphorylation-Dependent Timekeeping in

Subject Collection  Circadian Rhythms

Introduction to Chronobiology

Duffy
Sandra J. Kuhlman, L. Michon Craig and Jeanne F. Clock

Interplay between Microbes and the Circadian

Sassone-Corsi
Paola Tognini, Mari Murakami and Paolo

Timekeeping in Eukaryotic Circadian Clocks
Design Principles of Phosphorylation-Dependent

Koji L. Ode and Hiroki R. Ueda
Circadian Clocks Generates Rhythmic Behavior
Coordination between Differentially Regulated

Deniz Top and Michael W. Young

Mechanisms in Mammals
Circadian Posttranscriptional Regulatory

Carla B. Green

Cellular Timekeeping: It's Redox o'Clock

Reddy
Nikolay B. Milev, Sue-Goo Rhee and Akhilesh B.

Expression, and Circadian Rhythms
A 50-Year Personal Journey: Location, Gene

Michael Rosbash
Flies and Mammals
Molecular Mechanisms of Sleep Homeostasis in

Ravi Allada, Chiara Cirelli and Amita Sehgal

Cell-Autonomous and Circuit-Level Mechanisms
Circadian Clockwork: Interplay between 
Regulating the Suprachiasmatic Nucleus (SCN)

Smyllie, et al.
Erik D. Herzog, Tracey Hermanstyne, Nicola J.

Circadian Clocks
Membrane Currents, Gene Expression, and

Christopher S. Colwell
Charles N. Allen, Michael N. Nitabach and

Regulation in a 24-Hour Periodic World
Systems Chronobiology: Global Analysis of Gene

Jérôme Mermet, Jake Yeung and Felix Naef
ManagerTimekeeper to a Complex Developmental 

The Plant Circadian Clock: From a Simple

Sabrina E. Sanchez and Steve A. Kay

http://cshperspectives.cshlp.org/cgi/collection/ For additional articles in this collection, see 

Copyright © 2018 Cold Spring Harbor Laboratory Press; all rights reserved

Laboratory Press 
 at University of Tokyo on August 26, 2018 - Published by Cold Spring Harborhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


