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Investigation of the phosphorylation of circadian clock proteins 
has shown that this modification contributes to circadian tim-
ing in all model organisms. Phosphorylation alters the stability, 
transcriptional activity and subcellular localization of clock pro-
teins during the course of a day, such that time-of-day-specific 
phosphorylation encodes information for measuring time and is 
crucial for the establishment of an approximately 24-h period. 
One main feature of molecular timekeeping is the daytime - 
specific nuclear accumulation of clock proteins, which can be 
regulated by phosphorylation. Here, we discuss increasing know-
ledge of how subcellular shuttling is regulated in circadian clocks, 
on the basis of recent observations in Neurospora crassa showing 
that clock proteins undergo maturation through sequential phos-
phorylation. In this model organism, clock proteins are regulated 
by the phosphorylation-dependent modulation of rapid shuttling 
cycles that alter their subcellular localization in a time-of-day-
 specific manner.
Keywords: circadian clocks; phosphorylation; nucleo-cytoplasmic 
shuttling
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See glossary for abbreviations used in this article.

Introduction
the central oscillating unit of eukaryotic circadian clocks consists 
of transcriptional and translational feedback loops that control—
directly or indirectly—the rhythmic expression of many genes 
(McDonald & rosbash, 2001; oishi et al, 2003; Schaffer et al, 2001; 
Smith et al, 2010). although the specific components of different 
circadian clocks are not homologous, the basic mechanisms that 
control them are similar in a range of organisms from filamentous 
fungi to vertebrates. in general, circadian clocks function through 
the activation and inactivation of regulatory elements. activation of 
these elements and the negative-feedback loops that subsequently 
inhibit their transcription or function results in the oscillation of rna 
and protein levels over a period of approximately 24 h. the same 
principle is followed across species: the action of a heterodimeric 
transcription factor complex harbouring paS-domain-containing 

subunits activates the transcription of genes encoding one or more 
negative regulatory elements. the synthesized proteins enter the 
nucleus and—after a species-specific delay—inhibit the activity 
of the transcription factor complex, repressing their own synthe-
sis sometime during the late subjective afternoon (Fig 1). over the 
course of the day the negative elements are degraded and the tran-
scription factor complex can be activated again, restarting the cycle. 
in recent years, the molecular mechanisms of Drosophila, mam-
malian and fungal circadian clocks have been analysed extensively, 
which has substantially developed our knowledge of the mecha-
nisms underlying the core feedback loops (for a review see Brunner 
& Kaldi, 2008; Dibner et al, 2010; Dunlap & loros, 2006; Hardin, 
2005; Ko & takahashi, 2006; nitabach & taghert, 2008; reppert & 
Weaver, 2001; reppert & Weaver, 2002).

Biochemical analyses of clock components have shown that cir-
cadian feedback loops are regulated not only by transcription and 
translation, but also post-translationally. post-translational modifi-
cations of clock components are crucial for maintaining the pace of 
the circadian clock (Brunner & Schafmeier, 2006; gallego & Virshup, 
2007; lee et al, 2001; Mehra et al, 2009a). it has been demon strated 
in cyanobacteria that a circadian oscillation of phosphorylation of 
the clock protein Kaic occurs in vitro in the absence of transcription 
and translation. this suggests that, at least in pro karyotes, the post-
translational modification of clock proteins alone can maintain an 
approximately 24-h period of the core clock (nakajima et al, 2005; 
tomita et al, 2005). in eukaryotes, circadian rhythms have also been 
observed to be independent of transcription (Woolum, 1991), sug-
gesting that circadian clocks that are regulated by rhythmic protein 
modification—rather than transcriptional-feedback loops—might 
also have evolved in higher organisms. Support for this comes 
from the observation that some circadian rhythms in the filamen-
tous fungus Neurospora crassa persist in the absence of a central 
clock component, indicating that they are generated by multiple  
oscillators (Jolma et al, 2010).

the daytime-specific phosphorylation cycles of the nega-
tive elements in eukaryotic circadian clocks indicate that the 
phosphory lation of clock components is crucial for the timing 
of an approximately 24-h period. the first evidence of the post-
 translational modification of a clock component came from the 
Drosophila clock protein pErioD (pEr), which is progressively 
phosphorylated in a circadian manner and eventually degraded 
to close the feedback loop (Edery et al, 1994; price et al, 1998). 
it has since been shown that almost all clock components are  
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phospho-proteins and that phosphorylation often occurs in a 
phase-specific manner (Bae & Edery, 2006; garceau et al, 1997; He 
et al, 2005; lee et al, 1998; liu et al, 2000; Schafmeier et al, 2005; 
Schwerdtfeger & linden, 2000; yu et al, 2006). in the Neurospora 
clock, for example, phosphorylation events have been shown to reg-
ulate the degra dation of the negative element FrEQuEncy (FrQ) 
and the activity of the transcription factor complex Wcc (liu et al, 
2000; Schafmeier et al, 2005).

Several laboratories have reported that the subcellular localiz-
ation of clock proteins is regulated by phosphorylation in flies and 

mammals. research focusing on the Neurospora clock has shown 
that phosphorylation events modulate not only the subcellular  
distribution, but also the import and export kinetics of Wcc and 
FrQ, which shuttle between the cytoplasm and nucleus in min-
utes (cha et al, 2008; Diernfellner et al, 2009; Hong et al, 2008; 
Schafmeier et al, 2008). these phosphorylation events seem to func-
tion in an hourglass pattern—the steady accumulation of modulat-
ing signals—rather than as binary switches. clock proteins therefore 
undergo maturation and daytime-specific functional regulation 
(Baker et al, 2009; Diernfellner et al, 2009; Schafmeier et al, 2008; 
tang et al, 2009).

Phosphorylation regulates clock protein localization
the accuracy of the length of the circadian period depends, at least 
partly, on strict regulation of the import of clock components into 
the nucleus in a phase-dependent manner. putative or functional 
nlSs or nESs have been identified in several clock proteins (Kwon 
et al, 2006; luo et al, 1998; Maurer et al, 2009; Miyazaki et al, 2001; 
Saez & young, 1996; tamaru et al, 2003; Vielhaber et al, 2001; yagita 
et al, 2000), and changes in the subcellular localization of clock  
components can be regulated by phosphorylation (Fig 1).

the negative element of the clock typically accumulates in the 
cytoplasm for several hours after its synthesis. in order to repress its 
own transcription, it must translocate into the nucleus at a certain 
time of day, allowing the clock to move forward. the positive ele-
ment of the clock—a transcription factor—has to enter the nucleus to 
promote the synthesis of the negative element. the clearance of the 
positive element from the nucleus might also be essential to close the 
feedback loop and prevent the synthesis of the negative element, as 
has been observed in Drosophila and Neurospora (Hong et al, 2008; 
Hung et al, 2009; Kim & Edery, 2006). transcription factor clearance 
might also be a delay mechanism for the clock, as its absence from 
the nucleus maintains transcriptional repression. in Neurospora, the 
export of the transcription factor Wcc from the nucleus is required 
for its eventual reactivation (Schafmeier et al, 2008). We now con-
sider the effect of phosphory lation on the subcellular localization 
and activity of clock proteins in different systems.

Drosophila
in Drosophila, the negative element of the circadian core oscillator 
is a heterodimer of the proteins pEr and tiMElESS (tiM), in which 
pEr is the main repressor of the clock. the synthesis of pEr begins in 
the subjective morning, but it is quickly degraded unless it binds to 
and is stabilized by tiM in the cytosol. in the subjective evening, pEr 
and tiM, together with the casein kinase 1ε homologue DBt, trans-
locate to the nucleus, where they inhibit the heterodimeric transcrip-
tion factor complex clocK–cyclE (clK–cyc) by removing it from 
the chromatin. Eventually, pEr is phosphorylated, ubiquitinated and 
degraded and the negative feedback is released (Hardin, 2005; yu 
& Hardin, 2006). the phosphorylation of pEr is controlled by the 
kinases DBt, cK-2 and pp-2a (Blau, 2008), whereas the F-box pro-
tein SliMB seems to be responsible for its ubiquitination, which is 
phosphorylation dependent (chiu et al, 2008; Ko et al, 2002).

DBt sets the speed of the circadian clock by controlling the phos-
phorylation of the amino-terminal region of pEr, leading to its even-
tual degradation (chiu et al, 2008; price et al, 1998). DBt is also 
required for the transcriptional repression of the clK–cyc complex 
by the pEr–tiM complex, although clK–cyc is not a direct target of 
DBt (Kivimae et al, 2008; nawathean & rosbash, 2004).
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Fig 1 | Regulation of the subcellular localization of clock proteins by 

phosphorylation. A summary of the subcellular transport of fly, mammalian 

and fungal clock proteins, as regulated by phosphoryation. The kinases that 
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in addition to its role in pEr degradation, DBt-dependent phos-
phorylation is thought to have a positive regulatory effect on its 
localization and function. in fact, of the more than 250 putative 
phosphorylation sites in the pEr protein, many have no effect on the 
stability of the protein. Furthermore, pEr phosphorylation seems to 
occur in clusters, suggesting that the phosphorylation has different 
effects in different regions (chiu et al, 2008).

Several studies have indicated that phosphorylation promotes 
the nuclear entry of the pEr–tiM–DBt repressor complex. it has 
been shown that the phosphorylation of tiM by the glycogen syn-
thase kinase 3 (gSK3) orthologue Shaggy is a prerequisite for 
nuclear import of the repressor complex, supporting the idea that 
phosphorylation is important for the regulation of nuclear trans-
location (Martinek et al, 2001). Similarly, the dbtS fly mutant—
which has reduced DBt kinase activity—exhibits delayed nuclear 
translocation of pEr in photoreceptor cells (Bao et al, 2001) and the 
knockdown of DBt in cultured S2 cells by rnai results in impaired 
nuclear import of pEr (nawathean & rosbash, 2004). However, 
DBt-dependent phosphorylation has a negative role in the control 
of pEr nuclear import in flies (cyran et al, 2005), indicating that its 
role in pEr nuclear import remains to be defined.

as the activity of cK-2 in the cytoplasm modulates the timing 
of pEr nuclear import in Drosophila neurons, and because pEr is 
phosphorylated in vitro by cK-2, it seems likely that cK-2-dependent 
phosphorylation of pEr has a role in its nuclear localization (akten 
et al, 2003; lin et al, 2002). Michael rosbash’s group has identified a 
conserved motif in the pEr protein that is required for nuclear trans-
location and facilitates the DBt- and cK-2-dependent phosphory-
lation of pEr (nawathean et al, 2007). interestingly, this region was 
identified as a kinase binding domain (Kim et al, 2007). However, 
the researchers were unable to demonstrate its role in the nuclear 
localization of clock proteins in the latter study.

it was previously thought that pEr and tiM enter the nucleus as a 
complex. However, experiments in fly neurons have shown that pEr 
and tiM are able to enter the nucleus separately (Shafer et al, 2002), 
although pEr must be stabilized by reduced levels of DBt for this to 
happen (cyran et al, 2005). these observations have been supported 
by FrEt analysis of cultured S2 cells overexpressing pEr and tiM. 
this showed that the pEr–tiM dimer dissociates before both proteins  
enter the nucleus separately (Meyer et al, 2006).

With regard to the positive elements in the Drosophila clock, 
daytime-specific alterations in the phosphorylation state of the clK 
protein regulate the stability and activity of the clK–cyc transcrip-
tion factor. Kinases that might modulate clK–cyc activity include 
MapK and caMKii (Weber et al, 2006), whereas the inactivation 
and degra dation of clK depends on the presence of pEr/DBt in the 
nucleus (Kim & Edery, 2006; yu et al, 2006). Studies using cultured 
insect cells have indicated that hypophosphorylated clK and cyc 
interact in the cytoplasm, resulting in the intermediate phosphory-
lation of clK—supported by cyc—and the nuclear translocation of 
clK and cyc (Maurer et al, 2009). By contrast, the nuclear export 
of the clK–cyc complex is accompanied by hyperphosphorylation 
and subsequent degradation of clK (Hung et al, 2009). this suggests 
that phosphorylation regulates both the activity and subcellular 
localization of the clK–cyc heterodimer.

clK seems to enter and leave the nucleus once a day. in one of the 
above studies, it was found to undergo sequential phosphory lation 
at particular sites with different functions in subcellular shuttling 
(Hung et al, 2009). the expression of pEr leads to the cytoplasmic  

accumulation of clK (Kim & Edery, 2006). this observation could 
now be explained by the inactivating hyperphosphorylation of clK, 
mediated by the pEr–tiM–DBt complex.

Several studies have investigated the nuclear import of clock 
proteins, but little is known about their shuttling dynamics in 
Drosophila. Some clock proteins contain an nES and inhibiting their 
export from the nucleus affects circadian rhythmicity, indicating a 
role for shuttling in circadian clock regulation in flies (ashmore et al, 
2003; Hung et al, 2009; nawathean & rosbash, 2004). Both positive 
and negative roles for phosphorylation in the nuclear localiz ation of 
clock proteins have been proposed in recent years. Findings have 
been inconsistent, perhaps due to differences in the experimental 
procedures—such as the use of fly neurons or cultured insect cells. 
it is also possible that phosphorylation at certain sites could stimu-
late nuclear accumulation of clock proteins, whereas others could 
inhibit it.

Mammals
Mammalian circadian clocks have mainly been studied in mice, rats 
and hamsters, as well as in other animal and human cell lines. in the 
circadian system of mammals, the negative elements of the core feed-
back loop are pEr1, 2 and 3 and cryptocHroME (cry)1 and 2. the 
positive elements are the transcription factors clocK and BMal1. 
these components of the clock are the orthologues or functional 
equi valents of the Drosophila circadian clock proteins. However, the 
regu lation of the mammalian system might be more complex, due 
to the partial redundancy of the three pEr and two cry isoforms. in 
contrast to the Drosophila system, the main repressors of the mam-
malian clock are the cry isoforms—the regulation of which is poorly  
understood—rather than the pEr isoforms (yu & Hardin, 2006).

Mammalian pEr proteins are substrates of cK-1δ and ε, which 
regulate their stability and subcellular localization (akashi et al, 
2002; lee et al, 2009). Despite the observation that the cK-1δ and 
ε kinases show a degree of functional redundancy, the disruption 
of cK-1δ has a more severe effect on the abundance of pEr and 
its phosphorylation than cK-1ε, indicating a dominant role for the  
δ isoform in clock regulation (Etchegaray et al, 2009).

Glossary

ARNT  aryl hydrocarbon receptor nuclear translocator
BMAL  brain and muscle ARNT-like protein
CaMK  calcium/calmodulin-dependent kinase
CK  casein kinase
CLK/CLOCK circadian locomotor output cycles kaput
CYC  cycle
DBT  DOUBLETIME
FRET  Förster resonance energy transfer
FRH  frequency interacting RNA helicase
GSK  glycogen synthase kinase
MAPK  mitogen-activating protein kinase
NES  nuclear export signal
nF-κB  nuclear factor κB
NLS  nuclear localization signal
PAS  PER–ARNT–SIM domain

PKA/C  protein kinase A/C
PP  protein phosphatase
SIM  single-minded
SLIMB  supernumerary limbs
WCC  white collar complex
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Similarly to Drosophila, nuclear accumulation of pErs is delayed 
by approximately 6 h with respect to the appearance of maximal 
transcript levels, indicating that a similar timing mechanism for pEr 
nuclear entry functions in mammals. the regulation of pEr nuclear 
localization has been investigated in murine and human cell cul-
tures. the data suggest a role for cK-1-dependent phosphorylation 
not only in the degradation of pEr proteins, but also in the regu lation 
of their subcellular localization (Miyazaki et al, 2004; takano et al, 
2004). Serine residues in a region including amino acids 653–663 are 
phosphorylated by cK-1ε, which leads to nuclear trans location of 
pEr1 (takano et al, 2004). at the end of a circadian period pEr1 
is degraded. this seems to happen in the nucleus, as blocking the 
export of pEr1 does not influence its turnover in human Wi-38 cells 
(Miyazaki et al, 2004). as has been the case in fly studies, analyses 
of the regulation of the subcellular localization of clock proteins in 
mammals have yielded some inconsistent observations. an inhibi-
tory role for cK-1-dependent phosphorylation in nuclear localization 
of pEr1 has been proposed by the Virshup lab (Vielhaber et al, 2001).

Defective pEr2 phosphorylation can lead to a shortened circadian 
period and has been implicated in familial advanced sleep phase 
syndrome (FaSpS). in one type of FaSpS, the defect has been mapped 
to a change from a serine to a glycine at position 662 in the human 
pEr2 protein (toh et al, 2001). interestingly, the FaSpS pEr2 protein 
is turned over more rapidly than the wild type, indicating that phos-
phorylation of Ser 662 stabilizes pEr2. Faster turn over is apparently 
caused by the rapid clearance of pEr2 from the nucleus (Vanselow 
et al, 2006), which indicates that phosphory lation of Ser 662 has a role 
in the nuclear localization of mammalian pEr2. By generating trans-
genic mice that express the FaSpS pEr2 protein, the human phenotype 
could be reproduced (Xu et al, 2007). However, the authors suggested 
that the role of pEr2 Ser 662 is in the enhancement of transcrip-
tional repression rather than the promotion of nuclear localization.  
the function of this protein remains to be understood.

pEr and cry proteins seem to simultaneously enter the nuclei of 
suprachiasmatic nucleus cells, in which the master clock is located 
in vertebrates (Field et al, 2000; tamanini et al, 2005), suggesting 
that dimerization is a prerequisite for nuclear translocation of the 
pEr/cry complex. However, pEr2 has been detected in the nuclei 
of neurons obtained from Cry1/2-deficient mice (Shearman et al, 
2000), whereas in cos7 and embryonic fibroblast cell lines, murine 
pEr2 shuttles between the nucleus and the cytoplasm in the absence 
of cry proteins, but accumulates in the nucleus when crys are 
coexpressed. these findings have led to the suggestion that crys 
might sequester pErs to the nucleus, where they stabilize each other. 
this might be a prerequisite for efficient inhibition of the clocK/
BMal1 complex (yagita et al, 2002). a common mechanism seems 
to function in flies and mammals: a negative-acting element under-
goes cycles of synthesis and degradation unless it is stabilized by 
its interaction partner at a certain time of the day. Such stabilization 
results in nuclear translocation of the proteins and the formation of a 
functional inhibitory complex.

the subcellular distribution of clocK and BMal1 is also regu lated 
in a circadian manner (Kondratov et al, 2003; tamaru et al, 2003). 
Dimerization induces the phosphorylation and nuclear translocation  
of clocK, eventually leading to its degradation (Kondratov et al, 
2003). this is similar to the Drosophila system, in which cyc pro-
motes the phosphorylation and nuclear import of clK (Maurer et al, 
2009). it has recently been shown in a heterokaryon assay using 
niH 3t3 and Hela cells that BMal1 shuttles between the cytosol and 

the nucleus in a crm 1 dependent manner when it is transcriptionally  
active. Functional nlS and nES domains have also been identi-
fied. Shuttling seems to be required for the nuclear accumulation 
of clocK and for clocK/BMal1 transactivation, which is accom-
panied by the rapid degradation of both transcription factors in the 
nucleus (Kwon et al, 2006). a recent study revealed that a conserved 
serine residue in BMal1 (Ser 90) is rhythmically phosphorylated by 
the kinase cK-2. in cultured cells in which cK-2α was silenced or 
Ser 90 of BMal1 was mutated, the nuclear accumu lation of BMal1 
was reduced (tamaru et al, 2009). the nuclear trans location of 
clocK/BMal1 in the mammalian clock therefore seems to depend 
on site-specific phosphorylation events.

Neurospora
the components of the Neurospora clock are not homologous 
to those proteins found in flies and mammals, but the principle of 
the feedback loops is conserved. as it has the simplest loop, the 
Neurospora clock is the best understood circadian oscillator. the 
negative element FrQ represses its own transcription by mediating 
phosphorylation-dependent inactivation of the transcription factor 
Wcc (Sancar et al, 2009; Schafmeier et al, 2005). However, FrQ 
also has a positive function with regard to Wcc, as it is required 
to support its accumulation (cheng et al, 2001; lee et al, 2000; 
Schafmeier et al, 2006).

FrQ forms part of a high-molecular-weight complex that includes 
cK-1a and FrH, both of which are required for negative and positive 
feedback (cheng et al, 2005; gorl et al, 2001; guo et al, 2009; He 
et al, 2006; Hong et al, 2008; Querfurth et al, 2007). it has been 
shown that phosphory lation events modulate the stability and func-
tion of FrQ (gorl et al, 2001; Jolma et al, 2006; liu et al, 2000; 
Schafmeier et al, 2006) and that FrQ has many putative phosphory-
lation sites. Several kinases and phosphatases have therefore been 
implicated in the control of its phosphorylation status (cha et al, 
2008; gorl et al, 2001; Mehra et al, 2009b; pregueiro et al, 2006; 
yang et al, 2003; 2002; 2001; 2004).

the majority of FrQ is located in the cytoplasm, even though it 
contains an nlS and nuclear import is required for the proper function 
of the protein (luo et al, 1998; Schafmeier et al, 2005). However, when 
FrQ expression is driven by an inducible promoter, the newly synthe-
sized, hypophosphorylated FrQ rapidly accumulates in the nucleus 
(Schafmeier et al, 2006). this is essentially the same as the situation in 
the cell after the onset of FrQ expression in the late subjective morn-
ing. on further induction, FrQ is progressively hyper phosphorylated 
and accumulates in the cytosol. the FrQ populations apparently have 
different functions: the hypophosphorylated nuclear FrQ inactivates 
Wcc, whereas the hyperphosphorylated cytosolic FrQ is mainly 
required to support Wc-1 expression. therefore, the positive and 
negative functions of FrQ are separated both spatially and temporally 
(Schafmeier et al, 2006). We have recently shown that both functions 
arise from the same mechanism, in which FrQ-dependent phosphor-
ylation prevents the Wcc binding to Dna. Keeping the Wcc inactive 
protects it from degradation (Schafmeier et al, 2008).

recent findings have indicated that subcellular localization of 
FrQ is directly regulated by phosphorylation (Diernfellner et al, 
2009). FrQ undergoes rapid shuttling cycles between the cytosol 
and the nucleus; the import kinetics of FrQ slow down when the 
protein is phosphorylated and import eventually stops when FrQ 
is hyperphosphorylated. this is consistent with the earlier finding 
that hypophosphorylated FrQ rapidly accumulates in the nucleus 
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(Fig 2; Diernfellner et al, 2009; Schafmeier et al, 2006). as a result, 
distribution of the newly synthesized FrQ shifts from being predomi-
nantly nuclear to predominantly cytosolic over the course of a day, 
correlating with its functional maturation (Schafmeier et al, 2006). 
a recent study which used live-cell imaging of Neurospora cells 
expressing FrQ-mcherry found that, under physiological conditions, 
FrQ undergoes a second round of nuclear accumulation during a 
circadian cycle. this indicates that the regulation of FrQ nuclear 
import is not yet fully understood (castro-longoria et al, 2010).

Wcc is composed of the subunits Wc-1 and Wc-2, which inter-
act through their paS-domains (talora et al, 1999). Wc-1 is not sta-
bly expressed in the absence of its interacting partner Wc-2 and is 
therefore considered to be the rate-limiting factor of the complex 
(cheng et al, 2002). By contrast, the Wc-2 subunit is expressed in 
excess and is stable in the absence of Wc-1 (cheng et al, 2001; 
Schwerdtfeger & linden, 2000). negative feedback occurs by FrQ-
mediated cK-1a and cK-2-dependent phosphorylation of Wcc (He 
et al, 2006; Schafmeier et al, 2005).

Wc-1 is regulated by pKa and pKc-dependent phosphorylation 
(Franchi et al, 2005; Huang et al, 2007). as it is a transcription fac-
tor, the nuclear accumulation of Wcc is required for it to function 
proper ly and both Wcc subunits contain a putative nlS (Ballario 
et al, 1998). the nuclear localiz ation of Wc-1 and Wc-2 has 
been confirmed by cell fractionation (Schafmeier et al, 2005; 
Schwerdtfeger & linden, 2000), although fluorescence microscopy 
of Neurospora cells expressing gFp-tagged Wc-1 or Wc-2 showed 
a larger cytoplasmic pool of Wcc in living cells than had been 
expected from biochemical data. Furthermore, when the nuclei 
of these strains were photobleached by a laser pulse, fluorescence 
recovered within a few minutes, indicating that a rapid exchange of 
the nuclear Wcc pool occurs (Schafmeier et al, 2008).

in steady-state conditions, nuclear Wcc is hyperphosphorylated, 
whereas the phosphorylation status of the cytosolic Wcc fraction is 
low (Schafmeier et al, 2005). two protein phosphatases—pp-2a and 
pp-4—have recently been shown to dephosphorylate Wcc. this 
counteracts the cK-1a/-2-dependent phosphorylations of the Wcc 
and leads to its reactivation (cha et al, 2008; Schafmeier et al, 2008; 
Schafmeier et al, 2005). at least in the case of pp-2a, dephosphory-
lation occurs exclusively in the cytoplasm. When it is compromised, 
the cytoplasmic accumulation of hyperphosphorylated Wcc occurs 
(Schafmeier et al, 2008).

taken together, these findings suggest that Wcc is phosphor-
ylated by cK-1a and -2 in the nucleus and dephosphorylated by 
pp-2a—and probably also pp-4—immediately after its export. 
Subcellular shuttling must therefore be accompanied by rapid cycles 
of phosphory lation and dephosphorylation. although the cytosolic 
Wcc is mainly hypophosphorylated in steady-state conditions, 
hyperphosphorylated Wcc tends to accumulate in the cytoplasm at 
certain points in the circadian period (cha et al, 2008; Schafmeier 
et al, 2008). the accumulation of Wcc in the cytosol depends on 
FrQ (Hong et al, 2008) and can be explained by FrQ-dependent 
phosphorylation of Wcc. this dominates pp-2a-dependent dephos-
phorylation when cytoplasmic FrQ levels are high. FrQ therefore 
regulates transcriptional repression and accumulation of Wcc by 
the same cK-1a/-2-dependent phosphorylation mechanism. recent 
findings about the phosphorylation-dependent regulation of Wcc 
are summarized in Fig 3.

the subcellular localization of FrQ might be regulated in a sim-
ilar way. rapid cycles of nucleo-cytoplasmic shuttling of FrQ are  

modulated by phosphorylation in a circadian manner. this can 
explain the seemingly contradictory functions of FrQ, by means of 
temporal and spatial separation. as the progressive phosphorylation 
of FrQ results in slower import kinetics, FrQ accumulates in the 
cytosol in the subjective afternoon and keeps Wcc in a phospho-
rylated state, leading to the stabilization and retention of Wcc in  
the cytoplasm.

Hourglasses compared with phospho-switches
the Neurospora clock protein FrQ is phosphorylated at a minimum 
of 85 sites (Baker et al, 2009; tang et al, 2009). although certain phos-
phorylation sites have been linked to specific functions—including 
Ser 513 and Ser 885/887 (liu et al, 2000; Schafmeier et al, 2006)—it 
does not seem likely that each phosphorylation event has a particular  
role in the regulation of FrQ.

proteomic analysis has shown that FrQ phosphorylation occurs 
in clusters (tang et al, 2009), suggesting that the phosphorylation 
of certain regions affects the charge in these areas. this might result 
in substantial conformational alterations, such as partial unfolding 
or loss of interaction between distinct regions (Diernfellner et al, 
2009; c Querfurth, a Diernfellner & M Brunner, unpublished data; 
tang et al, 2009). Eventually, clustered hyperphosphorylation could 
facili tate or prevent the binding of FrQ to interaction partners such 
as cK-1, thereby altering the characteristics of the FrQ complex in a 
circadian manner (Baker et al, 2009; c Querfurth, a Diernfellner & 
M Brunner, unpublished data). Experiments in which the phospho-
rylation sites in FrQ were mutated have found opposing effects on  
circadian period length—some lengthening it and some shortening 
it—which is similar to the effects of distinct pEr2 phosphorylations 
in mammals (tang et al, 2009; Vanselow et al, 2006).

in order to act as a timing mechanism—to ensure that FrQ is 
not simply hyperphosphorylated and degraded—FrQ must also be 
dephosphorylated by one or more protein phosphatases. pp-1, pp-2a 
and pp-4 are candidates for counteracting the phosphorylation of 
FrQ (cha et al, 2008; yang et al, 2004). one might speculate that  
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progressive FrQ phosphorylation occurs through a ’two steps forward,  
one step back’ mechanism. cK-1a could phosphorylate FrQ at sev-
eral sites before targeting itself and thereby inactivating its kinase 
activity. a phosphatase could then remove some of the phosphates 
from both proteins, allowing the reactivation of cK-1a and ongoing 
phosphorylation of FrQ.

as a result of progressive phosphorylation, the stability, func-
tion and subcellular localization of FrQ can be modulated in an  
hourglass-like manner throughout the day. this would provide a  
simple yet elegant molecular timer for a 24-h period (Fig 2).

Similarly to the Neurospora FrQ protein, the mammalian negative 
clock element pEr2 has almost 250 putative phosphorylation sites. 
proteomic analyses have found that at least 21 sites are phosphorylated 
in murine pEr2 and that these appear in clusters (Schlosser et al, 2005; 
Vanselow et al, 2006). phospho-clusters have also been identified in 

the Drosophila pEr protein (chiu et al, 2008). this suggests that both 
pEr proteins and FrQ are regulated by clustered phosphorylation, 
but there is a discrepancy between the number of phosphorylation 
sites that have been identified. Future research might attempt to iden-
tify more sites in the pEr proteins of flies and mammals. otherwise, 
although FrQ seems to be regulated by an hourglass mechanism, 
the regulation of pEr might occur by sequential phosphorylation  
of distinct sites, or through clusters that have specific effects.

Wc-1 matures over the course of a day as a consequence of the 
equilibrium between the activities of kinase and phosphatase, which 
function to delay phosphorylation. For Wc-1 and Wc-2, only a few 
phosphorylation sites have been identified so far (He et al, 2005; 
Sancar et al, 2009). Wcc localization is therefore probably not regu-
lated by hourglass-like hyperphosphorylation, but rather by sequen-
tial phosphorylation at specific sites, similar to the regulation of the 

Cytosol

Inactive
and
stable

Nucleus

Morning Noon

PP2A

PP4CK1a

CK1a

WCC WCC
frq

Cytosol Nucleus

PP2A

PP4CK1a

frq
WCC WCC

WCC WCC

CK1a
FRQ

P P

P

CK1a

FRQ

P P P P

P P P

CK1a

FRQ

P P P P

P P P

CK1a

FRQ

P P P P

P P P

P
P
P

P
P
P

Night

Cytosol Nucleus

PP2A

PP4

frq
WCC WCC

WCC WCC

CK1a
FRQ

P P

P

P
P
P

P
P
P

Inactive
and
stable

Evening

Cytosol Nucleus

PP2A

PP4

frq
WCC WCC

WCC WCC

CK1a
FRQ

P P

P

P
P
P

P
P
P

FRQ

P P P P

P P PFRQ

P P P P

P P

Degradation

Degradation

Active and
  unstable

WCCWCC

Fig 3 | Modulation of WCC shuttling and activity in the course of a circadian day.  Morning (top left): Newly synthesized, unphosphorylated WCC enters the 

nucleus. It is active and binds to target DNA regions, for example in the frq gene locus, but active WCC is rapidly degraded. Noon (top right): By inactivating WCC 

through phosphorylation, FRQ stabilizes WCC in the nucleus and supports the accumulation of the transcription factor. Evening (bottom left): FRQ accumulates 

in the cytosol and FRQ-mediated phosphorylation dominates over dephosphorylation. Consequently, the import kinetics of WCC decrease and the stable 

complex is retained in the cytoplasm. Night (bottom right): FRQ is degraded and then WCC is dephosphorylated—thereby activated—and re-enters the nucleus. 

CK, casein kinase; FRQ, FREQUENCY; P, phosphate; PP, protein phosphatase; WCC, white collar complex.

www.emboreports.org


©2010 EuropEan MolEcular Biology organization EMBo reports Vol 11 | no 12 | 2010 933

reviewsconcept

activity and subcellular localization of the Drosophila clK protein 
(Hung et al, 2009).

Both types of regulation by phosphorylation—switches and hour-
glasses—seem to be able to have a role in the control of circadian 
clocks.

New ways to control nuclear import in circadian clocks?
recent studies have shown that the Neurospora clock proteins FrQ 
and Wcc undergo rapid cycles of nucleo-cytoplasmic shuttling, 
which are modulated by phosphorylation (Diernfellner et al, 2009; 
Schafmeier et al, 2008). the phosphorylation-dependent import, 
export, activation or inactivation of transcription factors commonly 
regulates gene expression (cyert, 2001). the activity or subcellular 
localization of a transcription factor is often modified in a switch-like  
manner in response to environmental or internal stimuli.

one exception to this switch-like modulation is the calcineurin-
responsive transcription factor crz1 in budding yeast, which mediates 
the expression of genes in response to calcium stress. an extra cellular 
increase in calcium concentration has been found to lead to the 
dephosphorylation and nuclear localization of crz1 (Stathopoulos-
gerontides et al, 1999). However, a recent study has shown that crz1 
is localized to the nucleus in short bursts when calcium is present 
and that as the calcium concentration increases, the frequency of 
these bursts also increases. as a result, the nuclear accumulation of 
crz1 and the eventual transcriptional activation of crz1 target genes 
is faster (cai et al, 2008). the nuclear accumu lation of Wcc might 
be regulated in a similar manner; an increased frequency of active 
Wcc import in the subjective morning is then hypophosphorylated,  
driving the expression of clock-controlled genes.

cai et al (2008) also reported in the crz1 study that Msn2—
another transcription factor that exhibits oscillations of nuclear 
translocation in response to stress or nutritional changes (Jacquet 
et al, 2003)—shows similar import bursts and nuclear accumulation 
in response to calcium.

nF-κB shows a similar pattern; its activity is generally linked to 
oscillations of nuclear entry frequency. the frequency of nuclear 
nF-κB translocation is decreased in response to increased amounts 
of the inhibitor iκB (nelson et al, 2004). these observations from 
distinct pathways in different organisms suggest that import fre-
quency modulation of shuttling transcription factors is a common, 
yet unconventional mechanism of regulating gene expression in 
response to stimuli.

What is the advantage of rapid shuttling cycles that can be modu-
lated, rather than a time-of-day-specific ‘import on demand’ mecha-
nism? in Drosophila, newly synthesized pEr is rapidly degraded in 
the subjective morning until it can bind to its interaction partner tiM 
in the subjective evening. this regulatory mechanism ensures a delay 
that contributes to the timing of the approximately 24-h period, but 
it seems energetically wasteful as pEr continues to be synthesized 
and degraded throughout the day until the ‘import’ signal is acti-
vated. By comparison, the seemingly futile cycles of trans location 
in Neurospora might be energy saving; the Neurospora negative 
element—FrQ—is not permanently degraded in the subjective 
morning and so its biosynthesis rate can be lower than that of pEr. 
Furthermore, modulation of the shuttling frequency might make the 
circadian oscillation more robust, as perturbations can be buffered.

in other clock-model organisms there is evidence for nucleo-
cytoplasmic shuttling—that is, of pEr, tiM and clK in Drosophila, 
and of pEr2 and BMal1 in mammals (Fig 1; ashmore et al, 2003; 

Hung et al, 2009; Kwon et al, 2006; Vielhaber et al, 2001; yagita et al, 
2002). BMal1 shuttles when it is transcriptionally active and is stored 
in the nucleus when it is inactivated by cry1 or cry2 (Kwon et al, 
2006). this is similar to the regulation of Wcc in Neurospora, which 
shuttles rapidly until FrQ levels increase, slowing down import 
kinetics and leading to the cytoplasmic accumulation of Wcc.

Conclusions
the proteins that constitute the circadian feedback loops in organ-
isms from fungi to humans are modified post-translationally by 
phosphorylation. in addition to its well-characterized functions 
in regulating the turnover of clock proteins, phosphorylation also 
determines their subcellular localization. there seem to be more dif-
ferences than similarities in the regulation of nuclear trans location 
between fungi, mice and flies, but investigations have also shown 
several common aspects. Both the import and export of clock pro-
teins to and from the nucleus are required to sustain the circadian 
oscillation, and these processes contribute to molecular time keeping. 
Furthermore, the transcription factors of the mammalian and 
Neurospora circadian system undergo rapid cycles of shuttling that 
are slowed down or abolished when transcriptional activity is low. 
the negative elements pEr and FrQ both undergo progressive, clus-
tered phosphorylation at several sites, which seems to be important 
for maturation; although, at least in the case of FrQ in Neurospora,  
hyperphosphorylation results in cytoplasmic accumulation of the 
protein. Further analysis of the subcellular shuttling of clock proteins 
is an important avenue for research, in order to fully understand  
circadian clock regulation (Sidebar a).
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