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an alternative ‘stoichiometric balance’ model11, 
in which the repressors bind directly to the 
activators rather than to DNA. Their model 

with the repressors Period (Per) and Timeless3. 
A similar molecular architecture is found in the 
mammalian system. However, gene duplication 
has increased the number of players: BMAL1 
and BMAL2 are the mammalian homologs 
of Drosophila Cycle4, and PER1 and PER2  
are the homologs of Period5. The Cryptochrome 
(CRY) proteins, originally functioning as  
blue-light sensors in plants and Drosophila6, 
became part of the repressor complex in the 
mammalian circadian system5. The organiza-
tion of the functional domains of these proteins 
is shown in Figure 1.

To understand the fundamental question of 
how the transcriptional and post-translational 
feedback loops work, the relevant interactions 
between activators and repressors must be 
determined in detail. The crystal structures 
of the BMAL1–CLOCK heterodimer and 
the CRY1–PER2 complex have recently been 
solved7,8, but no structure of the proposed 
functional BMAL1–CLOCK–CRY–PER qua-
ternary complex (Fig. 1) is currently available. 
Nevertheless, there are biochemical data that 
suggest how the repressor complex binds to 
the BMAL1–CLOCK complex to inactivate 
transcription. Ye et al.9 previously generated 
quadruple-knockout cell lines deficient in 
Cry1, Cry2, Per1 and Per2, and used them to 
show that a CRY1–BMAL1–CLOCK ternary 
complex directly represses CCC genes such as 
Nr1d1 and Dbp, whereas PER–CRY complexes 
act instead by detaching the BMAL1–CLOCK 
complex from DNA.

However, the above model does not suffi-
ciently explain the wide spectrum of period-
length phenotypes observed when individual 
clock genes are knocked out in cells. For example,  
Cry1−/− cells have a short period length, 
whereas Cry2−/− cells have a long period 
length10. Previously, Kim and Forger proposed 

Circadian clocks are commonly found in 
bacteria, fungi, plants and animals1. They are 
used to synchronize periodical environmental 
cues, such as the light-dark cycle, to internal 
regulatory programs in an organism. The 
basic components and the genetic circuitry of 
circadian clocks are quite well characterized. 
However, there is only limited information 
on circadian dynamics at the structural level,  
especially in higher organisms. In this issue, 
Partch, Liu and colleagues2 report that the 
intrinsically disordered C-terminal region of 
the transcriptional activator BMAL1 alter-
nately discriminates between interaction with 
p300 (CBP) and with CRY1 to set the pace of 
the mammalian circadian clock.

The canonical molecular mechanism under-
lying circadian rhythms consists of both tran-
scriptional and post-translational feedback 
loops1 (Fig. 1). In principle, alternating gene 
expression driven by activators and repres-
sors generates 24-hour rhythms. Activators 
drive the expression of repressor proteins and 
other circadian clock–controlled (CCC) genes.  
The repressor proteins accumulate to a suf-
ficient threshold concentration that enables 
them to bind to the activator complex and 
repress gene expression. Upon subsequent 
degradation of the repressor proteins, the  
activators are reactivated, and a new cycle of 
gene expression occurs. In Drosophila, the  
activators are Cycle and Clock, which interact 
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Figure 1  Model of the mammalian circadian 
oscillator. The activity of the BMAL1 (dark blue)  
and CLOCK (light blue) heterodimeric activator is 
rhythmically counterbalanced by binding of PER 
(green) and CRY (red oval) repressor complexes 
to alternate between states of transcriptional 
activation (top) and repression (bottom) at the 
promoters of circadian target genes (several 
example circadian genes shown). Corresponding 
chromatin transitions support both active and 
inactive states. Solid circles represent basic helix-
loop-helix domains, which mediate binding to the 
E-box motif (5∙-CACGTG-3∙). The PAS domains 
and C termini of CRY mediate protein-protein 
interactions. TAD, transactivation domain;  
PHD, PHD domain.
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the fine-tuning of the clock mechanism, and  
a combination of genetic, biochemical and  
biophysical experiments could be uniquely 
suited to resolving this issue. In addition, sim-
ilar detailed structural and functional stud-
ies of related clock proteins that extend the  
findings reported here would help to address 
the fundamental question of how the regula-
tory complexity of the mammalian circadian 
clock arose during evolution.
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specific mutations in the C-terminal region of 
BMAL1 that correlate the period length of  the 
complemented fibroblasts with the binding 
affinity of CRY1 to BMAL1 (Fig. 2b). Their 
findings agree with the observed phenotype of 
Cry-deficient cells: Cry1−/− cells would mimic 
a low-affinity state with short circadian period 
length, and Cry2−/− cells, because of extended 
accumulation of CRY1 (ref. 13), would mimic 
a higher-affinity state that gives rise to a longer 
period length.

From these observations, Partch, Liu and 
colleagues2 have provided compelling evidence 
for a competition mechanism that sets the 
pace of the circadian oscillator. Interestingly, 
this mechanism is located in the intrinsically 
disordered C-terminal region of the BMAL1 
protein. Disordered structures are involved in 
protein-protein interactions and are known to 
mediate important transcriptional regulatory 
pathways such as that of p53 (ref. 14). Their 
inherent flexibility may provide some advan-
tages over ordered structures (Fig. 3a) because 
a disordered structure vastly increases the 
number of potential interaction surfaces and 
permits multiple different proteins to associate  
with a single underlying peptide sequence. 
Moreover, a disordered structure is thermo-
dynamically favored because it has higher 
entropy than an ordered structure; hence,  
creating order by interaction with another pro-
tein is actually disfavored, and this may impart 
further specificity to the interaction.

Coimmunoprecipitation experiments show  
that BMAL2 and BMAL1 have similar bind-
ing affinities for CRY1, despite the obser-
vation that BMAL2 cannot rescue BMAL1 
deficiency. This most probably reflects dif-
ferences in the behavior of their C termini 
(Fig. 3b). One simple scenario predicts that 
post-translational modifications such as 
phosphorylation would govern their different 
possible interactions. Alternatively, dynamic 
interactions of the C terminus with CRY or 
p300 (CBP) may generate rhythmic transcrip-
tion. The interaction of CRY and p300 (CBP) 
with BMAL2 may not be as flexible as that 
with BMAL1 for generating rhythmic gene  
expression. Further experiments are necessary 
to address these possibilities.

In summary, a competition mechanism 
based on the dynamic interactions provided 
by a disordered structure is a key component 
that determines the period length of the mam-
malian circadian oscillator. These observations 
represent a further step toward understanding 
the regulatory network underlying the mam-
malian oscillator, by focusing on a structural 
detail and molecular flexibility. Many more 
dynamic interactions may be involved in  

predicts that the optimal ratio between such 
activators and repressors is around 1:1, and 
any coarse violation of this ratio would lead 
to less robust circadian rhythms. Interestingly, 
in vivo it is primarily the concentration of the 
repressing factors that cycles with circadian 
amplitude12, and this could potentially fine-
tune the competition between both types of 
factors. However, the model grouped clock 
components into only activators or repres-
sors. Because the mammalian Cry1, Cry2, 
Per1 and Per2 paralogs of the clock genes 
have important roles in generating robust  
circadian rhythms, measurements of the bind-
ing affinities of these clock components with 
BMAL1 and BMAL2 are necessary to obtain a 
more comprehensive picture of the functional 
interactions that underlie their activities.

In this issue, Patch, Liu and colleagues2 
examined the role of the Bmal1 (official symbol 
Arntl) paralog Bmal2 (official symbol Arntl2) 
in circadian-clock function (Fig. 2a). They 
found that BMAL2 could not compensate for 
the function of BMAL1 in Bmal1-knockout 
cells. A series of domain-swapping experiments 
between BMAL1 and BMAL2 revealed that the 
C-terminal region of BMAL1 was essential in 
generating circadian rhythms. They further 
showed that CRY1 repressor and p300 (CBP) 
coactivator compete for binding to the same 
C-terminal domain of BMAL1. Biochemical 
and biophysical assays enabled them to identify  

Figure 2  Analysis of the differences between 
BMAL1 and BMAL2. (a) Complementation assay 
to reconstitute the circadian rhythmicity of 
Bmal1-knockout fibroblasts with different BMAL 
proteins. BMAL1 (blue) can restore rhythmic 
Per2-luciferase activity (Per2-Luc reporter),  
but BMAL2 (pink) cannot; this allowed domain-
swap and mutation experiments to identify the 
functionally relevant BMAL1 C terminus.  
(b) Simplified correlation between the period 
length measured in the complementation assay 
and the affinity of the CRY1-BMAL1 interaction.
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Figure 3  Properties of disordered proteins may 
explain differences in the function of BMAL1 
and BMAL2. (a) Intrinsically disordered proteins 
(bottom) have higher entropy and an increased 
number of potential interaction surfaces than 
ordered polypeptides (top). (b) BMAL1 (dark blue) 
and BMAL2 (pink) have roughly the same affinity for 
CRY1 (red ovals), but only the disordered C terminus 
of BMAL1 may be dynamic enough to permit 
efficient competition of activators and repressors.
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