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Orchestration of circadian timing by macromolecular protein 
assemblies

Carrie L. Partch1,2

1Dept. of Chemistry and Biochemistry, University of California, Santa Cruz

2Center for Circadian Biology, University of California, San Diego

Abstract

Genetically-encoded biological clocks are found broadly throughout eukaryotes and in 

cyanobacteria, where they generate circadian (about a day) rhythms that allow organisms to 

anticipate regular environmental changes and align their physiology and behavior with Earth’s 

daily light/dark cycle. In recent years, many have sought to expand our biochemical and structural 

understanding of the clock proteins that constitute the molecular ‘cogs’ of these biological 

clocks. These new studies are beginning to reveal how macromolecular assemblies of dedicated 

clock proteins form and evolve to contribute to the generation of clocks that function over the 

timescale of a day. This review will highlight structural and biochemical studies that provide 

important insight into the molecular mechanisms of cyanobacterial and vertebrate animal clocks. 

Collectively, these studies demonstrate emerging biochemical properties that appear to be shared 

by these different clocks, suggesting that there may be some conservation in the regulation and 

assembly of circadian macromolecular assemblies.
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Introduction

Circadian rhythms help organisms anticipate and adjust to changing environmental 

conditions in a world that is temporally programmed on a 24-hour schedule by the rotation 

of Earth about its axis. Daily rhythms arise from genetically-encoded molecular clocks 

that originate at the cellular level and operate with an intrinsic period of about a day. By 

definition, the timekeeping encoded by these self-sustained clocks must persist in constant 

conditions (i.e., the absence of a light/dark cycle) but respond to environmental cues, or 

zeitgebers (time-givers), like light to align internal clocks with the external environment [1]. 

Therefore, circadian rhythms help an organism predict regular changes in their environment 

and program behavior and physiology to occur at the right time of day [2], whether it 

be the coordination of activity, appetite, and metabolic processes [3], or the execution of 

widespread programs of DNA repair to maintain genomic integrity [4, 5].

At the molecular level, circadian rhythms are generated by delayed negative feedback loops 

that create robust oscillations in gene expression and/or protein activity with a period of 

about a day [6]. Resetting cues, known as zeitgebers (time-givers), adjust the phase of 

these oscillations to align them with external stimuli, linking biology to Earth’s 24-hour 

terrestrial day [7]. Two mechanisms give rise to circadian rhythms at the molecular level: 

the transcription/translational feedback loop (TTFL) and the post-translational oscillator 

(PTO) (Figure 1). Of these two, the TTFL is the most common molecular architecture 

that underlies circadian rhythms. In a TTFL, transcription factors form the positive arm 

of the feedback loop and induce the expression of genes that constitute the negative arm; 

after a delay, repressor proteins of the negative arm feedback to interact with or modify 

the transcription factors to repress their activity, thus generating an oscillation in gene 

expression with a period of about a day for circadian rhythms [8]. The central timekeeping 

functions of eukaryotic clocks from green algae and plants to fungi, insects and humans are 

all built upon TTFLs that use different genes for the positive and negative components but 

follow the same overall feedback loop structure [9].

The cyanobacterial circadian clock serves as the paradigm for a post-translational oscillator 

that is generated exclusively from the biochemical activity of clock proteins. In a 

PTO, the delayed negative feedback loop is generated through rhythmic changes in 

protein conformation, enzymatic activity and/or post-translational modifications that are 

regulated by changes in protein complexes formed throughout the day [10]. Remarkably, 

the cyanobacterial clock can be reconstituted in vitro with three purified Kai (cycle) 

proteins, Mg2+, and ATP as an energy source [11]. In the cyanobacterial circadian PTO, 

autophosphorylation of the central clock component KaiC is activated during the day by 

KaiA and inhibited at night by KaiB. However, it’s important to note that although this 

PTO can function in vitro in the absence of transcription, it is embedded within a TTFL in 
vivo that is important for the overall robustness and phase resetting of the clock [12, 13]. 
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One other circadian PTO has been identified in recent years; this PTO generates rhythms 

of protein oxidation that occur on a daily timescale and persist in isolated red blood cells 

that are enucleated and incapable of transcription [14]. The same circadian protein oxidation 

rhythms have also been observed in cyanobacteria and green algae, plants, fungi and higher 

eukaryotes that all have TTFLs [15, 16], suggesting that circadian PTOs like this could 

represent ancient mechanisms to encode circadian signaling at the biochemical level [17].

With overt differences in the molecular architecture of circadian clocks based on TTFLs or 

PTOs (i.e., transcription-based or transcription-independent), it’s not immediately obvious 

that they might share some similarities in key molecular steps that regulate the generation of 

biological rhythms on such a long timescale. For instance, although TTFLs can leverage the 

time it takes for transcription, post-transcriptional regulation and translation to build several 

hours-long delays into the ~24-hour-long feedback loop of the molecular clock, a growing 

body of evidence suggests that vertebrate TTFLs also rely heavily on the slow accumulation 

of regulatory post-translational modifications and the formation and remodeling of large 

clock protein complexes [18–20]. Recent biochemical and structural studies now show 

that macromolecular complexes of the vertebrate circadian clock are also regulated by 

competition for mutually exclusive binding interfaces [21–25] just like those found in the 

cyanobacterial PTO [26–29]. This review will focus on the molecular details of clock protein 

interactions and how regulation of their macromolecular protein assemblies is thought to 

contribute to circadian timekeeping in cyanobacteria and vertebrates.

The Kai protein PTO in cyanobacteria

The remarkable discovery that the cyanobacterial circadian clock can function as a 

posttranslational oscillator was first made by Kondo and colleagues in 2005 through 

reconstitution of self-sustaining ~24-hour phosphorylation rhythms in the hexameric AAA+ 

ATPase KaiC that are regulated by interaction with KaiA, KaiB, Mg2+ and ATP in vitro 
[11, 30]. The KaiC protein has two ATPase domains, CI and CII, that are connected by 

a short linker. Circadian rhythms in phosphorylation of KaiC occur at two neighboring 

residues in the C-terminal CII domain on S431 and T432 [31, 32]. Once the PTO was 

reconstituted in vitro, the biochemical basis for the sequential phosphorylation cycle of KaiC 

was established soon thereafter [33, 34]. KaiC begins each day in an unphosphorylated 

state at dawn, followed by slow autophosphorylation first on T432, and then on S431 

to create the doubly phosphorylated pSpT species by dusk (Figure 1B). From this point 

of peak phosphorylation, KaiC begins to trigger its own slow dephosphorylation via a 

phosphotransfer mechanism similar to that of ATP synthase [35, 36], acting first on T432 to 

create the key nighttime pST output signaling state [37], followed by dephosphorylation of 

S431 to begin the cycle again.

KaiC is the central enzymatic driver of the cyanobacterial clock, but it requires the other 

two Kai proteins to establish a robust and self-sustained PTO [11, 38]. KaiA acts in the 

positive arm of the PTO feedback loop by binding to C-terminal extensions of KaiC known 

as the A-loops [27, 39, 40] that are reversibly extended in the day (Figure 1B) [41, 42]. 

Phosphorylation of T432 on KaiC during the day destabilizes the CII ring to favor A-loop 

extension [43, 44] in a process that is coupled to ATP hydrolysis and nucleotide release 
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to control the conformation of the CII hexameric ring [45, 46]. Overall, the release of 

KaiC A-loops allows KaiA to act as a nucleotide exchange factor [47], accelerating the 

intrinsically slow release of ADP by KaiC and promoting the uptake of ATP [48]. The 

ability to stimulate KaiC autophosphorylation during the day, when the [ATP]/[ADP] ratio is 

at its highest due to photosynthesis, helps the clock to entrain to the light/dark cycle through 

light-driven metabolic changes [49, 50]. Once KaiC reaches its doubly phosphorylated state 

at dusk, the repressor KaiB binds directly to KaiC [34]. Generation of the subsequent pST 

state on KaiC further stabilizes the CII ring to induce retraction of the KaiA-binding A-loops 

[42, 43] and enhance formation of a KaiABC ternary complex that sequesters and inactivates 

KaiA [28, 29], allowing KaiC to slowly autodephosphorylate throughout the evening and 

reinitiate the cycle in the morning.

Structural basis for clock protein assembly in cyanobacteria

How do the three Kai proteins interact with one another throughout the day to generate 

this PTO? Structures of the individual Kai proteins were published many years ago, even 

before the post-translational nature of the cyanobacterial oscillator came to light. These 

structures revealed that the KaiC hexamer has a characteristic double-donut shape similar 

to other AAA+ ATPases [51], KaiA exists as an ɑ-helical domain-swapped dimer flanked 

by N-terminal pseudoreceiver (PsR) domains [52], and KaiB takes on a tetrameric ground 

state as an apparent ‘dimer of dimers’ [53] (Figure 2). A close integration of structural, 

biophysical, and computational studies with biochemical analyses of the cyanobacterial 

clock in vitro have helped to reveal how KaiA binds to KaiC during the day to fulfill its 

role as the positive arm of the PTO. Rather than make a direct association with the ATPase 

domains of KaiC, KaiA binds an α-helical A-loop extension from one subunit of KaiC 

into a cleft at its ɑ-helical dimer interface (Figure 3A) [27, 39, 40]. MD simulations show 

that A-loop extension and nucleotide release are coupled by a conformation change at the 

intersubunit interface in the CII domain [45], providing a mechanistic framework to explain 

how KaiA acts as a nucleotide exchange factor for KaiC.

The molecular basis for KaiB binding to KaiC and formation of the repressive KaiABC 

ternary complex remained unclear for more than a decade after the initial reconstitution 

studies. Early attempts to structurally characterize complexes of KaiB and KaiC by electron 

microscopy were limited by the low resolution of the technique at the time, although it was 

clear that KaiB formed a ring-like structure on one of the hexameric faces of the KaiC 

[54–56]. Since KaiB binding is strictly regulated by the phosphorylation state of S431 in 

the KaiC CII domain [34, 57], the first model suggested that KaiB docks in close proximity 

to this site on the CII domain [54]. However, this initial model eventually conflicted with 

biochemical experiments dissecting the molecular determinants of KaiB binding, which 

consistently demonstrated that it bound directly to the CI domain of KaiC [42, 43, 58]. 

This second model, that KaiB binds at the hexameric face on the CI face of KaiC, was also 

consistent with observations that CI ATPase activity is required for KaiB binding [57] and 

that ATP hydrolysis in the CI domain leads to a series of conformational changes throughout 

the CI domain [59] that terminate at the B-loops, a CI-specific insertion that is solvent 

accessible on the face of the hexamer and required for KaiB binding [42].
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The breakthrough that ultimately resolved this question came from LiWang and colleagues 

in 2015 with their discovery that KaiB undergoes a massive structural reorganization from 

its tetrameric ground state to an active KaiC-binding monomer state [26]. This dramatic 

change in the KaiB structure was initially suggested by NMR spectroscopy based on 

extensive changes in the backbone chemical shifts of KaiB upon formation of a stable 

complex with an engineered CI domain monomer from KaiC [26]. Studies eventually 

revealed that the C-terminal half of KaiB that makes direct contact with KaiC takes on 

a completely new fold with a previously buried β-strand becoming a solvent accessible 

α-helix and vice versa (Figure 3B). In this regard, KaiB joins a relatively rare but growing 

class of proteins that exhibit similar metamorphic properties [60]. Other metamorphic 

proteins use changes in the local environment (e.g., ionic strength or hydrophobicity), 

post-translational modifications, or interactions with other proteins to alter their intrinsic 

fold-switching equilibria [61–63]. None of the backbone chemical shifts that provide a 

signature for the fold-switched state are visible in NMR spectra of native KaiB, suggesting 

that this fold is very rarely populated under standard experimental conditions in the absence 

of KaiC [26]. The LiWang lab used the chemical shift ‘fingerprint’ of the fold-switched 

protein to identify a series of structure-based mutations in KaiB that stabilized this active 

monomeric state, facilitating its biochemical characterization as a high affinity binding 

partner of KaiC [26, 29]. Critically, locking KaiB permanently into the fold-switched state 

disrupts the PTO in vitro and circadian rhythms in Synechococcus elongatus because it 

traps KaiC in its nighttime repressive state [26]. These findings suggest that the regulatory 

mechanisms that govern KaiB fold-switching and its interactions with KaiC are likely to be 

very important for cyanobacterial circadian rhythms.

We now have a complete structural accounting of Kai protein interactions, including two 

structures of the ternary KaiABC complex that forms in the repressive phase of the PTO 

at night. Two different approaches were taken to visualize the KaiABC complex: the first 

utilized a mutant of KaiB locked into the fold-switched conformation to nucleate formation 

of a stable, homogeneous KaiABC complex that was determined by x-ray crystallography 

[29], while the second took advantage of the observation that KaiC phosphorylation is 

favored at 4°C [33] and that KaiA, B and C spontaneously assemble into complexes with 

prolonged incubation at cold temperatures; with the use of single-particle cryo-electron 

microscopy, it was possible to solve a structure of the KaiABC complex out of this 

heterogeneous mixture [28]. While the crystallographic structures used engineered proteins 

(fold-switch ‘locked’ KaiB and truncated versions of KaiA and KaiC), they provided 

detailed, high-resolution snapshots of the key interactions that mediate complex formation 

(Figure 3C); by contrast, the electron microscopy study used native proteins for structure 

determination, but only reached ~5 Å resolution to provide an overall image of the fully 

assembled KaiABC complex [28]. Despite these different approaches, both structures 

converged to reveal the same interdomain contacts between Kai proteins. Critically, the 

EM structure captured native KaiB in its fold-switched conformation in this complex [28], 

further validating that KaiB dynamically refolds from the ground state structure observed in 

its apo state as a tetramer to the fold-switched monomer observed in the presence of KaiC 

[26].
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By revealing the structural basis for the KaiB-KaiC interaction, these studies also provided 

a framework to begin to understand the pivotal role that KaiC ATP hydrolysis plays in the 

clock. In addition to the exceedingly slow rate of autophosphorylation that occurs in the 

CII domain [11, 33, 34], the CI domain of KaiC catalyzes hydrolysis of ~10–12 ATP per 

subunit per day [59]. Remarkably, mutations that alter the rate of ATP hydrolysis in the 

CI domain are highly correlated with the period of the cyanobacterial PTO in vitro and in 

Synechococcus elongatus [59, 64]. Several crystal structures by Akiyama and colleagues 

demonstrate how ATP hydrolysis in the CI domain induces a series of local conformational 

changes that terminate at the KaiB-binding B-loop of KaiC [42, 59]. Given that CI ATPase 

activity is necessary for KaiB binding [57], which forms the basis for assembly of the 

macromolecular complex that inhibits KaiA [28, 29], these data suggest that ATP hydrolysis 

may play a role in the rate-limiting assembly of the repressive KaiABC complex to define 

the period of the cyanobacterial PTO.

Competition for mutually exclusive binding sites in the cyanobacterial clock

Perhaps the most exciting revelation from the structures of cyanobacterial proteins and 

their macromolecular assemblies is the recurring observation that clock proteins compete 

with one another for overlapping binding sites. The precedence for regulation of protein 

function on the basis of competition for mutually exclusive binding sites exists in diverse 

signaling pathways [65, 66]. Moreover, these competitive mechanisms can make the 

conversion between active to inactive states of a protein more ultrasensitive (i.e., switch-

like) instead of graded [67], and switch-like responses have been shown to amplify 

rhythms in molecular circadian clocks and prevent them from reaching an equilibrium that 

terminates oscillation [68]. Therefore, understanding the structural basis for competitive and 

cooperative interactions could shed light on mechanisms that are particularly important for 

oscillatory networks like circadian clocks. Several examples of competitive interactions in 

the cyanobacterial clock based on recent structures and biochemical data are briefly outlined 

below.

Both structures of the KaiABC ternary complex revealed a dramatic change in the 

conformation of the KaiA dimer from the open state observed in its apo structure (Figure 

2A) to a closed state characterized by a large rotation of the β6 strand that links its 

C-terminal α-helical dimer to the N-terminal PsR domains [28, 29]. The rotation of β6 

into this position is stabilized by a direct interaction with KaiB in the KaiBC complex, 

which then places the adjacent α5 helix into the same binding cleft used to bind the 

A-loops of KaiC (Figure 4A) [27, 39, 40]. Therefore, binding to the KaiBC complex induces 

an autoinhibited conformation in the KaiA dimer that effectively eliminates its ability to 

stimulate autophosphorylation by KaiC. Mutations on the α5 helix of KaiA that disfavor the 

closed, autoinhibited state disrupt circadian rhythms in vivo, demonstrating the importance 

of the structural switch observed here [29]. Therefore, the efficient sequestration of inactive 

KaiA into the nighttime KaiABC repressive complex defines an important molecular step in 

the cyanobacterial PTO.

A detailed analysis of the high-resolution crystallographic structure of the KaiABC complex 

further showed that KaiA associates with the KaiBC complex through a cooperative network 
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of interactions with both KaiB and KaiC [29], although interactions with KaiB are required 

to recruit KaiA to this macromolecular assembly [42]. Notably, KaiA uses its β6 linker 

strand to form an intermolecular β-sheet with KaiB by docking into the exposed β2 strand 

of KaiB––the same interface used by the PsR domain of the clock protein CikA to dock 

onto the KaiBC complex (Figure 4B) [29]. The histidine kinase CikA serves an enigmatic 

role as both an input and output protein for the cyanobacterial clock [69]. Recruitment of 

CikA to the KaiBC complex via its PsR domain activates its intrinsic phosphatase activity 

towards the response regulator RpaA to facilitate transcriptional output via regulation of 

clock-regulated genes in vivo [70]. However, the PsR domain of CikA also binds to oxidized 

quinones that serve as an acute input signal of darkness to the clock [71–73]. While the 

molecular details of resetting by this zeitgeber are not fully understood yet, the binding 

of oxidized quinones to the CikA PsR domain may alter its interaction with the KaiBC 

complex to facilitate phase resetting of the clock. The ability of the CikA PsR domain to 

compete with KaiA for the same binding site on KaiB in the nighttime repressive complex 

with KaiC may explain why the addition of this domain shortens circadian period in the 

cyanobacterial PTO [26]––by releasing KaiA from its autoinhibited state in the KaiABC 

complex, the CikA PsR appears hastens the end of the repressive phase and allow KaiC 

to reinitiate its cycle of autophosphorylation [74]. Therefore, competitive interactions on 

the KaiBC complex at night likely play important roles in maintaining the length of the 

repressive phase of the cyanobacterial PTO.

Finally, evidence from biochemical assays demonstrates that KaiB also competes directly 

with the clock output protein SasA for the same binding site on the B-loops of the KaiC 

CI domain [42, 55]. Recruitment of the histidine kinase SasA to the pSpT state of KaiC 

at dusk is required to activate its kinase activity towards the response regulator RpaA to 

regulate downstream gene expression [70]. Competitive interactions presumably come into 

play when both SasA and KaiB attempt to bind the CI domain of KaiC, which could affect 

SasA-dependent output and/or assembly of the KaiBC complex [42, 43, 55, 75]. Unlike 

KaiA and CikA, which dock onto the same binding site on KaiB but with different domains 

[29], KaiB and SasA likely use the same protein fold to bind to the B-loop on the KaiC 

CI domain (Figure 4C) [26, 42, 43]. Based on a high degree of sequence conservation, it 

was initially assumed that KaiB and the N-terminal domain of SasA would have similar 

structures [76]. However, when the NMR structure of the SasA N-terminal domain was 

first determined in 2004, it revealed a thioredoxin-like fold that was quite different from 

the first published structure of KaiB, which crystallized as a dimer in what we now know 

to be the canonical ground state conformation [76, 77]. The LiWang lab’s groundbreaking 

discovery in 2015 that KaiB takes on a thioredoxin-like structure in its active, fold-switched 

monomer state [26] provides a conceptual framework to begin to explore the functional 

significance of competition between KaiB and SasA. Moreover, this work provides a clear 

path forward to investigate how the balance of KaiB sequestration into an inactive ground 

state oligomer influences its stabilization by KaiC into the active KaiB monomer fold, and 

how competitive interactions with the other clock proteins defined here contribute to the 

circadian timekeeping mechanisms of cyanobacteria.
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A clock conundrum—how is the KaiC phosphocycle linked to KaiB binding?

One of the major unresolved questions in the cyanobacterial PTO is identification of 

the molecular basis by which information about the KaiC phosphorylation cycle in the 

CII domain is allosterically communicated to the CI domain to regulate CI ATPase 

activity and KaiB binding. Biochemical studies of isolated CI and CII hexameric rings 

demonstrate that the doubly phosphorylated pSpT and subsequent pST states of the CII 

ring sequentially increase its rigidity to allow it to ‘stack’ onto the CI ring [43, 78], 

suggesting that the CII phosphostate could be allosterically communicated to the CI domain. 

This observation is consistent with solution biophysical studies of full-length KaiC by 

small-angle x-ray scattering (SAXS) and tryptophan fluorescence that suggest a change in 

the overall conformation of KaiC in its nighttime phosphorylation state [79, 80]. However, 

this conclusion is at odds with crystal structures of various KaiC phosphomimetic mutants, 

which demonstrate no substantial structural differences in intersubunit packing within a 

hexamer ring or in the association of the tandem ATPase domains [51, 81] despite the 

fact that phosphomimetic mutants appear to faithfully recapitulate the phase-dependent 

biochemical properties of KaiC (e.g., the preferred interaction of KaiB with the nighttime 

state is recapitulated with the S431E/T432E or S431E/T432A mutants) [64, 80].

It’s not clear whether the structural similarity of phosphomimetic KaiC mutants in the 

crystal structures arises from the use of non-hydrolyzable ATP analogs that lock KaiC into 

an inactive state or whether crystal packing interactions stabilize similar conformations. 

The structure of the S431E phosphomimetic KaiC hexamer (locked permanently into the 

nighttime state) crystallized with KaiB in the presence of ATP was able to capture the 

CI domain in the post-ATP-hydrolysis state, fully bound by six fold-switched monomers 

of KaiB (Figure 4D) [29]. However, the resolution of this structure (3.8 Å) and apparent 

absence of bound nucleotide in the CII domain limited insight here, and interdomain 

stacking interactions observed were largely the same as prior structures [29, 51, 81]. 

Identifying the molecular basis for communication through the KaiC hexamer will provide 

critical mechanistic insight into the cyanobacterial PTO, since numerous experimental 

and computational models have linked the pS phosphorylation state with allosteric 

communication through the KaiC protein [82, 83].

While the structure of the hexameric KaiBC complex does not yet appear to address the 

intersubunit interactions involved in communicating information across the two ATPase 

domains of KaiC, it does help to provide a rationale for the cooperative binding of KaiB 

observed by native mass spectrometry [28, 84, 85]. In addition to its contacts with the 

B-loop of KaiC, each KaiB monomer makes substantial contacts with its neighboring KaiB 

subunits to create a highly stable hexameric complex in the presence of KaiC [29]. Notably, 

a mutation localized to one of the KaiB-KaiB interfaces between adjacent monomers 

significantly reduces the apparent affinity of KaiB for KaiC [77], demonstrating what is 

likely to be an important role for cooperative assembly of KaiB into the KaiC hexamer. 

Future studies to elucidate the role for cooperative assembly of KaiB onto KaiC should 

illuminate yet another key point of control for circadian timekeeping in cyanobacteria.
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Towards a real-time characterization of macromolecular assemblies in the cyanobacterial 
PTO

What remains on the horizon for the cyanobacterial PTO? Although tracking the KaiC 

phosphorylation cycle by electrophoretic methods [11] provided the foundation for detailed 

biochemical studies that have nearly laid out the complete mechanistic basis for this 

molecular clock, the development of new techniques to probe other aspects of this PTO 

offers exciting opportunities to researchers in this field. For example, there are now 

methods that allow real-time tracking of Kai protein interactions in vitro using fluorescence 

polarization (FP) (Figure 4E) [86] and in the cellular context using fluorescence correlation 

spectroscopy [87]. Aside from its obvious benefits of scalability to 96 or 384-well plates, 

the FP-based assay offers an advantage over time-consuming sampling and electrophoretic 

characterization of KaiC phosphostates that could be applicable for large-scale mutagenesis 

screens [88], all while providing continuous, real-time information on macromolecular 

assembly of KaiABC complexes non-invasively.

Dissecting the molecular basis of the prototypical TTFL from vertebrate circadian clocks

Moving from the relatively ‘simple’ cyanobacterial PTO to a description of the molecular 

architecture of a transcription/translation feedback loop (TTFL) requires an adjustment of 

scope, as far less is known about the molecular details of TTFLs. The obligate inclusion of 

a circadian cycle of transcription, RNA processing and translation means that clocks based 

on TTFLs must in some way engage with and depend on general cellular machinery for 

transcription, post-transcriptional regulation and translation. Consistent with this, a genome-

wide siRNA screen in human cells for modifiers of the vertebrate circadian clock identified 

an inordinate number of genes that contribute to circadian period and the amplitude of 

cycling [89]. For the purposes of this review, I will focus on the protein structures and 

biochemical determinants of the clock proteins involved in the core TTFL of the vertebrate 

clock that regulate their assembly into macromolecular complexes. There has generally been 

two approaches to generate molecular insights at this level in the vertebrate circadian clock: 

the first is based on classical, biochemically-based bottom-up strategies that dissect key 

protein-protein interactions from high-resolution structures of these components (reviewed 

recently in [90]), and the second leverages a top-down approach to purify and characterize 

components of native clock protein complexes (e.g., as in [18, 91]). Our understanding of 

the vertebrate circadian clock has benefitted from these different approaches that collectively 

provide an overview of the biochemical complexity at hand as well as a more granular 

understanding of the molecular basis by which clock protein assemblies come together.

Evidence for several distinct temporally-regulated clock protein complexes on chromatin

Nearly two decades ago, Reppert and colleagues published an encyclopedic catalog of 

clock protein interactions and associated post-translational modifications that serve as the 

foundation for our current understanding of the core TTFL of the vertebrate circadian 

clock [19]. In this initial model, the circadian transcription factor CLOCK:BMAL1 binds 

to conserved E-box elements in the promoters of its repressor genes, Period (Per) and 

Cryptochrome (Cry) to drive their transcription each morning. PER1 and PER2 interact 

with one another, the cryptochromes (CRY1 and CRY2), and the dedicated clock kinases, 
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Casein Kinase 1δ and/or CK1ε, to form a macromolecular assembly of repressor proteins. 

After translocation to the nucleus in the evening, this repressor assembly binds to 

CLOCK:BMAL1 and inhibits transcriptional activation. The cycle presumably begins again 

as the repressor proteins are degraded and CLOCK:BMAL1 can reinitiate their transcription.

The large-scale purification of native clock protein complexes from mouse liver throughout 

the day recently expanded our understanding of the size and complexity of these 

macromolecular complexes, as well as how they evolve in composition throughout the 

day [18]. Likewise, a genome-wide ChIP-Seq study mapping the temporal basis for DNA 

binding by the core circadian factors largely validated the canonical TTFL model of 

the vertebrate clock [92] (recently reviewed in [8]). However, this study also provided 

compelling evidence for the presence of two distinct repressive complexes on E-boxes: an 

early phase of repression characterized by association of PER1, PER2, CK1δ, CRY1, and 

CRY2 with CLOCK:BMAL1 on DNA, and a late phase where CRY1 alone was bound 

to CLOCK:BMAL1 on DNA (Figure 5) [92]. Collectively, these studies map out a new, 

more detailed depiction of the molecular basis for the vertebrate TTFL; the structural 

and biochemical details by which vertebrate core clock proteins assemble into these 

macromolecular complexes will be discussed below.

Structural basis for transcriptional activation by CLOCK:BMAL1

The bHLH-PAS (basic helix-loop-helix PAS domain) family of transcription factors is 

characterized by a structurally ordered N-terminus with a bHLH DNA-binding domain 

followed by tandem PAS (PER-ARNT-SIM) domains and an intrinsically disordered C-

terminus of variable length that contain transcriptional activation domains (TADs) required 

for the activation of gene expression. PAS domains are central to function of the bHLH-PAS 

family, as these modular domains provide specificity for heterodimeric partners within the 

family [93] and also interact with transcriptional co-regulators [94–96]. The crystal structure 

of the bHLH and tandem PAS domains of CLOCK:BMAL1 was the first to provide a 

detailed picture of the interdomain interactions that specify heterodimer formation in the 

bHLH-PAS family [97]. Subsequent structural studies of related bHLH-PAS complexes, 

including the hypoxia-inducible factor (HIF) [98], neuronal PAS (NPAS) [99] and aryl 

hydrocarbon receptor (AHR) [100] that all heterodimerize with ARNT (aryl hydrocarbon 

nuclear translocator), show similar interdomain orientations but have some differences in 

the overall structural organization that likely underlies their ability to bind distinct DNA 

motifs and interact with different transcriptional co-regulators [101]. In CLOCK:BMAL1, 

mutations at heterodimer interfaces in the bHLH domains and each of the tandem PAS 

domains weaken heterodimerization and result in reduced transcriptional activation in cells 

[97]. Furthermore, PAS domains could play a role in CLOCK:BMAL1 activation, as 

sumoylation of BMAL1 at K259 in the PAS-A domain targets CLOCK:BMAL1 to nuclear 

foci [102, 103].

Aligning the bHLH-PAS crystal structure with one of the CLOCK:BMAL1 bHLH domain 

bound to its cognate E-box [104] provides a model for the structural basis for DNA 

binding by CLOCK:BMAL1 (Figure 6A), although this model lacks any information 

about the disordered C-termini of CLOCK and BMAL1. Intrinsic disorder is common in 
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transcriptional factors, which are referred to as ‘malleable machines’ because they must 

engage with many different proteins to activate, repress or otherwise modulate their activity 

[105]. Indeed, nearly all of the proteins that coactivate or repress gene expression by 

CLOCK:BMAL1 bind to discrete regions within the disordered C-termini (Figure 6A), 

demonstrating their essential roles within the molecular circadian clock.

The transcriptional activation domain (TAD) at the very C-terminus of BMAL1 is essential 

CLOCK:BMAL1 function, as its deletion essentially eliminates transcriptional activation 

in cellular studies [106] and disrupts circadian rhythms in vivo [107]. The TAD interacts 

directly with the KIX domain of the pleiotropic transcriptional coactivators CBP and 

p300 [21, 25], which facilitate gene expression through rhythmic histone acetylation when 

they are recruited to DNA-bound CLOCK:BMAL1 in the morning [92, 108]. However, 

other regions in the BMAL1 C-terminus also contribute to regulation of CLOCK:BMAL1 

activity. Using a chimera-based strategy, Liu and colleagues identified two regions in the 

disordered C-terminus that differentiate BMAL1 from its related paralog BMAL2, which 

cannot support sustained circadian oscillations at the cellular level [109]; substitution of 

the upstream ‘G’ region and the C-terminal TAD from BMAL2 into BMAL1 eliminates 

its ability to reconstitute cellular circadian rhythms [25]. Acetylation of BMAL1 by TIP60 

at K537 in the ‘G’ region is essential for transcriptional elongation via recruitment of 

BRD4 and pTEFb [110, 111]. Future studies to determine the molecular basis by which 

these regions cooperate with post-translational modifications in BMAL1 to sustain circadian 

rhythms should illuminate important steps in the molecular circadian clock and help to 

identify how BMAL2 contributes to circadian rhythms [109].

The disordered CLOCK C-terminus constitutes nearly half of the protein (~470 out of 855 

total residues) and includes an acetyl Co-A-binding motif [112] and a short helical region 

that is essential for circadian rhythms encoded by Exon 19 [113]. Deletion of Exon 19 

leads to a dominant negative mutant that lengthens period and reduces the amplitude of 

cycling in heterozygotes or disrupts circadian rhythms altogether in homozygotes [114]. 

How does Exon 19 contribute to the assembly of complexes that activate CLOCK:BMAL1? 

Exon 19 is required to recruit the histone methyltransferase MLL1 (mixed lineage leukemia 

1) to CLOCK:BMAL1 on chromatin each morning [115], although it’s not clear if this is 

mediated by a direct interaction of MLL1 with Exon 19 or by a change in the molecular 

architecture of the CLOCK:BMAL1 complex that is dependent on Exon 19 (Figure 6A). 

This region has also been implicated in binding to PER proteins, although also likely 

not through a direct interaction [116]. The 51 amino acids encoded by Exon 19 make an 

extended coiled-coil dimer that interacts directly with the repressor CIPC (clock-interacting 

protein circadian) to influence the phosphorylation state and activity of CLOCK:BMAL1 

[117, 118]. Notably, the stoichiometry of the CLOCK Exon 19:CIPC complex consists 

of a coiled-coil dimer of CLOCK bound to a helix from CIPC (Figure 6B) [117]. The 

presence of Exon 19 is also required for the inhibition of CLOCK:BMAL1 by the CLOCK 

paralog PASD1, a cancer/testis antigen that uses an Exon 19-like sequence to suppress clock 

cycling in cancer cells [119]. This suggests that Exon 19 could dimerize CLOCK:BMAL1 

complexes to create a macromolecular assembly that is then recognized by regulatory 

proteins for activation or repression.
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One framework in which to consider oligomers of the CLOCK:BMAL1 heterodimer 

is through cooperative interactions at tandem E-boxes in the promoters of its top 

transcriptional targets. These sites are characterized by an upstream E-box (E1) that 

typically conforms to a consensus E-box sequence, and an imperfect E-box downstream 

(E2) that is unable to recruit CLOCK:BMAL1 on its own [120, 121]. Binding of 

CLOCK:BMAL1 to the first site is needed for recruitment to the second, and the precise 

spacing of these tandem sites (6–7 nucleotides, but no more or less) required for cooperative 

binding and circadian oscillations suggests that it may be dictated by structural restraints 

[120, 121]. A beautiful study by Takahashi and colleagues demonstrated that Exon 19 is 

required for cooperative binding of CLOCK:BMAL1 heterodimers to tandem E-boxes [122], 

suggesting that Exon 19 might play a critical role in the assembly of larger macromolecular 

assemblies on DNA (Figure 6C) that lead to subsequent recruitment of MLL1 [115] and 

other factors, like the PER proteins, that appear to require Exon 19 for recruitment, although 

perhaps not through a direct interaction [116]. Tissue-specific clock modifiers like the bHLH 

transcription factor MyoD (myoblast determination protein 1) also appear to capitalize on 

cooperative interactions with CLOCK:BMAL1 to regulate circadian rhythms in muscle 

[123]. We still have much more to learn about the structural basis of CLOCK:BMAL1 

association with E-boxes and/or nucleosomes in their role as a pioneer-like transcription 

factor [124] and how tissue-specific enhancers modulate CLOCK:BMAL1 occupancy and 

activity on the genome [125].

Tuning in and turning off—cytoplasmic assembly of CRY-PER-CK1 complexes

CLOCK:BMAL1 directs the expression of its own repressors as part of the central loop 

of the vertebrate TTFL [8]. These proteins initially assemble into at least two large 

complexes in the cytoplasm containing PER1, PER2 (and/or PER3), CRY1, CRY2, and the 

dedicated clock kinase, Casein Kinase 1δ (CK1δ) before they enter the nucleus to regulate 

CLOCK:BMAL1 activity (Figure 7A) [18]. Quantitative mass spectrometry analysis of these 

complexes suggests that changes in participation of the PER proteins and an accessory 

trafficking factor differentiate the cytoplasmic complexes, but a clear accounting for the 

stoichiometry of core clock proteins in either of these complexes has not yet been done [18]. 

Of the three PER proteins, only PER1 and PER2 have essential roles in the vertebrate TTFL 

[126] where they serve as stoichiometrically limiting factors in the assembly of clock protein 

complexes [127]. In line with this, constitutive overexpression of either PER1 or PER2 

disrupts circadian rhythms [128], perhaps by titrating away key components and disrupting 

formation of CRY-PER-CK1 complexes.

What interactions determine assembly of the cytoplasmic CRY-PER-CK1δ complexes? 

They are likely scaffolded on the PER1/2 proteins, which share a conserved domain 

architecture with two tandem PAS domains in the N-terminus followed by a Casein Kinase 

1-binding domain (CKBD) and a CRY-binding domain (CBD) in the C-terminus (Figure 

7B). The PAS domain core of PER proteins facilitates their homodimerization (and likely 

heterodimerization [129]) through the second of two PAS domains, PAS-B (Figure 7C) [130, 

131]. This PER-PER interaction is likely important for clock function, since an in-frame 

deletion of the core PAS-B motif in the Per2Brdm mutant leads to loss of circadian rhythms 

[132]. Analysis of the smaller cytoplasmic complex by mass spectrometry and western 
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blotting confirms that it contains the core repressor proteins PER1/2, CRY1/2, CK1δ, while 

blue native-PAGE suggests that the mass of this complex is ~900 kDa [18]. Based on what’s 

known about the 1:1 stoichiometry of PER-CK1δ and PER-CRY interactions described 

below, the size of this complex suggests a tentative stoichiometry by mass of two PER 

dimers with each PER monomer stably bound to one molecule each of CK1δ and CRY. The 

stoichiometry of CRY1 and CRY2 may be different in these initial cytoplasmic assemblies, 

as the expression of Cry1 is delayed by several hours relative to Per1, Per2, and Cry2 and, as 

a consequence, its protein levels of CRY1 peak later than the other core clock proteins [19, 

133].

Studies tracking PER abundance and subcellular localization throughout the day show that 

it remains anchored to its kinase throughout a cycle of the TTFL [18, 19]. The stable 

association of a kinase with its substrate all day long is rather unusual, but this anchoring 

likely helps to compensate for the poor activity that CK1δ has for a key regulatory site 

that serves as a rate-determining step for the control of PER stability [134, 135]; anchoring 

of the homologous CK1 and clock substrate was recently demonstrated to be important 

for circadian rhythms in the TTFL of Neurospora crassa [136]. This is likely true in the 

vertebrate TTFL as well, since overexpression of the isolated CKBD disrupts circadian 

rhythms by titrating the kinase away from PER proteins and the repressive complex [137]. 

There are no structures yet of a PER-CK1δ complex to demonstrate how anchoring occurs, 

but it requires two helical motifs within the CKBD of PER [138] that are presumed to make 

a 1:1 interaction between PER and the kinase.

The designation of CK1δ as the core vertebrate clock kinase, rather than its highly related 

paralog, CK1ε, follows from genetic studies and the use of isoform-selective inhibitors 

[139–141]. CK1δ controls PER2 abundance through a phosphoswitch mechanism [20] that 

integrates phosphorylation and other post-translational modifications (e.g., O-GlcNAc [142]) 

within the CKBD to regulate phosphorylation of an upstream degron that recruits the E3 

ubiquitin ligase β-TrCP1 [143, 144]. However, it may not be quite that simple, as recent 

studies demonstrate that tissue-specific mRNA methylation regulates alternate splicing of 

CK1δ into two isoforms (δ1 and 2) that differentially influence circadian timing [145]. 

Intriguingly, the δ2 isoform shares considerable homology with CK1ε in a C-terminal region 

that controls kinase activity within the CKBD of PER2 [134], suggesting that the interplay 

between the different isoforms of CK1δ, as well as CK1ε, may contribute to tissue-specific 

control of circadian timing. Understanding the structural basis for incorporation of specific 

kinase isoforms into clock protein assemblies would help to resolve some of these questions.

The two vertebrate cryptochromes possess a ~55 kDa PHR (photolyase homology region) 

domain with a fairly high degree of conservation, but diverge in the sequence and length 

of their intrinsically disordered ‘tails’ [146]. The CRY tails contribute to circadian period 

and amplitude in genetic reconstitution studies of cellular clocks, but the PHR domain alone 

is sufficient to generate circadian rhythms when expressed in Cry1–/–;Cry2–/– cells [147, 

148]. The PHR domain is structurally characterized by two pockets that are evolutionarily 

conserved with the DNA repair enzyme photolyase and light-sensitive CRYs, an FAD-

binding pocket on one side and a secondary pocket on the other side (Figure 7D) [149]. 

The molecular basis for the high affinity interaction (KD ~20 nM) between PER and CRY 
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is fairly well understood; both PER1 and PER2 possess a CRY-binding domain (CBD) in 

their C-termini [150, 151] that leads to stable association of PERs and CRYs throughout the 

repressive loop of the TTFL [18, 19]. Crystal structures of CRY1-PER2 and CRY2-PER2 

complexes reveal how the PER2 CBD wraps around the PHR domain of both cryptochromes 

in a similar manner [22, 23], winding down from the secondary pocket to make extensive 

contacts with the C-terminal CC (coiled-coil) helix, the last structural element of the PHR 

domain before the disordered tails (Figure 7D) [152]. Coordination of a molecule of Zn by 

two cysteines each from PER and CRY at the C-terminal end of the CBD suggests that redox 

regulation of this interface could play a role in remodeling the structural basis of PER-CRY 

assemblies [22, 23].

A series of competitive interactions at the CRY PHR regulate its stability and assembly into 

circadian repressive complexes. CRY stability is regulated by the E3 ubiquitin ligase FBXL3 

[153–155]; however, it was demonstrated long ago that binding to PER somehow stabilizes 

the CRY proteins [19, 156], perhaps by incorporating them into these macromolecular 

assemblies. A crystal structure of CRY2 bound to FBXL3 by Zheng and colleagues revealed 

the molecular basis for this observation, showing that FBXL3 competes for an overlapping 

binding site on the CRY CC helix that competes directly with PER2 binding (Figure 7E) 

[24]. Competition also exists between FBXL3 and a related member of the family, FBXL21, 

which differ in their subcellular localization and ubiquitination activity, to further regulate 

CRY stability [157, 158]. The CRY2-FBXL3 structure revealed that FBXL3 also docks a 

flexible C-terminal extension into the FAD pocket of CRY2 (Figure 7E). This interaction 

is critical for FBXL3 binding, as titration of FAD can displace FBXL3 in vitro [24] and 

decreases in intracellular FAD stabilize the CRYs in vivo [159]. The discovery of exogenous 

small molecule regulators, like KL001 [160], that target the FAD-binding pocket in the 

CRY PHR domain to displace FBXL3 and stabilize CRYs [161] demonstrates that chemical 

biology approaches to regulate CRY stability and complex formation can exert a powerful 

effect on circadian timing.

Altogether, we now appreciate that assembly of CRY-PER-CK1 complexes depends on 

multiple factors, from a series of high affinity binding sites for CK1 and CRY on PER1/2 

to interactions with regulatory proteins that compete for mutually exclusive binding sites. 

However, we have yet to fully incorporate new insights about how post-translational 

modifications on CRY regulate its stability and activity within the vertebrate TTFL into 

the molecular framework of these macromolecular assemblies [162–165]. With a structure-

based framework in mind, we may be able to identify how modification of specific sites on 

CRY or PER proteins influences their protein dynamics and/or interactions to alter complex 

formation and therefore, circadian rhythms.

Assembly and activity of early nuclear repressive complexes

After cytoplasmic complexes of core clock repressors make their way into the nucleus in 

the mouse liver, they pick up a number of additional factors and form a stable association 

with CLOCK:BMAL1 to swell to an apparent size of ~2 MDa [18]. Although prior studies 

revealed how these additional factors can contribute to transcription termination or deposit 

chromatin modifications that disfavor transcriptional activation [91, 166–171], none of these 
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factors appear to be stoichiometrically associated with the large nuclear assemblies [18]. 

However, use of single gene knockouts to selectively remove one core clock component 

or another profoundly disrupts stability of the entire complex, suggesting that a tight 

network of multivalent interactions amongst the core clock proteins is needed to maintain 

the complex throughout its purification from mouse liver [18]. Biochemical studies to map 

discrete binding sites on clock proteins that recruit these ‘accessory’ factors to the nuclear 

repressive complexes would help to identify how they contribute to the function of this 

complex; it stands to reason that PER proteins likely act as large, flexible hubs for additional 

protein-protein interactions that contribute to the formation of these nuclear macromolecular 

assemblies. For now, the apparent heterogeneity of additional, non-core clock factors here 

represents a challenge for their future biochemical and structural characterization, as well as 

determining which components are essential for repression of CLOCK:BMAL1.

How might the core clock proteins of the early nuclear assembly repress CLOCK:BMAL1 

activity? Biochemical studies have recently revealed how cryptochromes might bridge 

the circadian repressor assembly with CLOCK:BMAL1 by identifying direct interactions 

between the PHR domain of CRY1 and two distinct sites on CLOCK:BMAL1 that are 

essential for repression [25]. First, CRY1 binds a solvent-accessible loop from the CLOCK 

PAS-B domain into its secondary pocket (Figure 8A) [172] to stably dock CRY onto the 

structured PAS domain core of CLOCK:BMAL1 [97]. Intrinsic differences in the dynamics 

of the serine loop that is adjacent to the secondary pocket of CRY1 and CRY2 underlie their 

different affinities for the PAS domain core of CLOCK:BMAL1 [173], which influences 

their repressive function in cells to control circadian timing [174]. PER proteins play a 

critical role in this context by equalizing the affinity of CRY1 and CRY2 for the PAS 

domains of CLOCK:BMAL1 by remodeling their serine loops [173, 174]. Altogether, these 

data demonstrate that recruitment of CRYs to the PAS domain core of CLOCK:BMAL1 

is a crucial, rate-determining step in circadian rhythms. Second, the CC helix of CRY1 

interacts directly with the BMAL1 TAD at a site that overlaps with its CBP/p300 KIX 

domain-binding site (Figure 8A) [21, 25, 172, 175, 176]. Binding to CRY sequesters the 

TAD from coactivators in a mechanism of direct repression that is conserved with other 

transcriptional factors like p53 [177–179]. Sequestration appears to occur similarly by CRY1 

and CRY2 (in the presence or absence of PER2), suggesting that this mechanism of direct 

repression is intrinsic to the cryptochromes [173].

In addition to the direct repression of CLOCK:BMAL1 activity by cryptochromes, 

a number of recent studies also suggest that the early repressive complex leads to 

displacement of CLOCK:BMAL1 from DNA. ChIP-Seq studies show a marked decrease 

in CLOCK:BMAL1 occupancy at core E-boxes (defined by the ~1440 genes where all of 

the core clock proteins are recruited) coincident with recruitment of the early repressive 

complex (Figure 4A) [92]. Although this phase of repression appears to initiate on 

chromatin, it may conclude with displacement of CLOCK:BMAL1 from DNA (Figure 8B), 

similar to what is observed in the Drosophila TTFL [180]. Exciting new data suggest that 

the PER-dependent recruitment of CK1δ, which can phosphorylate CLOCK in the purified 

nuclear complex and reduce its affinity for DNA in vitro could underlie this ‘displacement-

type’ repression [18]. These findings are consistent with prior work from Sancar and 

colleagues demonstrating that while CRY can efficiently repress CLOCK:BMAL1 while 
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it is bound to DNA, triggering the acute nuclear entry of PER results in displacement of 

CLOCK:BMAL [181]. However, this PER-dependent displacement of CLOCK:BMAL1 

obligately depends on the co-expression of cryptochromes [182]. As of yet, there 

are no compelling studies showing a direct interaction between PER proteins and 

CLOCK:BMAL1; therefore, it seems likely that cryptochromes are needed to bridge the 

interaction of PER complexes with CLOCK:BMAL1. CRYs could also help by stabilizing 

the macromolecular architecture of PER complexes necessary for the displacement of 

CLOCK:BMAL1 from DNA [18].

Altogether, these data provide a framework for the observation that constitutive 

overexpression of the isolated CBD of PER2 disrupts circadian rhythms [128] by interfering 

with PER-CRY interactions, suggesting that the timely assembly and activity of the CRY-

PER-CK1 core of the nuclear repressive complexes appears to lie at the heart of circadian 

repression. The activity of additional factors, like epigenetic modifiers, in this massive 

nuclear repressive complex likely plays an important role in remodeling the chromatin 

environment around E-boxes to help define and extend the repressive phase by creating a 

chromatin state that disfavors gene expression [92, 183].

A unique role for CRY1 in the late repressive complex

Although CRY1 participates in the early repressive complex with the other core clock 

repressors, its peak recruitment to DNA-bound CLOCK:BMAL1 in mouse liver occurs 

much later in the repressive cycle at Circadian Time (CT) 0–4 (Figure 4A) [92]. Consistent 

with this observation, CRY1 is predominantly found in the massive nuclear repressive 

complexes isolated from the liver throughout the early part of the evening, but a substantial 

amount of free CRY1 is present in the later part of the evening [18]. A number of studies 

support both PER-dependent and independent role for CRYs in circadian rhythms [181, 

184, 185], and highlight a particularly important role for CRY1 late in the repressive phase 

[186]. ChIP-Seq studies demonstrate that this complex forms without the apparent inclusion 

of PER proteins when the occupancy of CLOCK:BMAL1 on E-boxes is beginning to rise 

again [92], suggesting that this is a fundamentally different repressive complex than that 

observed earlier in the evening (Figure 8B). Formation of this poised and repressed state 

of CLOCK:BMAL1 with CRY1 on DNA plays a critical role in defining the phase of 

gene expression [187] and likely contributes to period determination [188, 189] and the 

generation of sustained cellular rhythms [190].

Two factors contribute to the ability of CRY1 to serve as a PER-independent repressor in the 

late repression phase of circadian rhythms. First, the delayed timing of Cry1 expression with 

respect to the other core clock repressors is critical [19], because studies to reconstitute the 

TTFL in Cry1–/–;Cry2–/– cells [147, 148, 174], SCN [191] or animals [192] all require use 

of the minimal Cry1 promoter that encodes its delayed expression [133] to recover circadian 

rhythms. Second, CRY1 has a dramatically higher affinity (20-fold) for the PAS domain 

core of CLOCK:BMAL1 compared to CRY2 [173], helping to explain its ability to maintain 

stable interactions with CLOCK and BMAL1 on DNA in vitro [193] and in vivo [92] in 

the absence of PER proteins [174]. While more studies are needed to fully understand the 

composition and activity of the different circadian repressive complexes, new insights into 
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the molecular basis for clock protein interactions are helping to define how macromolecular 

assemblies control circadian rhythms.

Some unexpected commonalities in the cyanobacterial PTO and vertebrate TTFL?

This review has discussed the stepwise interactions that regulate the assembly, activity, 

and disassembly or turnover of macromolecular assemblies that contribute to circadian 

timekeeping in the cyanobacterial PTO and the vertebrate TTFL. Aside from the obvious 

difference that one clock mechanism can function independently of transcription and 

translation while the other obligately depends on it, there are a few similarities that appear 

to arise from the biochemical regulation of their macromolecular assemblies. For example, 

the reliance on enzymes with low, temperature-compensated activity in steps that dictate 

complex assembly or stability of key components seems to be a hallmark of circadian 

enzymes from the cyanobacterial PTO (e.g., KaiC CI ATPase activity) [64, 194] to the 

vertebrate TTFL (e.g., CK1δ activity on the PER2) [134, 195, 196]. As we learn more 

about the structural and biochemical basis for macromolecular assemblies of these clocks, 

the convergence of both competitive and cooperative interactions at key regulatory sites is 

striking. Many of the competitive interactions identified thus far revolve around proteins 

that play a particularly important role in repression, such as KaiB in the cyanobacterial 

PTO [29, 42] and CRYs in the vertebrate TTFL [24, 25]. Furthermore, studies that identify 

and experimentally probe sources of cooperativity have the potential to address fundamental 

questions about biological oscillators [197]. With these studies just taking root in the field, 

it’s exciting to think about the major questions on the horizon and the mechanistic insights 

will come to light in the future.

Remaining questions and future challenges

Several decades of studying circadian rhythms at the organism and cell-based level have 

laid out the genetic network for timekeeping by biological clocks [8, 198], so biochemical 

and structural studies are now playing an increasingly important role in establishing clock 

mechanisms that will help bridge basic research and the clinic to improve human health. 

While our mechanistic insight into any of the eukaryotic TTFLs falls short compared to 

the intricate biochemical network of the cyanobacterial PTO, the combination of top-down 

and bottom-up approaches has the potential to stimulate new ways of thinking about TTFLs 

and circadian rhythms. Considerable effort has been spent quantifying the abundance and 

subcellular localization of core clock proteins; while these are clearly important factors 

for oscillatory systems, recent studies have shown that the quality of some clock proteins 

may be more important than their quantity [164, 199]. But what dictates the ‘quality’ of 

a protein? In this context, quality seems like a proxy for the biochemical determinants of 

protein function that arise from post-translational modifications, interactions with regulatory 

proteins and/or changes in structure or structural dynamics. We still have a long way 

to go before we understand this level of detail for most clock proteins outside of the 

cyanobacterial PTO.

Aside from needing to understand more about the molecular architecture of clock protein 

complexes, we have much more to learn about the factors that regulate assembly and 

disassembly or deactivation of these complexes, whether it be through changes in subcellular 
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localization, protein turnover, and/or post-translational modifications. For example, while 

studying the cyanobacterial PTO in vitro offers incredible advantages for mechanistic 

studies, Golden and colleagues have shown that clock proteins undergo a concerted change 

in subcellular localization in vivo from diffuse and dispersed during the day to a highly 

concentrated hub at one pole of the cell at night [200]––this is certain to factor into 

regulation of macromolecular assemblies of the Kai proteins and their output proteins 

by changing the local concentrations of clock components. New approaches, like those 

that incorporate genome code expansion to rapidly and reversibly control the timing and 

abundance of clock genes [192], are starting to offer ways to better bridge the divide from 

structural biology and in vitro biochemistry to cellular and behavioral studies to provide a 

more comprehensive picture of circadian rhythms.
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AHR aryl hydrocarbon receptor

ARNT aryl hydrocarbon receptor nuclear translocator

bHLH-PAS basic helix-loop-helix PAS domain

BMAL1 brain and muscle ARNT-like

CBD CRY-binding domain

CC coiled-coil

ChIP-Seq chromatin immunoprecipitation-sequencing

CIPC CLOCK-interacting protein circadian

CKBD Casein Kinase 1-binding domain

CLOCK circadian locomotor output cycles kaput

CRY cryptochrome

CT circadian time

EM electron microscopy

FBXL F-box and leucine-rich repeat protein
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HIF hypoxia-inducible factor
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IDP intrinsically disordered protein

MD molecular dynamics

MLL1 mixed lineage leukemia 1

MyoD myoblast determination protein 1, myogenic NMR, nuclear magnetic 

resonance

NPAS neuronal PAS

PAGE polyacrylamide gel electrophoresis

PAS PER-ARNT-SIM

PER period

PHR photolyase homology region

PsR pseudoreceiver

PTO post-translational oscillator

SAXS small-angle x-ray scattering

SCN suprachiasmatic nucleus

TAD transcriptional activation domain

TTFL transcription/translation feedback loop

References Cited

[1]. Aschoff J. Circadian Rhythms in Man. Science. 1965;148:1427–32. [PubMed: 14294139] 

[2]. Bass J, Lazar MA. Circadian time signatures of fitness and disease. Science. 2016;354:994–9. 
[PubMed: 27885004] 

[3]. Eckel-Mahan K, Sassone-Corsi P. Metabolism and the circadian clock converge. Physiol Rev. 
2013;93:107–35. [PubMed: 23303907] 

[4]. Kang TH, Reardon JT, Kemp M, Sancar A. Circadian oscillation of nucleotide excision repair 
in mammalian brain. Proceedings of the National Academy of Sciences of the United States of 
America. 2009;106:2864–7. [PubMed: 19164551] 

[5]. Yang Y, Adebali O, Wu G, Selby CP, Chiou YY, Rashid N, et al. Cisplatin-DNA adduct repair of 
transcribed genes is controlled by two circadian programs in mouse tissues. Proceedings of the 
National Academy of Sciences of the United States of America. 2018;115:E4777–E85. [PubMed: 
29735688] 

[6]. Hardin PE, Hall JC, Rosbash M. Feedback of the Drosophila period gene product on circadian 
cycling of its messenger RNA levels. Nature. 1990;343:536–40. [PubMed: 2105471] 

[7]. Johnson CH, Elliott JA, Foster R. Entrainment of circadian programs. Chronobiology 
international. 2003;20:741–74. [PubMed: 14535352] 

[8]. Takahashi JS. Transcriptional architecture of the mammalian circadian clock. Nature reviews 
Genetics. 2017;18:164–79.

[9]. Hurley JM, Loros JJ, Dunlap JC. Circadian Oscillators: Around the Transcription-Translation 
Feedback Loop and on to Output. Trends Biochem Sci. 2016;41:834–46. [PubMed: 27498225] 

Partch Page 19

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[10]. Swan JA, Golden SS, LiWang A, Partch CL. Structure, function, and mechanism of the 
core circadian clock in cyanobacteria. The Journal of biological chemistry. 2018;293:5026–34. 
[PubMed: 29440392] 

[11]. Nakajima M, Imai K, Ito H, Nishiwaki T, Murayama Y, Iwasaki H, et al. Reconstitution of 
circadian oscillation of cyanobacterial KaiC phosphorylation in vitro. Science. 2005;308:414–5. 
[PubMed: 15831759] 

[12]. Hosokawa N, Kushige H, Iwasaki H. Attenuation of the posttranslational oscillator 
via transcription-translation feedback enhances circadian-phase shifts in Synechococcus. 
Proceedings of the National Academy of Sciences of the United States of America. 
2013;110:14486–91. [PubMed: 23940358] 

[13]. Kitayama Y, Nishiwaki T, Terauchi K, Kondo T. Dual KaiC-based oscillations constitute 
the circadian system of cyanobacteria. Genes & development. 2008;22:1513–21. [PubMed: 
18477603] 

[14]. O’Neill JS, Reddy AB. Circadian clocks in human red blood cells. Nature. 2011;469:498–503. 
[PubMed: 21270888] 

[15]. Edgar RS, Green EW, Zhao Y, van Ooijen G, Olmedo M, Qin X, et al. Peroxiredoxins are 
conserved markers of circadian rhythms. Nature. 2012;485:459–64. [PubMed: 22622569] 

[16]. O’Neill JS, van Ooijen G, Dixon LE, Troein C, Corellou F, Bouget FY, et al. Circadian rhythms 
persist without transcription in a eukaryote. Nature. 2011;469:554–8. [PubMed: 21270895] 

[17]. Millius A, Ode KL, Ueda HR. A period without PER: understanding 24-hour rhythms without 
classic transcription and translation feedback loops. F1000Res. 2019;8.

[18]. Aryal RP, Kwak PB, Tamayo AG, Gebert M, Chiu PL, Walz T, et al. Macromolecular Assemblies 
of the Mammalian Circadian Clock. Molecular cell. 2017;67:770–82 e6. [PubMed: 28886335] 

[19]. Lee C, Etchegaray JP, Cagampang FR, Loudon AS, Reppert SM. Posttranslational mechanisms 
regulate the mammalian circadian clock. Cell. 2001;107:855–67. [PubMed: 11779462] 

[20]. Zhou M, Kim JK, Eng GW, Forger DB, Virshup DM. A Period2 Phosphoswitch Regulates 
and Temperature Compensates Circadian Period. Molecular cell. 2015;60:77–88. [PubMed: 
26431025] 

[21]. Garg A, Orru R, Ye W, Distler U, Chojnacki JE, Kohn M, et al. Structural and mechanistic 
insights into the interaction of the circadian transcription factor BMAL1 with the KIX domain of 
the CREB-binding protein. The Journal of biological chemistry. 2019.

[22]. Nangle SN, Rosensweig C, Koike N, Tei H, Takahashi JS, Green CB, et al. Molecular assembly 
of the period-cryptochrome circadian transcriptional repressor complex. Elife. 2014;3:e03674.

[23]. Schmalen I, Reischl S, Wallach T, Klemz R, Grudziecki A, Prabu JR, et al. Interaction of 
circadian clock proteins CRY1 and PER2 is modulated by zinc binding and disulfide bond 
formation. Cell. 2014;157:1203–15. [PubMed: 24855952] 

[24]. Xing W, Busino L, Hinds TR, Marionni ST, Saifee NH, Bush MF, et al. SCF(FBXL3) 
ubiquitin ligase targets cryptochromes at their cofactor pocket. Nature. 2013;496:64–8. [PubMed: 
23503662] 

[25]. Xu H, Gustafson CL, Sammons PJ, Khan SK, Parsley NC, Ramanathan C, et al. Cryptochrome 
1 regulates the circadian clock through dynamic interactions with the BMAL1 C terminus. Nat 
Struct Mol Biol. 2015;22:476–84. [PubMed: 25961797] 

[26]. Chang YG, Cohen SE, Phong C, Myers WK, Kim YI, Tseng R, et al. Circadian rhythms. 
A protein fold switch joins the circadian oscillator to clock output in cyanobacteria. Science. 
2015;349:324–8. [PubMed: 26113641] 

[27]. Pattanayek R, Egli M. Protein-Protein Interactions in the Cyanobacterial Circadian Clock: 
Structure of KaiA Dimer in Complex with C-Terminal KaiC Peptides at 2.8 A Resolution. 
Biochemistry. 2015;54:4575–8. [PubMed: 26200123] 

[28]. Snijder J, Schuller JM, Wiegard A, Lossl P, Schmelling N, Axmann IM, et al. Structures of the 
cyanobacterial circadian oscillator frozen in a fully assembled state. Science. 2017;355:1181–4. 
[PubMed: 28302852] 

[29]. Tseng R, Goularte NF, Chavan A, Luu J, Cohen SE, Chang YG, et al. Structural basis of 
the day-night transition in a bacterial circadian clock. Science. 2017;355:1174–80. [PubMed: 
28302851] 

Partch Page 20

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[30]. Kageyama H, Nishiwaki T, Nakajima M, Iwasaki H, Oyama T, Kondo T. Cyanobacterial 
circadian pacemaker: Kai protein complex dynamics in the KaiC phosphorylation cycle in vitro. 
Molecular cell. 2006;23:161–71. [PubMed: 16857583] 

[31]. Nishiwaki T, Satomi Y, Nakajima M, Lee C, Kiyohara R, Kageyama H, et al. Role 
of KaiC phosphorylation in the circadian clock system of Synechococcus elongatus PCC 
7942. Proceedings of the National Academy of Sciences of the United States of America. 
2004;101:13927–32. [PubMed: 15347812] 

[32]. Xu Y, Mori T, Pattanayek R, Pattanayek S, Egli M, Johnson CH. Identification of key 
phosphorylation sites in the circadian clock protein KaiC by crystallographic and mutagenetic 
analyses. Proceedings of the National Academy of Sciences of the United States of America. 
2004;101:13933–8. [PubMed: 15347809] 

[33]. Nishiwaki T, Satomi Y, Kitayama Y, Terauchi K, Kiyohara R, Takao T, et al. A sequential 
program of dual phosphorylation of KaiC as a basis for circadian rhythm in cyanobacteria. 
EMBO J. 2007;26:4029–37. [PubMed: 17717528] 

[34]. Rust MJ, Markson JS, Lane WS, Fisher DS, O’Shea EK. Ordered phosphorylation governs 
oscillation of a three-protein circadian clock. Science. 2007;318:809–12. [PubMed: 17916691] 

[35]. Egli M, Mori T, Pattanayek R, Xu Y, Qin X, Johnson CH. Dephosphorylation of the core clock 
protein KaiC in the cyanobacterial KaiABC circadian oscillator proceeds via an ATP synthase 
mechanism. Biochemistry. 2012;51:1547–58. [PubMed: 22304631] 

[36]. Nishiwaki T, Kondo T. Circadian autodephosphorylation of cyanobacterial clock protein 
KaiC occurs via formation of ATP as intermediate. The Journal of biological chemistry. 
2012;287:18030–5. [PubMed: 22493509] 

[37]. Paddock ML, Boyd JS, Adin DM, Golden SS. Active output state of the Synechococcus Kai 
circadian oscillator. Proceedings of the National Academy of Sciences of the United States of 
America. 2013;110:E3849–57. [PubMed: 24043774] 

[38]. Nakajima M, Ito H, Kondo T. In vitro regulation of circadian phosphorylation rhythm 
of cyanobacterial clock protein KaiC by KaiA and KaiB. FEBS letters. 2010;584:898–902. 
[PubMed: 20079736] 

[39]. Pattanayek R, Williams DR, Pattanayek S, Xu Y, Mori T, Johnson CH, et al. Analysis of 
KaiA-KaiC protein interactions in the cyano-bacterial circadian clock using hybrid structural 
methods. EMBO J. 2006;25:2017–28. [PubMed: 16628225] 

[40]. Vakonakis I, LiWang AC. Structure of the C-terminal domain of the clock protein KaiA in 
complex with a KaiC-derived peptide: implications for KaiC regulation. Proceedings of the 
National Academy of Sciences of the United States of America. 2004;101:10925–30. [PubMed: 
15256595] 

[41]. Kim YI, Dong G, Carruthers CW Jr., Golden SS, LiWang A. The day/night switch in KaiC, 
a central oscillator component of the circadian clock of cyanobacteria. Proceedings of the 
National Academy of Sciences of the United States of America. 2008;105:12825–30. [PubMed: 
18728181] 

[42]. Tseng R, Chang YG, Bravo I, Latham R, Chaudhary A, Kuo NW, et al. Cooperative KaiA-KaiB-
KaiC interactions affect KaiB/SasA competition in the circadian clock of cyanobacteria. Journal 
of molecular biology. 2014;426:389–402. [PubMed: 24112939] 

[43]. Chang YG, Kuo NW, Tseng R, LiWang A. Flexibility of the C-terminal, or CII, ring of 
KaiC governs the rhythm of the circadian clock of cyanobacteria. Proceedings of the National 
Academy of Sciences of the United States of America. 2011;108:14431–6. [PubMed: 21788479] 

[44]. Oyama K, Azai C, Matsuyama J, Terauchi K. Phosphorylation at Thr432 induces structural 
destabilization of the CII ring in the circadian oscillator KaiC. FEBS letters. 2018;592:36–45. 
[PubMed: 29265368] 

[45]. Hong L, Vani BP, Thiede EH, Rust MJ, Dinner AR. Molecular dynamics simulations of 
nucleotide release from the circadian clock protein KaiC reveal atomic-resolution functional 
insights. Proceedings of the National Academy of Sciences of the United States of America. 
2018;115:E11475-E84.

Partch Page 21

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[46]. Yunoki Y, Ishii K, Yagi-Utsumi M, Murakami R, Uchiyama S, Yagi H, et al. ATP hydrolysis by 
KaiC promotes its KaiA binding in the cyanobacterial circadian clock system. Life Sci Alliance. 
2019;2.

[47]. Nishiwaki-Ohkawa T, Kitayama Y, Ochiai E, Kondo T. Exchange of ADP with ATP 
in the CII ATPase domain promotes autophosphorylation of cyanobacterial clock protein 
KaiC. Proceedings of the National Academy of Sciences of the United States of America. 
2014;111:4455–60. [PubMed: 24616498] 

[48]. Iwasaki H, Nishiwaki T, Kitayama Y, Nakajima M, Kondo T. KaiA-stimulated KaiC 
phosphorylation in circadian timing loops in cyanobacteria. Proceedings of the National 
Academy of Sciences of the United States of America. 2002;99:15788–93. [PubMed: 12391300] 

[49]. Leypunskiy E, Lin J, Yoo H, Lee U, Dinner AR, Rust MJ. The cyanobacterial circadian clock 
follows midday in vivo and in vitro. Elife. 2017;6.

[50]. Rust MJ, Golden SS, O’Shea EK. Light-driven changes in energy metabolism directly entrain the 
cyanobacterial circadian oscillator. Science. 2011;331:220–3. [PubMed: 21233390] 

[51]. Pattanayek R, Wang J, Mori T, Xu Y, Johnson CH, Egli M. Visualizing a circadian clock protein: 
crystal structure of KaiC and functional insights. Molecular cell. 2004;15:375–88. [PubMed: 
15304218] 

[52]. Ye S, Vakonakis I, Ioerger TR, LiWang AC, Sacchettini JC. Crystal structure of circadian 
clock protein KaiA from Synechococcus elongatus. The Journal of biological chemistry. 
2004;279:20511–8. [PubMed: 15007067] 

[53]. Hitomi K, Oyama T, Han S, Arvai AS, Getzoff ED. Tetrameric architecture of the circadian clock 
protein KaiB. A novel interface for intermolecular interactions and its impact on the circadian 
rhythm. The Journal of biological chemistry. 2005;280:19127–35. [PubMed: 15716274] 

[54]. Pattanayek R, Williams DR, Pattanayek S, Mori T, Johnson CH, Stewart PL, et al. Structural 
model of the circadian clock KaiB-KaiC complex and mechanism for modulation of KaiC 
phosphorylation. EMBO J. 2008;27:1767–78. [PubMed: 18497745] 

[55]. Pattanayek R, Williams DR, Rossi G, Weigand S, Mori T, Johnson CH, et al. Combined 
SAXS/EM based models of the S. elongatus post-translational circadian oscillator and its 
interactions with the output His-kinase SasA. PloS one. 2011;6:e23697.

[56]. Villarreal SA, Pattanayek R, Williams DR, Mori T, Qin X, Johnson CH, et al. CryoEM and 
molecular dynamics of the circadian KaiB-KaiC complex indicates that KaiB monomers interact 
with KaiC and block ATP binding clefts. Journal of molecular biology. 2013;425:3311–24. 
[PubMed: 23796516] 

[57]. Phong C, Markson JS, Wilhoite CM, Rust MJ. Robust and tunable circadian rhythms from 
differentially sensitive catalytic domains. Proceedings of the National Academy of Sciences of 
the United States of America. 2013;110:1124–9. [PubMed: 23277568] 

[58]. Mutoh R, Nishimura A, Yasui S, Onai K, Ishiura M. The ATP-mediated regulation of KaiB-KaiC 
interaction in the cyanobacterial circadian clock. PloS one. 2013;8:e80200.

[59]. Abe J, Hiyama TB, Mukaiyama A, Son S, Mori T, Saito S, et al. Circadian rhythms. Atomic-
scale origins of slowness in the cyanobacterial circadian clock. Science. 2015;349:312–6. 
[PubMed: 26113637] 

[60]. Porter LL, Looger LL. Extant fold-switching proteins are widespread. Proceedings of the 
National Academy of Sciences of the United States of America. 2018;115:5968–73. [PubMed: 
29784778] 

[61]. Bornholdt ZA, Noda T, Abelson DM, Halfmann P, Wood MR, Kawaoka Y, et al. Structural 
rearrangement of ebola virus VP40 begets multiple functions in the virus life cycle. Cell. 
2013;154:763–74. [PubMed: 23953110] 

[62]. Kim S, Sun H, Ball HL, Wassmann K, Luo X, Yu H. Phosphorylation of the spindle checkpoint 
protein Mad2 regulates its conformational transition. Proceedings of the National Academy of 
Sciences of the United States of America. 2010;107:19772–7. [PubMed: 21041666] 

[63]. Tuinstra RL, Peterson FC, Kutlesa S, Elgin ES, Kron MA, Volkman BF. Interconversion 
between two unrelated protein folds in the lymphotactin native state. Proceedings of the National 
Academy of Sciences of the United States of America. 2008;105:5057–62. [PubMed: 18364395] 

Partch Page 22

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[64]. Terauchi K, Kitayama Y, Nishiwaki T, Miwa K, Murayama Y, Oyama T, et al. ATPase activity 
of KaiC determines the basic timing for circadian clock of cyanobacteria. Proceedings of the 
National Academy of Sciences of the United States of America. 2007;104:16377–81. [PubMed: 
17901204] 

[65]. Freedman SJ, Sun ZY, Kung AL, France DS, Wagner G, Eck MJ. Structural basis for negative 
regulation of hypoxia-inducible factor-1alpha by CITED2. Nat Struct Biol. 2003;10:504–12. 
[PubMed: 12778114] 

[66]. Hirschi A, Cecchini M, Steinhardt RC, Schamber MR, Dick FA, Rubin SM. An overlapping 
kinase and phosphatase docking site regulates activity of the retinoblastoma protein. Nat Struct 
Mol Biol. 2010;17:1051–7. [PubMed: 20694007] 

[67]. Rossi FM, Kringstein AM, Spicher A, Guicherit OM, Blau HM. Transcriptional control: rheostat 
converted to on/off switch. Molecular cell. 2000;6:723–8. [PubMed: 11030351] 

[68]. Forger DB. Signal processing in cellular clocks. Proceedings of the National Academy of 
Sciences of the United States of America. 2011;108:4281–5. [PubMed: 21368179] 

[69]. Schmitz O, Katayama M, Williams SB, Kondo T, Golden SS. CikA, a bacteriophytochrome that 
resets the cyanobacterial circadian clock. Science. 2000;289:765–8. [PubMed: 10926536] 

[70]. Gutu A, O’Shea EK. Two antagonistic clock-regulated histidine kinases time the activation of 
circadian gene expression. Molecular cell. 2013;50:288–94. [PubMed: 23541768] 

[71]. Gao T, Zhang X, Ivleva NB, Golden SS, LiWang A. NMR structure of the pseudo-receiver 
domain of CikA. Protein Sci. 2007;16:465–75. [PubMed: 17322531] 

[72]. Ivleva NB, Gao T, LiWang AC, Golden SS. Quinone sensing by the circadian input kinase of the 
cyanobacterial circadian clock. Proceedings of the National Academy of Sciences of the United 
States of America. 2006;103:17468–73. [PubMed: 17088557] 

[73]. Zhang X, Dong G, Golden SS. The pseudo-receiver domain of CikA regulates the cyanobacterial 
circadian input pathway. Mol Microbiol. 2006;60:658–68. [PubMed: 16629668] 

[74]. Kaur M, Ng A, Kim P, Diekman C, Kim YI. CikA Modulates the Effect of KaiA on the Period of 
the Circadian Oscillation in KaiC Phosphorylation. Journal of biological rhythms. 2019;34:218–
23. [PubMed: 30755127] 

[75]. Murakami R, Mutoh R, Iwase R, Furukawa Y, Imada K, Onai K, et al. The roles of the dimeric 
and tetrameric structures of the clock protein KaiB in the generation of circadian oscillations in 
cyanobacteria. The Journal of biological chemistry. 2012;287:29506–15. [PubMed: 22722936] 

[76]. Vakonakis I, Klewer DA, Williams SB, Golden SS, LiWang AC. Structure of the N-terminal 
domain of the circadian clock-associated histidine kinase SasA. Journal of molecular biology. 
2004;342:9–17. [PubMed: 15313603] 

[77]. Garces RG, Wu N, Gillon W, Pai EF. Anabaena circadian clock proteins KaiA and KaiB reveal 
a potential common binding site to their partner KaiC. EMBO J. 2004;23:1688–98. [PubMed: 
15071498] 

[78]. Chang YG, Tseng R, Kuo NW, LiWang A. Rhythmic ring-ring stacking drives the circadian 
oscillator clockwise. Proceedings of the National Academy of Sciences of the United States of 
America. 2012;109:16847–51. [PubMed: 22967510] 

[79]. Mukaiyama A, Furuike Y, Abe J, Yamashita E, Kondo T, Akiyama S. Conformational 
rearrangements of the C1 ring in KaiC measure the timing of assembly with KaiB. Sci Rep. 
2018;8:8803. [PubMed: 29892030] 

[80]. Murayama Y, Mukaiyama A, Imai K, Onoue Y, Tsunoda A, Nohara A, et al. Tracking and 
visualizing the circadian ticking of the cyanobacterial clock protein KaiC in solution. EMBO J. 
2011;30:68–78. [PubMed: 21113137] 

[81]. Pattanayek R, Mori T, Xu Y, Pattanayek S, Johnson CH, Egli M. Structures of KaiC circadian 
clock mutant proteins: a new phosphorylation site at T426 and mechanisms of kinase, ATPase 
and phosphatase. PloS one. 2009;4:e7529.

[82]. Lin J, Chew J, Chockanathan U, Rust MJ. Mixtures of opposing phosphorylations within 
hexamers precisely time feedback in the cyanobacterial circadian clock. Proceedings of the 
National Academy of Sciences of the United States of America. 2014;111:E3937–45. [PubMed: 
25197081] 

Partch Page 23

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[83]. van Zon JS, Lubensky DK, Altena PR, ten Wolde PR. An allosteric model of circadian KaiC 
phosphorylation. Proceedings of the National Academy of Sciences of the United States of 
America. 2007;104:7420–5. [PubMed: 17460047] 

[84]. Murakami R, Yunoki Y, Ishii K, Terauchi K, Uchiyama S, Yagi H, et al. Cooperative Binding of 
KaiB to the KaiC Hexamer Ensures Accurate Circadian Clock Oscillation in Cyanobacteria. Int J 
Mol Sci. 2019;20.

[85]. Snijder J, Burnley RJ, Wiegard A, Melquiond AS, Bonvin AM, Axmann IM, et al. Insight into 
cyanobacterial circadian timing from structural details of the KaiB-KaiC interaction. Proceedings 
of the National Academy of Sciences of the United States of America. 2014;111:1379–84. 
[PubMed: 24474762] 

[86]. Heisler J, Chavan A, Chang YG, LiWang A. Real-Time In Vitro Fluorescence Anisotropy of the 
Cyanobacterial Circadian Clock. Methods Protoc. 2019;2.

[87]. Goda K, Ito H, Kondo T, Oyama T. Fluorescence correlation spectroscopy to monitor 
Kai protein-based circadian oscillations in real time. The Journal of biological chemistry. 
2012;287:3241–8. [PubMed: 22157012] 

[88]. Ouyang D, Furuike Y, Mukaiyama A, Ito-Miwa K, Kondo T, Akiyama S. Development and 
Optimization of Expression, Purification, and ATPase Assay of KaiC for Medium-Throughput 
Screening of Circadian Clock Mutants in Cyanobacteria. Int J Mol Sci. 2019;20.

[89]. Zhang EE, Liu AC, Hirota T, Miraglia LJ, Welch G, Pongsawakul PY, et al. A genome-wide 
RNAi screen for modifiers of the circadian clock in human cells. Cell. 2009;139:199–210. 
[PubMed: 19765810] 

[90]. Saini R, Jaskolski M, Davis SJ. Circadian oscillator proteins across the kingdoms of life: 
structural aspects. BMC Biol. 2019;17:13. [PubMed: 30777051] 

[91]. Brown S, Ripperger J, Kadener S, Fleury-Olela F, Vilbois F, Rosbash M, et al. 
PERIOD1associated proteins modulate the negative limb of the mammalian circadian oscillator. 
Science (New York, NY). 2005;308:693–6.

[92]. Koike N, Yoo S-H, Huang H-C, Kumar V, Lee C, Kim T-K, et al. Transcriptional architecture 
and chromatin landscape of the core circadian clock in mammals. Science (New York, NY). 
2012;338:349–54.

[93]. Michael AK, Partch CL. bHLH-PAS proteins: functional specification through modular domain 
architecture. OA Biochemistry. 2013;1:16.

[94]. Partch CL, Card PB, Amezcua CA, Gardner KH. Molecular basis of coiled coil coactivator 
recruitment by the aryl hydrocarbon receptor nuclear translocator (ARNT). The Journal of 
biological chemistry. 2009;284:15184–92. [PubMed: 19324882] 

[95]. Partch CL, Gardner KH. Coactivator recruitment: a new role for PAS domains in transcriptional 
regulation by the bHLH-PAS family. Journal of cellular physiology. 2010;223:553–7. [PubMed: 
20112293] 

[96]. Partch CL, Gardner KH. Coactivators necessary for transcriptional output of the hypoxia 
inducible factor, HIF, are directly recruited by ARNT PAS-B. Proceedings of the National 
Academy of Sciences of the United States of America. 2011;108:7739–44. [PubMed: 21512126] 

[97]. Huang N, Chelliah Y, Shan Y, Taylor C, Yoo S-H, Partch C, et al. Crystal structure of the 
heterodimeric CLOCK:BMAL1 transcriptional activator complex. Science (New York, NY). 
2012;337:189–94.

[98]. Wu D, Potluri N, Lu J, Kim Y, Rastinejad F. Structural integration in hypoxia-inducible factors. 
Nature. 2015;524:303–8. [PubMed: 26245371] 

[99]. Wu D, Su X, Potluri N, Kim Y, Rastinejad F. NPAS1-ARNT and NPAS3-ARNT crystal 
structures implicate the bHLH-PAS family as multi-ligand binding transcription factors. Elife. 
2016;5.

[100]. Seok SH, Lee W, Jiang L, Molugu K, Zheng A, Li Y, et al. Structural hierarchy controlling 
dimerization and target DNA recognition in the AHR transcriptional complex. Proceedings of 
the National Academy of Sciences of the United States of America. 2017;114:5431–6. [PubMed: 
28396409] 

Partch Page 24

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[101]. Fribourgh JL, Partch CL. Assembly and function of bHLH-PAS complexes. Proceedings of the 
National Academy of Sciences of the United States of America. 2017;114:5330–2. [PubMed: 
28507151] 

[102]. Cardone L, Hirayama J, Giordano F, Tamaru T, Palvimo JJ, Sassone-Corsi P. Circadian clock 
control by SUMOylation of BMAL1. Science. 2005;309:1390–4. [PubMed: 16109848] 

[103]. Lee J, Lee Y, Lee MJ, Park E, Kang SH, Chung CH, et al. Dual modification of BMAL1 
by SUMO2/3 and ubiquitin promotes circadian activation of the CLOCK/BMAL1 complex. 
Molecular and cellular biology. 2008;28:6056–65. [PubMed: 18644859] 

[104]. Wang Z, Wu Y, Li L, Su XD. Intermolecular recognition revealed by the complex structure 
of human CLOCK-BMAL1 basic helix-loop-helix domains with E-box DNA. Cell Res. 
2013;23:213–24. [PubMed: 23229515] 

[105]. Fuxreiter M, Tompa P, Simon I, Uversky V, Hansen J, Asturias F. Malleable machines 
take shape in eukaryotic transcriptional regulation. Nature chemical biology. 2008;4:728–37. 
[PubMed: 19008886] 

[106]. Kiyohara Y, Tagao S, Tamanini F, Morita A, Sugisawa Y, Yasuda M, et al. The BMAL1 
C terminus regulates the circadian transcription feedback loop. Proceedings of the National 
Academy of Sciences of the United States of America. 2006;103:10074–9. [PubMed: 16777965] 

[107]. Park N, Kim HD, Cheon S, Row H, Lee J, Han DH, et al. A Novel Bmal1 Mutant 
Mouse Reveals Essential Roles of the C-Terminal Domain on Circadian Rhythms. PloS one. 
2015;10:e0138661.

[108]. Etchegaray JP, Lee C, Wade PA, Reppert SM. Rhythmic histone acetylation underlies 
transcription in the mammalian circadian clock. Nature. 2003;421:177–82. [PubMed: 12483227] 

[109]. Shi S, Hida A, McGuinness OP, Wasserman DH, Yamazaki S, Johnson CH. Circadian clock 
gene Bmal1 is not essential; functional replacement with its paralog, Bmal2. Current biology : 
CB. 2010;20:316–21. [PubMed: 20153195] 

[110]. Hirayama J, Sahar S, Grimaldi B, Tamaru T, Takamatsu K, Nakahata Y, et al. CLOCK-mediated 
acetylation of BMAL1 controls circadian function. Nature. 2007;450:1086–90. [PubMed: 
18075593] 

[111]. Petkau N, Budak H, Zhou X, Oster H, Eichele G. Acetylation of BMAL1 by TIP60 controls 
BRD4-P-TEFb recruitment to circadian promoters. Elife. 2019;8.

[112]. Doi M, Hirayama J, Sassone-Corsi P. Circadian regulator CLOCK is a histone acetyltransferase. 
Cell. 2006;125:497–508. [PubMed: 16678094] 

[113]. King D, Zhao Y, Sangoram A, Wilsbacher L, Tanaka M, Antoch M, et al. Positional cloning of 
the mouse circadian clock gene. Cell. 1997;89:641–53. [PubMed: 9160755] 

[114]. Vitaterna MH, Ko CH, Chang AM, Buhr ED, Fruechte EM, Schook A, et al. The mouse Clock 
mutation reduces circadian pacemaker amplitude and enhances efficacy of resetting stimuli and 
phase-response curve amplitude. Proceedings of the National Academy of Sciences of the United 
States of America. 2006;103:9327–32. [PubMed: 16754844] 

[115]. Katada S, Sassone-Corsi P. The histone methyltransferase MLL1 permits the oscillation of 
circadian gene expression. Nat Struct Mol Biol. 2010;17:1414–21. [PubMed: 21113167] 

[116]. Lee E, Cho E, Kang DH, Jeong EH, Chen Z, Yoo SH, et al. Pacemaker-neuron-dependent 
disturbance of the molecular clockwork by a Drosophila CLOCK mutant homologous to the 
mouse Clock mutation. Proceedings of the National Academy of Sciences of the United States of 
America. 2016;113:E4904–13. [PubMed: 27489346] 

[117]. Hou Z, Su L, Pei J, Grishin NV, Zhang H. Crystal Structure of the CLOCK Transactivation 
Domain Exon19 in Complex with a Repressor. Structure. 2017;25:1187–94 e3. [PubMed: 
28669630] 

[118]. Yoshitane H, Takao T, Satomi Y, Du NH, Okano T, Fukada Y. Roles of CLOCK 
phosphorylation in suppression of E-box-dependent transcription. Molecular and cellular biology. 
2009;29:3675–86. [PubMed: 19414601] 

[119]. Michael AK, Harvey SL, Sammons PJ, Anderson AP, Kopalle HM, Banham AH, et al. Cancer/
Testis Antigen PASD1 Silences the Circadian Clock. Molecular cell. 2015;58:743–54. [PubMed: 
25936801] 

Partch Page 25

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[120]. Nakahata Y, Yoshida M, Takano A, Soma H, Yamamoto T, Yasuda A, et al. A direct repeat 
of E-box-like elements is required for cell-autonomous circadian rhythm of clock genes. BMC 
molecular biology. 2008;9:1. [PubMed: 18177499] 

[121]. Rey G, Cesbron F, Rougemont J, Reinke H, Brunner M, Naef F. Genome-wide and phase-
specific DNA-binding rhythms of BMAL1 control circadian output functions in mouse liver. 
PLoS biology. 2011;9.

[122]. Shimomura K, Kumar V, Koike N, Kim TK, Chong J, Buhr ED, et al. Usf1, a suppressor of the 
circadian Clock mutant, reveals the nature of the DNA-binding of the CLOCK:BMAL1 complex 
in mice. Elife. 2013;2:e00426.

[123]. Hodge BA, Zhang X, Gutierrez-Monreal MA, Cao Y, Hammers DW, Yao Z, et al. MYOD1 
functions as a clock amplifier as well as a critical co-factor for downstream circadian gene 
expression in muscle. Elife. 2019;8.

[124]. Menet JS, Pescatore S, Rosbash M. CLOCK:BMAL1 is a pioneer-like transcription factor. 
Genes & development. 2014;28:8–13. [PubMed: 24395244] 

[125]. Beytebiere JR, Trott AJ, Greenwell BJ, Osborne CA, Vitet H, Spence J, et al. Tissue-specific 
BMAL1 cistromes reveal that rhythmic transcription is associated with rhythmic enhancer-
enhancer interactions. Genes & development. 2019;33:294–309. [PubMed: 30804225] 

[126]. Bae K, Jin X, Maywood ES, Hastings MH, Reppert SM, Weaver DR. Differential functions 
of mPer1, mPer2, and mPer3 in the SCN circadian clock. Neuron. 2001;30:525–36. [PubMed: 
11395012] 

[127]. Lee Y, Chen R, Lee HM, Lee C. Stoichiometric relationship among clock proteins determines 
robustness of circadian rhythms. The Journal of biological chemistry. 2011;286:7033–42. 
[PubMed: 21199878] 

[128]. Chen R, Schirmer A, Lee Y, Lee H, Kumar V, Yoo SH, et al. Rhythmic PER abundance defines 
a critical nodal point for negative feedback within the circadian clock mechanism. Molecular cell. 
2009;36:417–30. [PubMed: 19917250] 

[129]. Yagita K, Yamaguchi S, Tamanini F, van Der Horst GT, Hoeijmakers JH, Yasui A, et al. 
Dimerization and nuclear entry of mPER proteins in mammalian cells. Genes & development. 
2000;14:1353–63. [PubMed: 10837028] 

[130]. Hennig S, Strauss HM, Vanselow K, Yildiz O, Schulze S, Arens J, et al. Structural and 
functional analyses of PAS domain interactions of the clock proteins Drosophila PERIOD and 
mouse PERIOD2. PLoS biology. 2009;7:e94. [PubMed: 19402751] 

[131]. Kucera N, Schmalen I, Hennig S, Ollinger R, Strauss HM, Grudziecki A, et al. Unwinding 
the differences of the mammalian PERIOD clock proteins from crystal structure to cellular 
function. Proceedings of the National Academy of Sciences of the United States of America. 
2012;109:3311–6. [PubMed: 22331899] 

[132]. Zheng B, Larkin DW, Albrecht U, Sun ZS, Sage M, Eichele G, et al. The mPer2 gene encodes 
a functional component of the mammalian circadian clock. Nature. 1999;400:169–73. [PubMed: 
10408444] 

[133]. Ukai-Tadenuma M, Yamada RG, Xu H, Ripperger JA, Liu AC, Ueda HR. Delay in feedback 
repression by cryptochrome 1 is required for circadian clock function. Cell. 2011;144:268–81. 
[PubMed: 21236481] 

[134]. Narasimamurthy R, Hunt SR, Lu Y, Fustin JM, Okamura H, Partch CL, et al. CK1delta/epsilon 
protein kinase primes the PER2 circadian phosphoswitch. Proceedings of the National Academy 
of Sciences of the United States of America. 2018;115:5986–91. [PubMed: 29784789] 

[135]. Xu Y, Toh KL, Jones CR, Shin JY, Fu YH, Ptacek LJ. Modeling of a human circadian mutation 
yields insights into clock regulation by PER2. Cell. 2007;128:59–70. [PubMed: 17218255] 

[136]. Liu X, Chen A, Caicedo-Casso A, Cui G, Du M, He Q, et al. FRQ-CK1 interaction 
determines the period of circadian rhythms in Neurospora. Nat Commun. 2019;10:4352. 
[PubMed: 31554810] 

[137]. Lee C, Weaver DR, Reppert SM. Direct association between mouse PERIOD and CKIepsilon 
is critical for a functioning circadian clock. Molecular and cellular biology. 2004;24:584–94. 
[PubMed: 14701732] 

Partch Page 26

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[138]. Eide EJ, Woolf MF, Kang H, Woolf P, Hurst W, Camacho F, et al. Control of mammalian 
circadian rhythm by CKIepsilon-regulated proteasome-mediated PER2 degradation. Molecular 
and cellular biology. 2005;25:2795–807. [PubMed: 15767683] 

[139]. Etchegaray JP, Machida KK, Noton E, Constance CM, Dallmann R, Di Napoli MN, et al. 
Casein kinase 1 delta regulates the pace of the mammalian circadian clock. Molecular and 
cellular biology. 2009;29:3853–66. [PubMed: 19414593] 

[140]. Etchegaray JP, Yu EA, Indic P, Dallmann R, Weaver DR. Casein kinase 1 delta (CK1delta) 
regulates period length of the mouse suprachiasmatic circadian clock in vitro. PloS one. 
2010;5:e10303.

[141]. Lee H, Chen R, Lee Y, Yoo S, Lee C. Essential roles of CKIdelta and CKIepsilon in the 
mammalian circadian clock. Proceedings of the National Academy of Sciences of the United 
States of America. 2009;106:21359–64. [PubMed: 19948962] 

[142]. Kaasik K, Kivimae S, Allen JJ, Chalkley RJ, Huang Y, Baer K, et al. Glucose sensor 
O-GlcNAcylation coordinates with phosphorylation to regulate circadian clock. Cell Metab. 
2013;17:291–302. [PubMed: 23395175] 

[143]. Reischl S, Vanselow K, Westermark PO, Thierfelder N, Maier B, Herzel H, et al. Beta-TrCP1-
mediated degradation of PERIOD2 is essential for circadian dynamics. Journal of biological 
rhythms. 2007;22:375–86. [PubMed: 17876059] 

[144]. Shirogane T, Jin J, Ang XL, Harper JW. SCFbeta-TRCP controls clock-dependent transcription 
via casein kinase 1-dependent degradation of the mammalian period-1 (Per1) protein. The 
Journal of biological chemistry. 2005;280:26863–72. [PubMed: 15917222] 

[145]. Fustin JM, Kojima R, Itoh K, Chang HY, Ye S, Zhuang B, et al. Two Ck1delta transcripts 
regulated by m6A methylation code for two antagonistic kinases in the control of the circadian 
clock. Proceedings of the National Academy of Sciences of the United States of America. 
2018;115:5980–5. [PubMed: 29784786] 

[146]. Partch C, Clarkson M, Ozgür S, Lee A, Sancar A. Role of structural plasticity in signal 
transduction by the cryptochrome blue-light photoreceptor. Biochemistry. 2005;44:3795–805. 
[PubMed: 15751956] 

[147]. Khan SK, Xu H, Ukai-Tadenuma M, Burton B, Wang Y, Ueda HR, et al. Identification of a 
novel cryptochrome differentiating domain required for feedback repression in circadian clock 
function. The Journal of biological chemistry. 2012;287:25917–26. [PubMed: 22692217] 

[148]. Li Y, Xiong W, Zhang EE. The ratio of intracellular CRY proteins determines the clock period 
length. Biochemical and biophysical research communications. 2016;472:531–8. [PubMed: 
26966073] 

[149]. Michael AK, Fribourgh JL, Van Gelder RN, Partch CL. Animal Cryptochromes: Divergent 
Roles in Light Perception, Circadian Timekeeping and Beyond. Photochem Photobiol. 
2017;93:128–40. [PubMed: 27891621] 

[150]. Miyazaki K, Mesaki M, Ishida N. Nuclear entry mechanism of rat PER2 (rPER2): role of 
rPER2 in nuclear localization of CRY protein. Molecular and cellular biology. 2001;21:6651–9. 
[PubMed: 11533252] 

[151]. Tomita T, Miyazaki K, Onishi Y, Honda S, Ishida N, Oishi K. Conserved amino acid residues in 
C-terminus of PERIOD 2 are involved in interaction with CRYPTOCHROME 1. Biochimica et 
biophysica acta. 2010;1803:492–8. [PubMed: 20100521] 

[152]. Chaves I, Yagita K, Barnhoorn S, Okamura H, van der Horst G, Tamanini F. Functional 
evolution of the photolyase/cryptochrome protein family: importance of the C terminus of 
mammalian CRY1 for circadian core oscillator performance. Molecular and cellular biology. 
2006;26:1743–53. [PubMed: 16478995] 

[153]. Godinho SI, Maywood ES, Shaw L, Tucci V, Barnard AR, Busino L, et al. The after-
hours mutant reveals a role for Fbxl3 in determining mammalian circadian period. Science. 
2007;316:897–900. [PubMed: 17463252] 

[154]. Siepka SM, Yoo SH, Park J, Song W, Kumar V, Hu Y, et al. Circadian mutant Overtime 
reveals F-box protein FBXL3 regulation of cryptochrome and period gene expression. Cell. 
2007;129:1011–23. [PubMed: 17462724] 

Partch Page 27

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[155]. Busino L, Bassermann F, Maiolica A, Lee C, Nolan PM, Godinho SI, et al. SCFFbxl3 controls 
the oscillation of the circadian clock by directing the degradation of cryptochrome proteins. 
Science. 2007;316:900–4. [PubMed: 17463251] 

[156]. Yagita K, Tamanini F, Yasuda M, Hoeijmakers JH, van der Horst GT, Okamura H. 
Nucleocytoplasmic shuttling and mCRY-dependent inhibition of ubiquitylation of the mPER2 
clock protein. EMBO J. 2002;21:1301–14. [PubMed: 11889036] 

[157]. Hirano A, Yumimoto K, Tsunematsu R, Matsumoto M, Oyama M, Kozuka-Hata H, et al. 
FBXL21 regulates oscillation of the circadian clock through ubiquitination and stabilization of 
cryptochromes. Cell. 2013;152:1106–18. [PubMed: 23452856] 

[158]. Yoo SH, Mohawk JA, Siepka SM, Shan Y, Huh SK, Hong HK, et al. Competing E3 ubiquitin 
ligases govern circadian periodicity by degradation of CRY in nucleus and cytoplasm. Cell. 
2013;152:1091–105. [PubMed: 23452855] 

[159]. Hirano A, Braas D, Fu YH, Ptacek LJ. FAD Regulates CRYPTOCHROME Protein Stability and 
Circadian Clock in Mice. Cell Rep. 2017;19:255–66. [PubMed: 28402850] 

[160]. Hirota T, Lee JW, St John PC, Sawa M, Iwaisako K, Noguchi T, et al. Identification of small 
molecule activators of cryptochrome. Science. 2012;337:1094–7. [PubMed: 22798407] 

[161]. Lee JW, Hirota T, Kumar A, Kim NJ, Irle S, Kay SA. Development of Small-Molecule 
Cryptochrome Stabilizer Derivatives as Modulators of the Circadian Clock. ChemMedChem. 
2015;10:1489–97. [PubMed: 26174033] 

[162]. Gao P, Yoo SH, Lee KJ, Rosensweig C, Takahashi JS, Chen BP, et al. Phosphorylation of 
the cryptochrome 1 C-terminal tail regulates circadian period length. The Journal of biological 
chemistry. 2013;288:35277–86. [PubMed: 24158435] 

[163]. Liu N, Zhang EE. Phosphorylation Regulating the Ratio of Intracellular CRY1 Protein 
Determines the Circadian Period. Front Neurol. 2016;7:159. [PubMed: 27721804] 

[164]. Ode KL, Ukai H, Susaki EA, Narumi R, Matsumoto K, Hara J, et al. Knockout-Rescue 
Embryonic Stem Cell-Derived Mouse Reveals Circadian-Period Control by Quality and Quantity 
of CRY1. Molecular cell. 2017;65:176–90. [PubMed: 28017587] 

[165]. Papp SJ, Huber AL, Jordan SD, Kriebs A, Nguyen M, Moresco JJ, et al. DNA damage shifts 
circadian clock time via Hausp-dependent Cry1 stabilization. Elife. 2015;4.

[166]. Duong HA, Robles MS, Knutti D, Weitz CJ. A molecular mechanism for circadian clock 
negative feedback. Science. 2011;332:1436–9. [PubMed: 21680841] 

[167]. Etchegaray JP, Yang X, DeBruyne JP, Peters AH, Weaver DR, Jenuwein T, et al. The polycomb 
group protein EZH2 is required for mammalian circadian clock function. The Journal of 
biological chemistry. 2006;281:21209–15. [PubMed: 16717091] 

[168]. Kim JY, Kwak PB, Weitz CJ. Specificity in circadian clock feedback from targeted 
reconstitution of the NuRD corepressor. Molecular cell. 2014;56:738–48. [PubMed: 25453762] 

[169]. Padmanabhan K, Robles MS, Westerling T, Weitz CJ. Feedback regulation of transcriptional 
termination by the mammalian circadian clock PERIOD complex. Science. 2012;337:599–602. 
[PubMed: 22767893] 

[170]. Robles MS, Boyault C, Knutti D, Padmanabhan K, Weitz CJ. Identification of RACK1 and 
protein kinase Calpha as integral components of the mammalian circadian clock. Science. 
2010;327:463–6. [PubMed: 20093473] 

[171]. Tamayo AG, Duong HA, Robles MS, Mann M, Weitz CJ. Histone monoubiquitination by 
Clock-Bmal1 complex marks Per1 and Per2 genes for circadian feedback. Nat Struct Mol Biol. 
2015;22:759–66. [PubMed: 26323038] 

[172]. Michael AK, Fribourgh JL, Chelliah Y, Sandate CR, Hura GL, Schneidman-Duhovny D, et 
al. Formation of a repressive complex in the mammalian circadian clock is mediated by the 
secondary pocket of CRY1. Proceedings of the National Academy of Sciences of the United 
States of America. 2017;114:1560–5. [PubMed: 28143926] 

[173]. Fribourgh JL, Srivastava A, Sandate CR, Michael AK, Hsu PL, Rakers C, et al. Protein 
dynamics regulate distinct properties of cryptochromes in mammalian circadian rhythms. 
bioRxiv. 2019.

Partch Page 28

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[174]. Rosensweig C, Reynolds KA, Gao P, Laothamatas I, Shan Y, Ranganathan R, et al. An 
evolutionary hotspot defines functional differences between CRYPTOCHROMES. Nat Commun. 
2018;9:1138. [PubMed: 29556064] 

[175]. Czarna A, Breitkreuz H, Mahrenholz C, Arens J, Strauss H, Wolf E. Quantitative analyses 
of cryptochrome-mBMAL1 interactions: mechanistic insights into the transcriptional regulation 
of the mammalian circadian clock. The Journal of biological chemistry. 2011;286:22414–25. 
[PubMed: 21521686] 

[176]. Gustafson CL, Parsley NC, Asimgil H, Lee HW, Ahlbach C, Michael AK, et al. A Slow 
Conformational Switch in the BMAL1 Transactivation Domain Modulates Circadian Rhythms. 
Molecular cell. 2017;66:447–57 e7. [PubMed: 28506462] 

[177]. Ferreon JC, Lee CW, Arai M, Martinez-Yamout MA, Dyson HJ, Wright PE. Cooperative 
regulation of p53 by modulation of ternary complex formation with CBP/p300 and HDM2. 
Proceedings of the National Academy of Sciences of the United States of America. 
2009;106:6591–6. [PubMed: 19357310] 

[178]. Lee CW, Arai M, Martinez-Yamout MA, Dyson HJ, Wright PE. Mapping the interactions of 
the p53 transactivation domain with the KIX domain of CBP. Biochemistry. 2009;48:2115–24. 
[PubMed: 19220000] 

[179]. Lee CW, Ferreon JC, Ferreon AC, Arai M, Wright PE. Graded enhancement of p53 binding 
to CREB-binding protein (CBP) by multisite phosphorylation. Proceedings of the National 
Academy of Sciences of the United States of America. 2010;107:19290–5. [PubMed: 20962272] 

[180]. Menet JS, Abruzzi KC, Desrochers J, Rodriguez J, Rosbash M. Dynamic PER repression 
mechanisms in the Drosophila circadian clock: from on-DNA to off-DNA. Genes & 
development. 2010;24:358–67. [PubMed: 20159956] 

[181]. Ye R, Selby CP, Chiou YY, Ozkan-Dagliyan I, Gaddameedhi S, Sancar A. Dual modes of 
CLOCK:BMAL1 inhibition mediated by Cryptochrome and Period proteins in the mammalian 
circadian clock. Genes & development. 2014;28:1989–98. [PubMed: 25228643] 

[182]. Chiou YY, Yang Y, Rashid N, Ye R, Selby CP, Sancar A. Mammalian Period represses and 
de-represses transcription by displacing CLOCK-BMAL1 from promoters in a Cryptochrome-
dependent manner. Proceedings of the National Academy of Sciences of the United States of 
America. 2016;113:E6072–E9. [PubMed: 27688755] 

[183]. Vollmers C, Schmitz R, Nathanson J, Yeo G, Ecker J, Panda S. Circadian oscillations of 
protein-coding and regulatory RNAs in a highly dynamic mammalian liver epigenome. Cell 
metabolism. 2012;16:833–45. [PubMed: 23217262] 

[184]. Maywood ES, Chesham JE, Meng QJ, Nolan PM, Loudon AS, Hastings MH. Tuning the 
period of the mammalian circadian clock: additive and independent effects of CK1epsilonTau 
and Fbxl3Afh mutations on mouse circadian behavior and molecular pacemaking. The Journal of 
neuroscience : the official journal of the Society for Neuroscience. 2011;31:1539–44. [PubMed: 
21273438] 

[185]. St John PC, Hirota T, Kay SA, Doyle FJ 3rd. Spatiotemporal separation of PER and CRY 
posttranslational regulation in the mammalian circadian clock. Proceedings of the National 
Academy of Sciences of the United States of America. 2014;111:2040–5. [PubMed: 24449901] 

[186]. Anand SN, Maywood ES, Chesham JE, Joynson G, Banks GT, Hastings MH, et al. Distinct and 
separable roles for endogenous CRY1 and CRY2 within the circadian molecular clockwork of the 
suprachiasmatic nucleus, as revealed by the Fbxl3(Afh) mutation. The Journal of neuroscience : 
the official journal of the Society for Neuroscience. 2013;33:7145–53. [PubMed: 23616524] 

[187]. Stratmann M, Stadler F, Tamanini F, van der Horst GT, Ripperger JA. Flexible phase adjustment 
of circadian albumin D site-binding protein (DBP) gene expression by CRYPTOCHROME1. 
Genes & development. 2010;24:1317–28. [PubMed: 20551177] 

[188]. van der Horst G, Muijtjens M, Kobayashi K, Takano R, Kanno S, Takao M, et al. Mammalian 
Cry1 and Cry2 are essential for maintenance of circadian rhythms. Nature. 1999;398:627–30. 
[PubMed: 10217146] 

[189]. Vitaterna M, Selby C, Todo T, Niwa H, Thompson C, Fruechte E, et al. Differential regulation 
of mammalian period genes and circadian rhythmicity by cryptochromes 1 and 2. Proceedings of 
the National Academy of Sciences of the United States of America. 1999;96:12114–9. [PubMed: 
10518585] 

Partch Page 29

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[190]. Liu AC, Welsh DK, Ko CH, Tran HG, Zhang EE, Priest AA, et al. Intercellular coupling 
confers robustness against mutations in the SCN circadian clock network. Cell. 2007;129:605–
16. [PubMed: 17482552] 

[191]. Edwards MD, Brancaccio M, Chesham JE, Maywood ES, Hastings MH. Rhythmic expression 
of cryptochrome induces the circadian clock of arrhythmic suprachiasmatic nuclei through 
arginine vasopressin signaling. Proceedings of the National Academy of Sciences of the United 
States of America. 2016;113:2732–7. [PubMed: 26903624] 

[192]. Maywood ES, Elliott TS, Patton AP, Krogager TP, Chesham JE, Ernst RJ, et al. Translational 
switching of Cry1 protein expression confers reversible control of circadian behavior in 
arrhythmic Cry-deficient mice. Proceedings of the National Academy of Sciences of the United 
States of America. 2018;115:E12388-E97.

[193]. Ye R, Selby CP, Ozturk N, Annayev Y, Sancar A. Biochemical analysis of the canonical model 
for the mammalian circadian clock. The Journal of biological chemistry. 2011;286:25891–902. 
[PubMed: 21613214] 

[194]. Murakami R, Miyake A, Iwase R, Hayashi F, Uzumaki T, Ishiura M. ATPase activity and its 
temperature compensation of the cyanobacterial clock protein KaiC. Genes Cells. 2008;13:387–
95. [PubMed: 18363969] 

[195]. Isojima Y, Nakajima M, Ukai H, Fujishima H, Yamada RG, Masumoto KH, et al. CKIepsilon/
delta-dependent phosphorylation is a temperature-insensitive, period-determining process in the 
mammalian circadian clock. Proceedings of the National Academy of Sciences of the United 
States of America. 2009;106:15744–9. [PubMed: 19805222] 

[196]. Shinohara Y, Koyama YM, Ukai-Tadenuma M, Hirokawa T, Kikuchi M, Yamada RG, et 
al. Temperature-Sensitive Substrate and Product Binding Underlie Temperature-Compensated 
Phosphorylation in the Clock. Molecular cell. 2017;67:783–98 e20. [PubMed: 28886336] 

[197]. Brown S, Kowalska E, Dallmann R. (Re)inventing the circadian feedback loop. Developmental 
cell. 2012;22:477–87. [PubMed: 22421040] 

[198]. Baggs JE, Price TS, DiTacchio L, Panda S, Fitzgerald GA, Hogenesch JB. Network features of 
the mammalian circadian clock. PLoS biology. 2009;7:e52.

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

[200]. Cohen SE, Erb ML, Selimkhanov J, Dong G, Hasty J, Pogliano J, et al. Dynamic localization of 
the cyanobacterial circadian clock proteins. Current biology : CB. 2014;24:183644.

Partch Page 30

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights:

• Most clocks rely on transcriptional cycles, but some can occur post-

translationally

• Some biochemical principles may be shared by all clocks

• Clocks rely on the remodeling of core clock protein complexes throughout the 

day

• Slow biochemical or enzymatic steps are crucial for timekeeping in all clock 

types

• Clocks depend on competition for mutually exclusive binding at key 

interfaces
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Figure 1. Molecular architecture of two biological clocks
A, A canonical transcription/translation feedback loop (TTFL) incorporates a transcription 

factor as the positive element (+), which drives the expression of its repressors that act as the 

negative element (–) in the feedback loop. Delays can be incorporated into the feedback loop 

at the level of transcriptional, post-transcriptional, translational, and/or post-translational 

regulation. Ultimately, the repressors inhibit the transcription factor until their abundance or 

activity decreases, and the TTFL begins again. B, A canonical post-translational oscillator 

(PTO) is based on rhythmic changes in protein activity and/or quaternary assemblies. In the 

cyanobacterial PTO pictured here, KaiC (cyan) begins the day in the unphosphorylated state. 

Autophosphorylation is initiated on T432, stimulated by KaiA (green) binding to C-terminal 

A-loop extensions, and then proceeds to S431. Retraction of the A-loops, ring-ring stacking 

of the CI and CII domains of KaiC, and ATP hydrolysis by the CI domain lead to KaiB 

binding (orange) and sequestration of KaiA in an inactive state. This allows for complete 

autophosphorylation of KaiC to reinitiate the PTO.

Partch Page 32

J Mol Biol. Author manuscript; available in PMC 2021 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. The Kai proteins of the cyanobacterial PTO
Crystallographic structures of the three Kai proteins from Synechococcus elongatus PCC 

7942. The domain-swapped KaiA dimer is depicted with one subunit in green and one in 

dark gray (PDB: 1R8J). The KaiB tetramer (a dimer of dimers) is depicted with one core 

‘dimer’ in orange and yellow with the other in dark and light gray (PDB: 4KSO). KaiC 

has tandem ATPase domains that organize into a hexamer with the N-terminal CI domain at 

the bottom and the C-terminal CII domain at the top with the C-terminal A-loop extensions 

depicted in this structure of the pSpT phosphostate of KaiC. Subunits of the hexamer are 

alternately colored in teal and light gray (PDB: 3DVL).
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Figure 3. Kai protein interactions that drive the cyanobacterial PTO
A, During the daytime, the KaiA dimer (green/dark gray) binds a KaiC A-loop (teal) in 

the cleft between its C-terminal α-helical dimer interface (PDB: 5C5E). A flexible tether 

(dashed line) links the A-loop extension to the KaiC CII domain to stimulate nucleotide 

exchange. Subunits of the hexamer are alternately colored in teal and light gray (PDB: 

3DVL). B, KaiB is a metamorphic protein. The structure of a monomer from the tetrameric 

ground state (PDB: 4KSO) is shown in rainbow coloring from the N-terminus (blue) to the 

C-terminus (red), with the Cα of two residues (G89 and D91) depicted as spheres. In the 

fold-switched monomer state (PDB: 5JYT), these two residues end up in a solvent-exposed 

C-terminal α-helix. The secondary structure notation of ground-state (gs) and fold-switch 

(fs) is shown at the right, color-coded to match the structural representations at left. C, 

The KaiABC complex assembles in the nighttime. A crystal structure of the KaiA ΔPsR 

domain dimer (green/light gray)-KaiB (orange)-KaiC CI domain (teal) subcomplex (at right, 

PDB: 5JWR) is modeled onto the crystal structure of a KaiBC hexamer with the S431E 

phosphomimetic mutation (PDB: 5JWQ). Subunits are alternately colored in KaiB (orange 

and yellow) and KaiC (teal and light gray) to highlight individual subunits.
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Figure 4. Competition and cooperativity in the cyanobacterial PTO
A, The α5 helix of KaiA (magenta) undergoes a major conformational change to form 

an autoinhibitory complex at night in the KaiABC complex. In the daytime, the α5 helix 

links the C-terminal dimer interface to the N-terminal PsR domains when KaiA is bound 

to the KaiC CII domain A-loop (left, PDB: 5C5E). At night, the α5 helix rotates out and 

down to occupy the same binding site as the KaiC CII A-loops (right, PDB: 5JWR). B, 

KaiA competes with the PsR domain of CikA for binding onto KaiB (in the context of the 

KaiBC complex at night). Top, the PsR domain of CikA (brown) forms an intermolecular 

β-sheet with the fold-switched conformation of KaiB (orange, PDB: 5JYV). Bottom, the 

same interface is used to recruit KaiA to the KaiBC complex via the β6 linker strand of one 

subunit of the KaiA dimer (green and light gray) to the fold-switched conformation of KaiB 

(orange, PDB: 5JWR). C, The thioredoxin-like fold of the fold-switched conformer of KaiB 

(orange, PDB:5JYT)) is highly similar to that of the N-terminal domain of SasA, which 

also binds to the KaiC CI domain (slate, PDB: 1T4Y). D, A crystal structure of the KaiBC 

hexamer with the S431E phosphomimetic mutation (PDB: 5JWQ). Subunits are alternately 
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colored in KaiB (orange and yellow) and KaiC (teal and light gray) to highlight individual 

subunits. The bottom view illustrates interactions between neighboring KaiB subunits that 

likely play a role in its cooperative recruitment to KaiC. E, A real-time fluorescence 

polarization-based assay for the cyanobacterial PTO monitors time-dependent association 

of fluorescently-labeled KaiB with KaiC and KaiA (image reprinted with permission from 

[86]).
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Figure 5. Evidence for distinct DNA-bound repressive complexes in the vertebrate TTFL
A, Circadian recruitment of core clock proteins to over 1400 share genomic binding sites in 

clock-controlled genes suggests formation of at least two distinct repressive complexes, an 

early complex defined by binding of BMAL1 (blue), CLOCK (green), CRY1 (red), CRY2 

(purple), PER1 (orange) and PER2 (brown) from CT12-CT20, and a late complex defined 

by CRY1 binding to CLOCK:BMAL1 at CT0-CT4. Knockout (KO) mice were used as a 

negative control for each clock protein. Reprinted with permission from [92]. B, A cartoon 

schematic of the vertebrate TTFL depicting a model of the core clock proteins consistent 

with the ChIP-Seq data shown in panel A. The inclusion of extra, unnamed proteins (light 

and dark gray) in the nuclear repressive complexes is consistent with the observed increase 

in size from ~1 to 2 MDa in size [18].
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Figure 6. Structural basis for CLOCK:BMAL1 activation and assembly on DNA
A, A crystal structure of the CLOCK:BMAL1 bHLH-PAS heterodimer (PDB: 4F3L) 

overlaid with one of the E-box-bound bHLH domains (PDB: 4H10) illustrates how the 

bHLH and PAS domains of CLOCK (green) and BMAL1 (blue) contribute to heterodimer 

formation and DNA binding. Disordered C-terminal extensions on both CLOCK and 

BMAL1 include regions necessary for binding coactivators. In BMAL1, an acetylation 

site at K537 and the downstream TAD recruit distinct proteins needed for activation of 

gene expression. Likewise, the C-terminus of CLOCK possesses a 51-residue α-helical 

peptide encoded by Exon 19 that is required for recruitment of the histone methyltransferase 

MLL1. B, A crystal structure of the Exon 19 dimer (green and light gray) bound to the 

repressor CIPC (purple, PDB: 5VJX) suggests that regulation of Exon 19 dimerization 

and/or interactions could play a role in CLOCK:BMAL1 activity. C, A cartoon schematic 

illustrating the observation that the helical region encoded by Exon 19 is required for 

cooperative assembly of CLOCK:BMAL1 heterodimers onto tandem E-boxes.
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Figure 7. PER proteins nucleate assembly of cytoplasmic repressive complexes
A, A cartoon schematic of the core clock proteins found by mass spectrometry in 

minimal cytoplasmic assemblies purified from mouse liver. B, Domain schematic of PER1, 

illustrating domains that likely play a role in the assembly of core clock protein complexes, 

including homo- and heterodimerization by the PAS-B domain, the CK1δ-binding domain 

(CKBD), and the CRY-binding domain (CBD). C, A crystal structure of the PER2 PAS-AB 

homodimer with subunits colored in brown and light gray (PDB: 3GDI) demonstrates how 

PAS-B domains bind to one another to nucleate dimerization. D, A crystal structure of the 

CRY2 PHR domain (purple) with the PER2 CBD (brown, PDB: 4U8H)) demonstrates how 

the CBD makes extensive contacts the CC helix of the CRY2 PHR before the disordered 

C-terminal tail (dashed line). E, A crystal structure of the CRY2 PHR domain (purple) 

bound to the leucine-rich repeat domain of its E3 ubiquitin ligase FBXL3 (cyan) and the 

adapter Skp1 (light gray; PDB: 4I6J) reveals the molecular basis for competition between 

the PER2 CBD and FBXL3 for the CRY2 CC helix. FBXL3 binding to CRY2 is also 

competitive with another E3 ubiquitin ligase FBXL21 and the small molecule KL001, which 

targets the FAD-binding pocket to displace FBXL3 [160].
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Figure 8. Structural basis for repression of CLOCK:BMAL1 by CRY proteins
A, A crystal structure of the CRY1 PHR domain (gray) bound to the PER2 CBD (brown, 

PDB: 6OF7) depicts how the PER2 CBD is tightly associated with the CLOCK-binding 

site in the CRY secondary pocket (green) and the BMAL1 TAD-binding site on the CC 

helix (blue). B, A cartoon schematic of early and late repressive complexes on DNA. Top, 

the formation of complexes with CLOCK:BMAL1 is likely nucleated by CRY proteins, 

which interact directly with CLOCK and BMAL1 and can inhibit their activity directly 

by sequestration of the BMAL1 TAD from activators; however, ChIP-Seq and biochemical 

data suggest that PER-containing complexes lead to displacement of CLOCK:BMAL1 from 

DNA in a CRY-dependent manner, possibly through phosphorylation of CLOCK by the 

dedicated clock kinase CK1δ. Bottom, CRY1 binds to CLOCK:BMAL1 on DNA to form 

the late repressive complex that maintains the transcription factor in a poised and repressed 

state until it is time to begin the TTFL again.
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