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Abstract

Circadian rhythms in mammals are driven by a feedback loop in which the transcription factor 

Clock–Bmal1 activates expression of Per and Cry proteins, which together form a large nuclear 

complex (Per complex) that represses Clock–Bmal1 activity. We found that mouse Clock–Bmal1 

recruits the Ddb1–Cullin-4 ubiquitin ligase to Per, Cry, and other circadian target genes. Histone 

2B mono-ubiquitination at Per genes was rhythmic and depended on Bmal1, Ddb1, and Cullin-4a. 

Depletion of Ddb1–Cullin-4a or independent reduction of Histone 2B mono-ubiquitination caused 

defective circadian feedback and reduced the association of the Per complex with DNA-bound 

Clock–Bmal1. Clock–Bmal1 thus covalently marks Per genes for subsequent recruitment of the 

Per complex. Our results reveal a chromatin-mediated signal from the positive to the negative limb 

of the clock that provides a licensing mechanism for circadian feedback.

INTRODUCTION

Circadian clocks are endogenous oscillators with a period close to 24 hours. In mammals, 

circadian clocks are found in most, if not all, tissues1,2. These distributed clocks locally 

regulate diverse cellular processes3-5, collectively generating coherent daily rhythms of 

physiology, metabolism, and behavior6-10.

The mammalian clock is built on a conserved negative feedback loop that operates as a cell-

autonomous molecular oscillator1,2. At the core of the clock is the heterodimeric 

transcription factor Clock–Bmal1 (Bmal1 is also known as Arntl or Mop3), which acts as a 

positive element of the feedback loop by driving transcription of Period (Per) and 

Cryptochrome (Cry) genes from its E-box DNA binding sites11. The three Per and two Cry 

proteins, acting as negative elements, enter the nucleus and assemble into one or more 

protein complexes (Per complex) of >1 mDa12 that include 25-30 proteins13,14. The Per and 
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Cry proteins of the complex interact with Clock–Bmal1, leading to suppression of Clock–

Bmal1 transcriptional activity15-17. Regulated degradation of Per and Cry proteins18-20 is 

followed by re-activation21 of Clock–Bmal1 and the consequent initiation of a new 24-hour 

transcriptional cycle. Clock function is further supported by additional negative regulators of 

Clock–Bmal122-24, a coupled transcriptional loop involving nuclear receptors25,26, and post-

transcriptional processes27,28.

Recent studies indicate that two fundamental properties of the Per complex are essential to 

its role in circadian negative feedback. First, upon assembly in the nucleus, the Per complex 

incorporates pre-existing, widely-acting transcriptional repressor complexes that serve as its 

effectors. This cargo includes chromatin-modifying and nucleosome-remodeling machinery 

that inhibits transcriptional initiation, such as the Sin3 histone deacetylase complex29, Hp1γ-

Suv39h histone methyltransferase30, and the Nucleosome Remodeling and Deacetylase 

(NuRD) complex14, and it includes factors that inhibit transcriptional termination13, 

indirectly suppressing initiation. Second, the Per complex directly interacts with DNA-

bound Clock–Bmal1, thereby delivering the cargo of multiple repressors to chromatin at 

regulatory regions of Per genes and other circadian target genes13,14,29,30. The stable 

association of the Per complex with Clock–Bmal1 at its E-box binding sites thus results in 

the targeted suppression of Clock–Bmal1-dependent transcription, a defining feature of the 

oscillatory mechanism and of rhythmic control of transcriptional outputs. Our recent work 

indicates that circadian clock negative feedback at Per genes does not rely solely on the 

physical interaction of the Per complex with Clock–Bmal1. One transcriptional effector of 

the Per complex, the NuRD complex, is initially divided between the Clock–Bmal1 activator 

and the nascent Per complex; it is reconstituted as an active repressor only if the Per 

complex successfully targets DNA-bound Clock–Bmal114. Thus at least part of the circadian 

negative feedback action of the Per complex is target dependent.

Compared with circadian negative feedback, the present understanding of the positive limb 

of the clock is fragmentary and lacks a comparable conceptual framework. During the 

circadian activation phase, Clock–Bmal1 has been shown to work with a number of different 

factors acting as transcriptional co-activators, including Cbp (p300)31, Mll132, Jarid1a33, 

and Trap15021. It is not known if these factors operate within a single complex to co-

activate Clock–Bmal1 or if they work independently in different complexes or even in 

different cell-types.

With the ultimate goal of obtaining a clearer picture of Clock–Bmal1 function during the 

circadian activation phase, we initiated pilot experiments to optimize label-free quantitative 

mass spectrometry methods34 for the characterization of Bmal1 protein complexes from 

mouse tissues. A clue from these early pilot experiments led ultimately to the finding that 

the Clock–Bmal1 complex mono-ubiquitinates histones at its Per gene E-box binding sites 

during the circadian activation phase and that this modification is crucial not for 

transcriptional activation but for the subsequent binding and therefore negative feedback 

action of the Per complex. The results thus revealed an unanticipated mechanism for fidelity 

of circadian negative feedback.
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RESULTS

Clock–Bmal1 recruits Ddb1–Cul4 to circadian E-box sites

To investigate the positive limb of the circadian feedback loop, we isolated Clock–Bmal1 

nuclear complexes by E-box oligonucleotide affinity purification (Supplementary Figure 1) 

from mouse livers harvested at circadian time 6 hours (CT6), the approximate peak of 

Clock–Bmal1 binding to E-box sites21,27,28 during the circadian activation phase. Although 

the pilot purification experiments were performed on a small scale and were not intended to 

be comprehensive, analysis by quantitative, label-free mass spectrometry34 identified Clock, 

Bmal1, and the adaptor protein Wdr76 (Wd-repeat containing protein 76) as statistically 

significant and specific components of an E-box-binding Clock–Bmal1 complex (Fig. 1a 

and Supplementary Table 1). Wdr76 is known to associate with the highly-conserved Ddb1 

(DNA damage binding protein 1)–Cullin-4 (Cul4) E3 ubiquitin ligase35, which plays 

important roles in the DNA damage response35,36, targeted protein degradation37, and 

histone mono-ubiquitination36. The hint that this E3 ubiquitin ligase might be in a complex 

with Clock–Bmal1 seemed worth exploring because of prior work indicating connections 

between this pathway and the clock: Ddb1–Cul4 has been implicated in light-dependent 

turnover of Cry in the Drosophila circadian system38, Ddb1 was among positives in a large-

scale mammalian circadian RNAi screen39, and both Ddb1 and Cul4 have been linked in a 

general way to mammalian Bmal1 and clock function in an analysis of a circadian protein 

interaction network40.

We therefore immunoprecipitated Clock from liver nuclear extracts (CT6) obtained from 

wild type or Bmal1–/– mutant mice and probed for co-immunoprecipitating proteins. In both 

genotypes, Wdr76 and Ddb1 specifically co-immunoprecipitated with Clock (Fig. 1b), and 

in wild type mice Ddb1 specifically co-immunoprecipitated with Bmal1 (Supplementary 

Figure 2a); together the results indicate that Ddb1 associates with the Clock–Bmal1 

heterodimer by virtue of a direct or indirect interaction with Clock. Similar results were 

obtained with lung nuclear extracts (Supplementary Figure 2b), suggesting that Wdr76 and 

Ddb1 are common or universal constituents of Clock–Bmal1 complexes. Although Ddb1 

showed a constitutive steady-state abundance across the circadian cycle, its association with 

Clock–Bmal1 showed a circadian rhythm that peaked early in the circadian transcriptional 

activation phase, approximately CT0-4 (Fig. 1c).

To determine if the Ddb1–Cul4 ubiquitin ligase is associated with DNA-bound Clock–

Bmal1, we performed chromatin immunoprecipitation (ChIP) assays on chromatin from 

mouse livers obtained at CT6. We found that Ddb1 and Cul4 associated with E-box sites of 

the Per1 and Per2 genes and that this association was dependent on Bmal1 (Fig. 2a,b). ChIP 

assays performed on samples from across the circadian cycle showed that Ddb1 exhibits a 

circadian rhythm at Per1 and Per2 gene E-box sites (Fig. 2c), with peak occupancy around 

the time of maximal Clock–Bmal1–Ddb1 interaction and an overall temporal profile similar 

to the E-box binding cycle of Clock and Bmal121,27,28. Together these results indicate that 

Clock–Bmal1 interacts with the Ddb1–Cul4 ubiquitin ligase and recruits it to E-box sites of 

the Per1 and Per2 genes.
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In addition, we obtained livers at CT6 from wild type and Bmal1–/– mutants, prepared 

chromatin, and performed ChIP-seq experiments to determine if Ddb1 is commonly co-

recruited to Clock–Bmal1 binding sites and to other transcriptional activator sites throughout 

the genome. To identify secure Clock–Bmal1 binding sites for the analysis, we required that 

our top sites for Clock and Bmal1 occupancy agree with those from two other mouse liver 

ChIP-seq studies of Clock–Bmal1 binding sites27,28 and, additionally, that the signals be lost 

in our Bmal1–/– dataset (see Online Methods). This procedure generated a set of 78 validated 

Clock–Bmal1 sites common to three laboratories (Supplementary Table 2), of which 89% 

included a canonical E-box. We found that 46 of these sites were positive for Ddb1 

occupancy (examples in Fig. 3a,b), likely an underestimate because the criteria for 

occupancy were restrictive.

For comparison, we monitored Ddb1 occupancy at sites for Creb-binding protein (Cbp), a 

general co-activator that marks the binding sites of many transcriptional activators. At 85 

Cbp sites in mouse liver28 that were not also Clock–Bmal1 sites (Online Methods and 

Supplementary Table 3), we found that only 3 were positive for Ddb1; the difference in 

Ddb1 association between Clock–Bmal1 sites and Cbp sites was highly significant (Fig. 3c). 

Ddb1 recruitment is thus a common feature of Clock–Bmal1 action across the genome but 

appears uncommon among other transcriptional activators.

Unexpected role of Ddb1–Cul4 in circadian negative feedback

Because of its recruitment to Per genes, we examined a possible role for Ddb1–Cul4 in the 

core clock mechanism by introducing small interfering RNAs (siRNAs) to deplete Ddb1, 

Cul4a, or Bmal1 from cultured Bli23 circadian reporter fibroblasts (Fig. 4a). We then 

monitored real-time circadian rhythms of bioluminescence and the steady-state pre-mRNA 

level, a close correlate of transcription rate, of several Clock–Bmal1 circadian target genes 

and arbitrary control genes. Depletion of either Ddb1 or Cul4a produced the same 

phenotype, a significant shortening of circadian period length (Fig. 4a,b), as previously 

noted40. In both cases the short-period phenotype was accompanied by a substantial and 

specific increase in the transcription of Clock–Bmal1 target genes (Fig. 4c). In each case, the 

phenotype was reproduced by at least one additional, non-overlapping siRNA. Thus Ddb1 

and Cul4a are important factors in the transcriptional operation of the clock. Depletion of 

Ddb1 had no detectable effect on the steady-state levels of Clock, Bmal1, or Cry1 (Fig. 4d), 

indicating that the period length and transcriptional phenotypes are unlikely to reflect a role 

for Ddb1–Cul4 in the turnover of the clock proteins. Depletion of the adaptor protein Wdr76 

produced a marked decrease in the steady-state level of Clock and a corresponding long-

period39,41 circadian phenotype (Supplementary Figure 3); the requirement of Wdr76 for 

Clock protein stability or expression thus precluded a detailed analysis of its likely role in 

the recruitment of Ddb1–Cul4. In contrast to Ddb1 or Cul4a, depletion of Bmal1 produced 

the expected39,41 long-period, low-amplitude circadian phenotype (Fig. 4a) and a marked 

decrease in Clock–Bmal1 target gene transcription (Fig. 4c). Even though Ddb1–Cul4 is 

recruited by Clock–Bmal1 to E-box sites during the transcriptional activation phase, the dual 

phenotype of shortened period length and increased target gene transcription is typical not of 

a Clock–Bmal1 co-activator but rather of a factor important for circadian negative feedback 

repression13,29,30. These results indicate that Ddb1–Cul4 unexpectedly acts somehow as a 
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negative regulator of Clock–Bmal1 activity. The phenotypes are consistent with a role in 

promoting the negative feedback action of the Per complex.

Ddb1–Cul4 promotes H2B mono-ubiquitination at E-box sites

Since a role in regulated Clock–Bmal1 turnover seemed unlikely, we next examined whether 

the recruitment of a Ddb1–Cul4 complex by Clock–Bmal1 to Per E-box sites promotes local 

mono-ubiquitination of histones, which are known mono-ubiquitination substrates for 

Ddb1–Cul4 in vitro36. In ChIP assays with the available antibodies, we detected specific 

signals at Per gene E-box sites for mono-ubiquitinated H2B (at Lysine 120; H2B–Ub) but 

none for mono-ubiquitinated H2A, suggesting that this antibody is problematic for ChIP. To 

determine whether the local H2B–Ub depended upon functional Clock–Bmal1 complexes 

(as does recruitment of Ddb1–Cul4 to the sites, Fig. 2a), we compared H2B and H2B–Ub at 

the Per E-box sites in chromatin from livers of wild type and Bmal1–/– mutant mice. We 

found that total H2B at Per1 and Per2 gene E-box sites (CT6) was comparable in wild type 

and Bmal1–/– mice, but H2B–Ub was substantially reduced at both sites in the Bmal1–/– 

mutants (Fig. 5a). In wild type mice, H2B–Ub at both Per1 and Per2 E-box sites showed a 

circadian oscillation (Fig. 5b), peaking in the activation phase shortly after the peak of the 

interaction of Ddb1 with Clock–Bmal1 and its association with the E-box (as shown in Figs. 

1 and 2). We found a similar circadian oscillation of H2B–Ub at an E-box site of the Dbp 

gene (Supplementary Figure 4), a well-known circadian target of Clock–Bmal142.

Similar to the finding in Bmal1–/– mice, depletion of Ddb1 or Cul4a from unsynchronized 

mouse fibroblasts caused a reduction of mean levels of H2B–Ub at Per1 and Per2 gene E-

box sites, but it had no detectable effect on H2B–Ub at the promoter of an irrelevant control 

gene (Fig. 5c). Compared with the Per1 E-box site, depletion of Ddb1 had little evident 

effect on H2B–Ub at arbitrary sites within the body of the Per1 gene (Fig. 5d). Together 

these results indicate that the recruitment of Ddb1–Cul4 by Clock–Bmal1 to Per1 and Per2 

gene E-box sites promotes local mono-ubiquitination of H2B (and possibly other histones). 

The residual H2B–Ub observed in the absence of Bmal1 or after depletion of Ddb1–Cul4 

suggests that other factors, such as global histone ubiquitin ligases43,44, generate a baseline 

level of H2B–Ub at the sites. The circadian rhythm of H2B–Ub at E-box sites implies the 

action of at least one opposing histone de-ubiquitinase.

Independent reduction of H2B–Ub phenocopies Ddb1–Cul4a

Is the histone mono-ubiquitination activity of Ddb1–Cul4 associated with Clock–Bmal1 the 

basis for the circadian phenotypes of Ddb1 and Cul4a, or do the phenotypes reflect some 

other function of Ddb1–Cul4? To answer this question, we used depletion of Rnf20, a global 

E3 ligase for H2B mono-ubiquitination43,44, as a method for independently reducing H2B–

Ub at E-box site (as well as other sites). Rnf20 is unrelated to Ddb1–Cul4, is specific for 

H2B44 (as opposed to other histones), and is not implicated in circadian clock function. As 

would be expected, we found no detectable interaction between Rnf20 and Clock or Bmal1 

(Supplementary Figure 2a), nor did we detect stable recruitment of Rnf20 to Per gene E-box 

sites (Supplementary Figure 4b).
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As expected from its global action, depletion of Rnf20 from circadian reporter fibroblasts 

(Fig. 6a) reduced total H2B–Ub (Fig. 6b), whereas depletion of Ddb1 had no detectable 

effect on total H2B–Ub (Fig. 6b), as previously noted36. Depletion of Rnf20 substantially 

reduced H2B–Ub at Per1 and Per2 E-box sites; it also reduced H2B–Ub at sites within the 

Per1 gene (Fig. 6c), also as would be expected from its global action.

If the circadian phenotypes of Ddb1 and Cul4a reflect their targeted H2B mono-

ubiquitination activity, rather than some other function, then depletion of Rnf20 should 

produce the same circadian phenotypes because loss of Rnf20 reduces H2B–Ub at E-box 

sites, even though Rnf20 is not part of the Ddb1–Cul4 pathway and has no apparent link to 

the clock mechanism. As with Ddb1 and Cul4, depletion of Rnf20 caused a significant 

shortening of circadian period length (Fig. 6d,e), and it produced a robust increase in Clock–

Bmal1 target gene transcription without detectably effecting the transcription of irrelevant 

control genes (Fig. 6f). Thus independent reduction of H2B–Ub closely mimicked the dual 

circadian phenotypes, indicating that H2B mono-ubiquitination, and not the ubiquitination 

of other protein substrates or even other histones, is the activity of Ddb1–Cul4 that is 

relevant for its function in the clock.

H2B–Ub promotes binding of the Per complex at Per E-box sites

How might Clock–Bmal1-dependent histone mono-ubiquitination during the activation 

phase promote repression of Clock–Bmal1 activity? One possible explanation for this 

finding is that histone mono-ubiquitination by the Clock–Bmal1 complex is important for 

the subsequent interaction of the Per complex with Clock–Bmal1 and adjacent chromatin. 

To test this hypothesis, we depleted Ddb1 from unsynchronized fibroblasts and performed 

ChIP assays to monitor the mean binding of Clock–Bmal1 to Per gene E-box sites and the 

association of the Per complex with Clock–Bmal1 at those sites. Depletion of Ddb1 

produced a substantial increase in the binding of Clock and Bmal1 to Per1 (Fig. 7a) and 

Per2 (Supplementary Figure 5a) E-box sites; the same results were observed after depletion 

of Rnf20 (Fig. 7b and Supplementary Figure 5b). Despite the large increase in Clock–Bmal1 

occupancy, depletion of Ddb1 caused at the same time a marked reduction in the Per 

complex associated with Clock–Bmal1 (as monitored by core proteins Per2 and Cry1 and 

effector protein Hdac1) at Per1 and Per2 E-box sites (Fig. 7c and Supplementary Figure 5c, 

respectively). A similar large reduction in the Per complex associated with Clock–Bmal1 at 

the E-box sites was observed after depletion of Rnf20 (Fig. 7d and Supplementary Figure 

5d), indicating that it is the histone mono-ubiquitination activity of Ddb1–Cul4, and not 

some other function, that promotes the stable association of the Per complex with E-box-

bound Clock–Bmal1. These results indicate that the Clock–Bmal1 complex, by virtue of its 

constituent Ddb1–Cul4 histone ubiquitin ligase, covalently modifies the chromatin of Per 

genes so as 1) to decrease its own affinity for the E-box site and 2) to promote the stable 

binding and therefore the negative feedback action of the Per complex.

DISCUSSION

The results described here reveal that Clock–Bmal1 marks Per genes for subsequent 

feedback repression. The findings provide an example of active communication from the 
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positive to the negative limb of the clock and provide a mechanism for fidelity of circadian 

clock transcriptional feedback different from that we previously described14. Our work 

supports a model in which the DNA-bound Clock–Bmal1 complex includes the Ddb1–Cul4 

ubiquitin ligase, which mono-ubiquitinates H2B and possibly other histones on neighboring 

nucleosomes. This enzymatic action is crucial for the subsequent stable interaction of the 

Per complex with DNA-bound Clock–Bmal1 at Per genes. We postulate that this 

accumulation of H2B–Ub at Per E-box sites creates a chromatin structure favoring a stable 

interaction of the Per complex with both DNA-bound Clock–Bmal1 and adjacent chromatin; 

non-specific effector proteins in the Per complex can then modify the chromatin so as to 

repress transcription29,30 (Fig. 8). The negative feedback action of the Per complex at Per 

genes thus requires molecular recognition of two independent signals at the same site, a 

specific protein interaction interface on DNA-bound Clock–Bmal1 and a high level of H2B–

Ub on adjacent chromatin. This “coincidence detection” feature of the feedback loop likely 

acts as a safeguard, licensing Per genes for negative feedback action. Our evidence that 

recruitment of Ddb1 to E-box sites is a common feature of Clock–Bmal1 action suggests 

that the dual signal requirement might also operate outside the core feedback loop, perhaps 

restricting the opportunities for off-target repression of non-circadian genes by the Per 

complex—as our data shows, other transcriptional activators are unlikely to recruit Ddb1–

Cul4, and non-target sites with high H2B mono-ubiquitination would lack bound Clock–

Bmal1.

Unlike other histone post-translational modifications, such as acetylation, phosphorylation, 

or methylation, mono-ubiquitination of H2B introduces a moiety nearly as large as the 

histone itself, changing the physical properties of chromatin and altering transcription, 

nucleosome dynamics, and chromatin compaction45,46. Studies manipulating global H2B E3 

ubiquitin ligases, such Rnf20 and Rnf40, have shown that H2B–Ub can be associated with 

either transcriptional activation or repression, depending on the specific gene or the location 

of H2B–Ub in relation to gene structure46. In addition to the global factors, several E3 

ubiquitin ligases that are likely to be selective regulators have been linked to H2B mono-

ubiquitination, including Brca147 and Mdm248.

At least some of the transcriptional effects of H2B mono-ubiquitination are thought to result 

from trans-histone crosstalk between H2B–Ub and Histone 3 methylation or other histone 

marks, although a consensus has not yet emerged regarding the underlying 

mechanisms45,46,49. Accumulating evidence also suggests that at least some of the 

transcriptional effects of H2B mono-ubiquitination result not from direct physical effects on 

chromatin structure, as initially conceived, but rather from the recruitment of specific H2B–

Ub “reader” proteins that regulate transcription46.

Our findings suggest that at least one component of the Per complex acts as a specific H2B–

Ub reader, recognizing either H2B–Ub itself or some feature of an altered chromatin 

conformation resulting from the presence of H2B–Ub. Unlike the H2B–Ub reader proteins 

identified in a recent affinity screen50, we envision that the Per complex acts as a weak 

H2B–Ub reader, with an affinity inadequate for stable interaction with H2B–Ub-enriched 

chromatin without additional binding energy from an interaction with DNA-bound Clock–

Bmal1.
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H2B–Ub appears to act in the mammalian circadian clock as a selective, dynamically-

regulated signal for specificity superimposed on a baseline of globally-regulated H2B–Ub. 

Ddb1 and Cul4, components of the relevant E3 ubiquitin ligase, and H2B–Ub itself are 

highly conserved, present in animals43, yeast51, and plants52. A recent study in Arabidopsis 

found that genetic disruption of H2B mono-ubiquitination most severely affected the 

transcription of dynamically-regulated loci, including light-induced genes and cyclically-

transcribed circadian clock genes53. H2B mono-ubiquitination thus appears to be a genomic 

regulatory mechanism with an ancient connection to the dynamic regulation of transcription.

ONLINE METHODS

Mice and tissue collection

Mice (C57BL/6; 12-15 weeks of age; both sexes) on a standard diet (Pico Lab rodent diet 

5053) were entrained to a 12-12-h light-dark cycle for at least 2 weeks and then transferred 

to constant darkness. Euthanasia was performed under infrared light, and tissues were 

collected under room light and frozen immediately in liquid nitrogen. All animal procedures 

were performed in accordance with the protocol approved by the Harvard Medical School 

Standing Committee on Animals.

Isolation of nuclei and preparation of nuclear extracts

Nuclei were isolated from mouse liver or lung as described56,57 with a few modifications. 

Briefly, homogenized tissue was incubated in ice-cold hypotonic buffer (10 mM HEPES, 7.9 

pH, 10 mM KCl, 1.5 mM MgCl2, 1mM DTT, EDTA free protease inhibitors from Roche 

and phosphatase inhibitors from Sigma) for 10 min prior to lysis by Dounce. Nuclei were 

spun down and washed with isotonic buffer (10 mM HEPES, 7.9 pH, 150 mM NaCl, 1.5 

mM MgCl2, 1mM DTT, protease inhibitors and phosphatase inhibitors). Nuclei were lysed 

with either hypertonic buffer (10 mM Tris-HCl, 7.4 pH, 400 mM NaCl, 1.5 mM MgCl2, 

1mM DTT, 10% glycerol, protease inhibitors and phosphatase inhibitors) or detergent lysis 

buffer (100 mM Tris-HCl, 7.4 pH, 0.5% Igepal-CA 630 from Sigma, 150 mM NaCl, 1.5 

mM MgCl2, 1mM DTT, 10% glycerol, protease inhibitors and phosphatase inhibitors). After 

incubation for 30 min on ice, insoluble material was removed by centrifugation at 21,000 x g 

for 10 minutes at 4°C. Nuclear extract was diluted to ~150 mM NaCl (final concentration) 

by addition of dilution buffer (10 mM Tris-HCl, 7.4 pH, 1.5 mM MgCl2, 1mM DTT, 10% 

glycerol, protease inhibitors and phosphatase inhibitors).

DNA Affinity Precipitation

Sense and anti-sense biotin-labeled single stranded DNA oligonucleotides containing either 

wild type or scrambled E-box sequences (see below) were heated to 98° C for 10min and 

allowed to anneal in Annealing Buffer (10 mM Tris-HCl, 50 mM NaCl, 1.5 mM MgCl2, 

0.01% Tween-20) for at least 1 hour at room temperature. Fifty microliters of streptavidin 

conjugated magnetic beads (M270, Life Technologies) were incubated with 4 μM double 

stranded DNA for at least 20 minutes at room temperature to bind DNA to beads. The 

magnetic beads with conjugated DNA were then washed three times with annealing buffer, 

and incubated with roughly 2.5 mg of liver nuclear extract for at least 1 hour at 4° C. Beads 

were then washed at least three times for 5 minutes in Wash Buffer (10 mM Tris-HCl, 300 
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mM NaCl, 1.5 mM MgCl2, 1 mM DTT, 0.1% Igepal CA 630, protease inhibitors and 

phosphatase inhibitors). All proteins were eluted from beads by incubation with SDS-PAGE 

loading buffer at 98° C for 5 minutes. All experiments were performed in quadruplicate or 

quintuplicate.

DNA Affinity Precipitation Oligonucleotides

Widtype E-boxes

Sense: Biotin-5’-

CAGTATTTAGCCACGTGACAGTGTAAGCACACGTGGGCCCTCA 

AGTCCACGTGCAGGGA-3’

Anti-sense: 

TCCCTGCACGTGGACTTGAGGGCCCACGTGTGCTTACACTGTCACGTGG 

CTAAATACTG -3’

Mutated E-boxes

Sense: Biotin-5’-

CAGTATTTAGCCTGAGCACAGTGTAAGCACTGAGCGGCCCTCA 

AGTCCTGAGCCAGGGA-3’

Anti-sense: 5-

TCCCTGGCTCAGGACTTGAGGGCCGCTCAGTGCTTACACTGTGC 

TCAGGCTAAATACTG -3’

LC-MS/MS Analysis

Samples from each oligonucleotide affinity-purification were separated by 1D gel 

electrophoresis followed by LC-MS/MS analysis of two fractions as previously described58. 

Briefly, peptides were desalted on StageTips and analysed on a nanoflow HPLC system 

(Thermo Fisher Scientific) connected to a hybrid LTQ-Orbitrap XL (Thermo Fisher 

Scientific), equipped with a nanoelectrospray ion source (Thermo Fisher Scientific). 

Peptides were separated by reversed phase chromatography using in-house-made C18 

microcolumns with a diameter of 75 μm packed with ReproSil-Pur C18-AQ 3-μm resin (Dr. 

Maisch GmbH, Ammerbuch-Entringen, Germany) in 4 hours LC gradient from 3% to 75% 

acetonitrile in 0.5% acetic acid and directly electrosprayed into the mass spectrometer. The 

LTQ-Orbitrap XL was operated with a Top10 MS/MS spectra acquisition method in the 

linear ion trap per MS full scan.

MS spectrum and data analysis

Raw MS files were processed with MaxQuant59, a freely available software suite (http://

www.maxquant.org). Peak list files were searched by the ANDROMEDA engine, 

incorporated into the MaxQuant framework60, against the decoy UniProt database 

containing forward and reverse sequences. Initial maximum precursor and fragment mass 

deviations were set to 7 ppm and 0.5 Da, respectively, but MaxQuant achieved sub-ppm 

mass accuracy for the majority of peptide precursors. The search included variable 

modifications for oxidation of methionine, protein N-terminal acetylation and 
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carbamidomethylation. Peptides with at least seven amino acids were considered for 

identification, specifying as enzyme trypsin allowing N-terminal cleavage to proline. The 

false discovery rate, determined by searching a reverse database, was set at 0.01 for both 

peptides and proteins. Identification across different replicates and adjacent fractions was 

achieved by enabling matching between runs option in MaxQuant within a time window of 

2 minutes. Protein quantification was done using the label-free quantification algorithm 

within the MaxQuant software suite59,60 . Only proteins identified with at least two unique 

peptides and two quantification events were considered.

Immunoblotting

Extracts were resolved by SDS–PAGE (BioRad) and blotted onto PVDF (Millipore) by wet 

transfer. The buffer was PBS-0.05% Tween-20 with or without 5 mg/ml skim milk (EMD). 

In cases where proteins were detected after immunoprecipitation, the secondary antibody 

used was Clean-Blot IP Detection Reagent (Pierce). Signals were detected by enhanced 

chemiluminescence (G.E.).

Co-immunoprecipitation

Co-immunoprecipitation was performed as described with a minor modifications23. Briefly, 

magnetic beads conjugated to Protein A/G (Life Technologies) were incubated with primary 

antibody, and then incubated with protein extracts at 4° C. Protein complexes were eluted 

from beads with 0.2 M Glycine, pH 2.5.

Chromatin immunoprecipitation and quantitative RT-PCR

ChIP and RT-qPCR were performed as described7,30.

ChIP-seq

DNA from ChiP experiments was sequenced and aligned by the Center for Cancer 

Computational Biology at the Dana-Farber Cancer Institute. Genome aligned (Bowtie61) 

sequence reads were viewed using the Inetgrated Genome Viewer (IGV) software55. Briefly, 

to measure depth and breadth of mouse genome (mm9) aligned sequence reads mapping to 

published Clock, Bmal1, and binding sites27,28 we used the coverageBed software of the 

BEDTools suite62 located on the Harvard Medical school Orchestra computing cluster. 

Enrichment of Clock or Bmal1 protein at a specific genomic site was considered positive if 

at least 10 reads could be detected, if the fold enrichment over IgG control was 2 or greater 

(normalized to total reads) and if the fold enrichment over Bmal1–/– mutant control was 3 or 

greater. Of these secure Clock–Bmal1 binding sites, Ddb1 was considered enriched if at 

least 10 counts could be detected and if the fold enrichment over IgG was 2 or greater 

(normalized to total reads). The signal was considered Bmal1-dependent if fold enrichment 

over the Bmal1–/– mutant control was 3 or greater.

siRNAs and real-time monitoring of circadian oscillations

Bli cells23 (generated in this laboratory; not tested for mycopolasma) were plated at 250,000 

cells/well in 6-well tissue culture plates. Transfections were performed using 90 pmol 

siRNA (Life Technoogies) per well in RNAi Max lipofectamine (Life Technologies). For 

Tamayo et al. Page 10

Nat Struct Mol Biol. Author manuscript; available in PMC 2015 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analysis of clock gene transcription, unsynchronized cells were collected 48-72 h after 

transfection for determining silencing efficiency by Western Blot and RNA extraction as 

described7,29. In our experience, the most robust results for pre-mRNA analysis are obtained 

when performing the experiment in unsynchronized cells, in which all circadian phases are 

sampled simultaneously. This method results in a loss of sensitivity (i.e., only some of the 

cells are at a phase appropriate for detection of a difference in a given pre-mRNA), but it 

more than compensates by avoiding the need for precise sampling of the same phases from 

different cultures, particularly problematic (and liable to false-positive results) if depletion 

of the protein alters the circadian period compared with controls. The pre-mRNA assay in 

unsynchronized cells represents an average value for expression over the entire circadian 

cycle.

For real-time bioluminescence circadian reporter assays, transfected cells were synchronized 

and analyzed as described23. siRNA’s were purchased from Life Technologies: Control- 

4390843; Wdr76- s10958; Ddb1- s64879; Cul4a- s97421; Rnf20- s99518; Bmal1- s62620. 

Non-overlapping siRNAs that confirmed the phenotypes: Ddb1- s64880; Cul4a- s97422; 

Rnf20- s99519).

Antibodies

For the antibodies below, data validating their use in mice can be found on the 

manufacturers’ websites, except for those marked by citation of a reference providing the 

validation data. For western blots (WB), antibodies were diluted according to the supplier’s 

instructions, except for those with dilutions indicated below. The following antibodies and 

control IgGs were obtained from the indicated suppliers: Abcam - anti-Clock (ab3517: ChIP, 

IP, WB); anti-Bmal1 (ab3350: ChIP, IP); anti-Bmal1 (Weitz Lab: ChIP, WB); anti-Hdac1 

(ab7028: ChIP); anti-Ddb1 (ab109027: ChIP, WB); anti-Cul4a (ab72548: ChIP, WB); anti-

U2AF65 (ab37530: WB); anti-Wdr76 (ab108149: WB); anti-Rnf20 (ab32629: WB); anti-

beta-Actin (ab6276: WB); anti-Map3k4 (ab186125: WB); anti-Cry1 (ab104736: WB); ADI- 

anti-PER2 (PER21-A: ChIP)63; anti-CRY1 (CRY11-A: ChIP)64; Cell Signaling - mouse 

IgG1 (G3A1: ChIP, IP); anti-H2B–Ub (5546: ChIP, WB); Sigma-Aldrich rabbit IgG (I5006: 

ChIP, IP); Bethyl- anti-Clock (A302-618A5: WB); Millipore - normal mouse IgG (12-371: 

ChIP, IP); normal rabbit IgG (PP64: ChIP, IP); GE Healthcare - rabbit or mouse HRP-

conjugated secondary antibodies.

siRNAs

Control siRNA

Forward: 5’-rArArUrUrCrUrCrCrGrArArArCrGrUrGrUrCrGtt-3’

Reverse: 5’-rUrUrCrGrArCrArCrGrUrUrUrCrGrGrArGrArAga-3’

Wdr76 siRNA:

Forward: 5’-CrGrUrGrGrArUrGrCrUrUrArUrArCrUrGrArAtt-3’

Reverse: 5’-rUrUrCrArGrUrArUrArArGrCrArUrCrCrArCrGga-3’

Ddb1 siRNA:
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Forward: 5’-rGrCrCrUrGrUrArUrCrUrUrGrGrArGrUrArUrAtt-3’

Reverse: 5’-rUrArUrArCrUrCrCrArArGrArUrArCrArGrGrCrAat-3’

Rnf20 siRNA:

Forward: 5’-rGrUrGrGrArUrCrUrCrUrUrArUrCrCrCrGrGrAtt-3’

Reverse: 5’-rUrCrCrGrGrGrArUrArArGrArGrArUrCrCrArCtt-3’

Cul4a siRNA:

Forward: 5’-rGrCrArCrGrUrGrGrArCrUrCrArArArGrUrUrAtt-3’

Reverse: 5’-rUrArArCrUrUrUrGrArGrUrCrCrArCrGrUrGrCtt-3’

Bmal1 siRNA:

Forward: 5’-rGrCrArUrCrGrArUrArUrGrArUrArGrArUrArAtt-3’

Reverse: 5’-rUrUrArUrCrUrArUrCrArUrArUrCrGrArUrGrCct-3’

Quantitative RT-PCR primers

Per1 pre-mRNA :

Forward: 5’-ATTCTGAGGGTGTATCTGCCGCTT-3’

Reverse: 5’-TAAGGAATCACCACACCACCACCA-3’

Per2 pre-mRNA :

Forward: 5’-CCAAGTGACGGGCCGAGCAA-3’

Reverse: 5’-CCGAGCCGCCGGTTACGTAA-3’

Lrwd1 pre-mRNA:

Forward: 5’-AGGGAAGATGGGCCACAGAAATGA-3’

Reverse: 5’-GGAATGGGCACAATCAAAGCGTGA-3’

Cyc1 pre-mRNA:

Forward: 5’-AGCATTCTCCATTTGCCCTCCAGA-3’

Reverse: 5’-TCTGAATGAACGCCCATGTCTTCC-3’

Ddah2 pre-mRNA:

Forward: 5’-AAGGTTGATGGAGTGCGTAAAGCC-3’

Reverse: 5’-AGTCTCCCAAACTCTGCTTCCCTT-3’

Gdi2 pre-mRNA:

Forward: 5’-AGCATTCTCCATTTGCCCTCCAGA-3’

Reverse: 5’-TCTGAATGAACGCCCATGTCTTCC-3’
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ChIP quantitative PCR primers

Per1 Promoter:

Forward: 5’-ATCCTGATCGCATTGGCTGACTGA-3’

Reverse: 5’-TCTCTTCCTGGCATCTGATTGGCT-3’

Per1-C1:

Forward: 5’-AGCCAGGACCCAGAAAGAACTCAT-3’

Reverse: 5’-AACTCACTCACCCTGAACCTGCTT-3’

Per1-C2:

Forward: 5’-TCCCATTGTGAGTTAGGCAGAGCA-3’

Reverse: 5’-AGCCAGAGAAGGGCACAGTTACAT-3’

Per2 Promoter:

Forward: 5’-AAGAGCGCGCAGCATCTTCATT-3’

Reverse: 5’-ATTGGTCGGAGTGCCACCTCATTT-3’

Gdi2 Promoter:

Forward: 5’-TTACAGGCAAGCTGGGCCTTAGTT-3’

Reverse: 5’-TTATCTGCGAGAGACAACGCCACA-3’

Sample size and conditions

Sample sizes were not predetermined by statistical methods, and experiments were not 

randomized or conducted blind to conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Identification of Wdr76 and Ddb1 in a Clock–Bmal1 complex. (a) Volcano plot54 showing 

results of a modified t-test analysis of label-free mass spectrometry data comparing E-box 

and control oligonucleotide affinity purification from livers of wild type and Bmal1 mice 

(see Supplementary Figure 1). Open gray rectangles represent proteins detected, closed 

purple circles with accompanying names represent proteins significantly associated with the 

E-box sequence (FDR < 0.05, one tailed t-test of E-box vs. mutated E-box, n = 5 biological 

replicates), and the gray oval encompasses the three proteins significantly dependent on both 

the E-box sequence and the presence of Bmal1 (FDR < 0.05, one-tailed t-test of wild type 

vs. Bmal1–/–, n = 5 biological replicates). (b) Immunoblots of liver nuclear extract (CT6) 

from wild type or Bmal1–/– mice (Input) and immunoprecipitates (IP) from the extract 

(antibodies at top) probed with the antibodies indicated at right. Map3K4 (mitogen-activated 

protein kinase kinase kinase-4) served as negative control, and IgG–heavy chain (HC) 

served as positive control for immunoprecipitation (see Supplementary Figure 2). (c) 

Immunoblots of mouse liver nuclear extracts obtained across a circadian cycle (Input) and 

Clock immunoprecipitates from the extracts probed with the antibodies indicated at right. 

U2af65 (65-kD subunit of U2 small nuclear ribonucleoprotein particle auxiliary factor), 

negative control; IgG–HC, positive control. Uncropped images are presented in 

Supplementary Data Set 1.
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Figure 2. 
Clock–Bmal1 recruits the E3 ubiquitin ligase Ddb1–Cul4 to circadian E-box sites. (a) ChIP 

assays showing Ddb1 or parallel IgG control from liver nuclear extracts (CT6) of wild type 

or Bmal1–/– mice at Per1 (left) and Per2 (right) gene E-box sites. (b) ChIP assays as in (a) 

showing Cul4a/b (the antibody does not distinguish the isoforms) or parallel IgG control at 

Per1 and Per2 gene E-box sites. (c) ChIP assays from wild type mouse livers across a 

circadian cycle (bottom) performed with Ddb1 antibody for the sites indicated at top. ChIP 

data are displayed as mean +/- SD of triplicate experiment; representative of three 

independent experiments.
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Figure 3. 
Clock–Bmal1 recruits Ddb1–Cul4 to many circadian target genes. (a) Six examples of ChIP-

seq data alignments (Integrative Genome Viewer55) for Clock, Bmal1, and Ddb1 occupancy 

(as indicated) at validated Clock–Bmal1 E-box binding sites in wild type mouse liver (CT6). 

ChIP-Seq for IgG served as a negative control. Tick marks correspond to sequence reads 

along the length of the gene. Closed arrowheads, site of canonical E-box; open arrowhead, 

site of non-canonical E-box. Scale bars at lower left of each panel: vertical = 25 reads; 

horizontal = 500 bp. (b) Corresponding examples from identical experiment performed with 

liver chromatin from Bmal1–/– mice, displayed as in (a). Coordinates of genomic regions 

displayed: Per1, chr11:68906486-68910610; Per2, chr1:93354281-93357619; Nr1d1, 

chr11:98642602-98646726; Cry2, chr2:92272900-92275638; Gm129, 

chr3:95685093-95687497; AK036974, chr5:149805686-149807984. Total reads in (a) and 

(b), respectively: Clock, 16,103,538 and 22,043,586; Bmal1, 26,372,784 and 21,140,374; 

Ddb1, 15,984,254 and 19,760,087; IgG, 13,702,153 and 21,501,883. (c) Diagram showing 

relationship of data displayed in panels (a) and (b) to the structures of the relevant genes. 

Scale bar at top left. Thin boxes, untranslated regions; thick boxes, exons. Arrows denote 

start site and direction of transcription. Gray rectangles indicate relative positions of view 

shown in (a) and (b). (d) Summary of genome-wide ChIP-seq data comparing recruitment of 

Ddb1 to Clock–Bmal1 binding sites (C–B) and CBP binding sites, which correspond to the 

sites of many transcriptional activators. P-value was determined by Fisher’s exact test from 

a 2 × 2 contingency table (see Online Methods).
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Figure 4. 
Ddb1 and Cul4a play a role in circadian clock feedback repression. (a) Left panels: western 

blots showing the effect of indicated siRNA or scrambled control siRNA on the steady-state 

abundance of the corresponding endogenous protein in cultured circadian reporter Bli 

fibroblasts. β-Actin, loading control. Right panels: circadian oscillations of bioluminescence 

in synchronized reporter fibroblasts after delivery of control siRNA (black) or indicated 

specific siRNA (red). Traces from three independent cultures are shown for each. (b) 

Circadian periods of fibroblasts in (a) (mean +/- SD; n = 3 cultures for each; *P < 0.0005, t-

test, two-tailed). A period length could not be measured for Bmal1 siRNA traces. (c) 

Activation of Clock–Bmal1 circadian target genes by depletion of Ddb1 or Cul4a. 

Quantitative RT-PCR assays showing the steady-state abundance of the indicated pre-

mRNAs in mouse fibroblasts after introduction of the indicated siRNAs. Data are 

normalized to control condition (dashed line). Shown are mean +/- SD of triplicate 

experiment; representative of 3 experiments. (d) Immunoblot showing the effect of control 

siRNA or Ddb1 siRNA on the steady-state abundance of the proteins indicated at right. β-

Actin, loading control. Uncropped images can be found in Supplementary Data Set 1.
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Figure 5. 
Ddb1 and Cul4a promote H2B mono-ubiquitination at circadian E-box sites. (a) Top panels: 

ChIP assays showing total H2B or parallel IgG control from liver nuclear extracts (CT6) of 

wild type (black) or Bmal1–/– mice (gray) at Per1 (left) and Per2 (right) E-box sites. Bottom 

panels: ChIP assays (as in top panels) showing H2B–Ub or parallel IgG control. (b) ChIP 

assays from mouse liver nuclear extracts showing H2B–Ub (normalized to total H2B) across 

the circadian cycle at the Per1 (left) and Per2 (right) E-box sites (see Supplementary Figure 

4). (c) ChIP assays from mouse fibroblasts showing H2B–Ub (normalized to total H2B) at 

Per E-box sites or an arbitrary control gene promoter (marked at bottom) after introduction 

of indicated siRNAs. (d) Top: diagram of mouse Per1 gene showing positions of E-box and 

control sites C1 and C2 within the gene. Arrow and +1 mark transcription start site. Bottom: 

ChIP assays from mouse fibroblasts showing H2B–Ub (normalized to total H2B) at the 

indicated Per gene sites (marked at bottom) after introduction of control siRNA or Ddb1 

siRNA. ChIP data are displayed as mean +/- SD of triplicate experiment; representative of 3 

independent experiments.
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Figure 6. 
Independent reduction of H2B–Ub mimics circadian phenotypes of Ddb1 and Cul4a. (a) 

Immunoblots showing the effect of control siRNA or Rnf20 siRNA on the steady-state 

abundance of Rnf20, which globally mono-ubiquitinates H2B, in mouse fibrobloasts. β-

Actin, loading control. (b) Immunoblots showing the effect of control siRNA or Rnf20 

siRNA on the abundance of total H2B–Ub or H2B in mouse fibrobloasts. Uncropped images 

for (a) and (b) can be found in Supplementary Data Set 1. (c) Left: ChIP assays from mouse 

fibroblasts showing H2B–Ub (normalized to total H2B) at Per E-box sites (marked at 

bottom) after introduction of control siRNA (black) or Rnf20 siRNA (white). Right: ChIP 

assays from mouse fibroblasts showing H2B–Ub (normalized to total H2B) at Per1 gene 

sites (marked at bottom, as in Fig. 4d), after introduction of the indicated siRNAs. ChIP data 

are displayed as mean +/- SD of triplicate experiment; representative of 3 independent 

experiments. (d) Circadian oscillations of bioluminescence in synchronized reporter 

fibroblasts after delivery of control siRNA (black) or Rnf20 siRNA (red). Traces from three 

independent cultures are shown for each. (e) Circadian periods of fibroblasts in (d) (mean 

+/- SD; N = 3 cultures for each; *P < 0.005, t-test, two-tailed). (f) Quantitative RT-PCR 

assays showing the steady-state abundance of the indicated pre-mRNAs in mouse fibroblasts 

after introduction of control siRNA (black) or Rnf20 siRNA (white). Data are normalized to 

control (dashed line). Shown are mean +/- SD of triplicate experiment; representative of 3 

experiments.
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Figure 7. 
H2B–Ub reduces Clock–Bmal1 and stabilizes the Per complex at Per gene E-box sites. (a) 

ChIP assays from mouse fibroblasts showing Bmal1 and IgG control (left) or Clock and IgG 

control (right) at Per1 E-box site after introduction of control siRNA (black) or Ddb1 

siRNA (gray). (b) ChIP assays as in (a) after introduction of control siRNA (black) or Rnf20 

siRNA (white). (c) ChIP assays from mouse fibroblasts showing Per complex proteins Per2 

(left), Cry1 (middle), and Hdac1 (right) at Per1 E-box site after introduction of control 

siRNA (black) or Ddb1 siRNA (gray). (d) ChIP assays as in (c) after introduction of control 

siRNA (black) or Rnf20 siRNA (white). Shown in (a-d) are mean +/- SD of triplicate 

experiment; each representative of 3 experiments.
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Figure 8. 
Model: Clock–Bmal1 licenses target genes for circadian feedback repression by the PER 

complex. (a) Inactive Clock–Bmal1 target gene after PER proteins are degraded but before 

Clock–Bmal1 is activated. Depicted are nucleosomes with wound DNA adjacent to Clock–

Bmal1 E-box binding site. (b) At initiation of cycle, Clock–Bmal1 binds to E-box site and 

activates target gene transcription; Ddb1–Cul4 complex, associated with Clock via adaptor 

Wdr76, mono-ubiquitinates (Ub) H2B on adjacent nucleosome. (c) Accumulation of H2B–

Ub at the site causes a change in chromatin conformation. Several hours later, when the PER 

complex is assembled at the onset of the circadian repression phase, the local H2B–Ub-

dependent chromatin conformation promotes stable association of the PER complex with 

DNA-bound Clock–Bmal1 and adjacent chromatin, which it modifies to repress 

transcription. Local H2B–Ub also promotes Clock–Bmal1 dissociation from the E-box site 

(dashed arrow), either directly or as a consequence of its facilitation of PER complex 

binding and action.
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