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Significance

Phase separation of proteins/
nucleic acids is used to explain 
diverse biological processes. 
Because many phase separation 
studies relied on protein 
overexpression in cells and 
in vitro studies, the physiological 
relevance of phase separation is 
often unclear. PERIOD proteins, 
central mammalian circadian 
clock components, are previously 
shown to associate with other 
clock proteins. Here, we showed 
that PER (PEROD) exhibits phase 
separation behavior in cells when 
overexpressed. Super-resolution 
microscopy of the endogenous 
PER2 protein, however, revealed 
that it exists in rapidly diffusing 
microbodies distinct from 
phase-separated condensates 
and its interaction with other 
clock proteins is transient and 
dynamic. This study 
demonstrates a key feature of 
mammalian circadian clock 
mechanism and highlights the 
importance of examining 
endogenous proteins in 
mechanistic studies.
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Mammalian circadian clock proteins form dynamic interacting 
microbodies distinct from phase separation
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Ying Xub , and Yi Liua,1
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Liquid–liquid phase separation (LLPS) underlies diverse biological processes. Because 
most LLPS studies were performed in vitro using recombinant proteins or in cells that 
overexpress protein, the physiological relevance of LLPS for endogenous protein is often 
unclear. PERIOD, the intrinsically disordered domain-rich proteins, are central mam-
malian circadian clock components and interact with other clock proteins in the core 
circadian negative feedback loop. Different core clock proteins were previously shown to 
form large complexes. Circadian clock studies often rely on experiments that overexpress 
clock proteins. Here, we show that when Per2 transgene was stably expressed in cells, 
PER2 protein formed nuclear phosphorylation-dependent slow-moving LLPS conden-
sates that recruited other clock proteins. Super-resolution microscopy of endogenous 
PER2, however, revealed formation of circadian-controlled, rapidly diffusing nuclear 
microbodies that were resistant to protein concentration changes, hexanediol treatment, 
and loss of phosphorylation, indicating that they are distinct from the LLPS condensates 
caused by protein overexpression. Surprisingly, only a small fraction of endogenous PER2 
microbodies transiently interact with endogenous BMAL1 and CRY1, a conclusion 
that was confirmed in cells and in mice tissues, suggesting an enzyme-like mechanism 
in the circadian negative feedback process. Together, these results demonstrate that the 
dynamic interactions of core clock proteins are a key feature of mammalian circadian 
clock mechanism and the importance of examining endogenous proteins in LLPS and 
circadian clock studies.

circadian clock | phase separation | protein interaction | PERIOD protein

The core mammalian circadian oscillators consist of autoregulatory transcription- and 
translation-based negative feedback loops. In the core mammalian circadian negative 
feedback loops, the heterodimeric CLOCK/BMAL1 complex acts as the positive element 
that activates transcription of clock genes by binding to E-boxes on gene promoters to 
rhythmically activate transcription (1–3). PERIOD proteins PER1 and PER2 and 
CRYPTOCHROME proteins CRY1 and CRY2 have been shown to interact with each 
other and function as the negative elements in the negative feedback loop by interacting 
and inhibiting the CLOCK/BMAL1 complex, leading to the closing the circadian negative 
feedback loop (2, 4–10). The functional circadian negative feedback loops lead to rhythmic 
gene expression and robust rhythmic PER abundance (2, 10). PER proteins associate 
stably with casein kinase 1 (CK1), and PER proteins are progressively phosphorylated 
after their synthesis and become hyperphosphorylated during the late night (10–12). PER 
phosphorylation plays critical roles in the mammalian circadian clock function by regu­
lation of PER stability, its repressor activity, and its subcellular localization (11, 13–17). 
Due to their stable association, PER acts a scaffold for CK1 to promote phosphorylation 
of PER and of CLOCK (18, 19). The PER-dependent CLOCK phosphorylation leads 
to efficient removal of CLOCK-BMAL1 complexes from E-boxes on DNA, a process that 
is also dependent on CRYs. On the other hand, CRYs can repress CLOCK-BMAL1 
activity on DNA independently of PER (20–23). These dual feedback mechanisms ensure 
robust circadian rhythmicity. We showed previously that the disruption of the PER-CK1 
interaction abolishes PER phosphorylation, impairs circadian negative feedback process, 
and results in severe loss of circadian gene expression (18).

Like the Drosophila PERIOD protein (24), most human PER2 protein regions flanking 
the PAS domain are predicted to be intrinsically disordered (Fig. 1A). Previous studies 
showed that PER, CRY, CK1δ, BMAL1, and CLOCK proteins can be immunoprecipi­
tated with each other, and most of these proteins are present in a 1.9-MDa nuclear complex 
(2, 9, 10, 25). Single-particle electron microscopy revealed that the nuclear complexes are 
~40 nm in diameter (25). In addition, isothermal titration calorimetry assays using recom­
binant proteins indicate that mCRY1-mPER2 affinity has a Kd in the lower nanomolar 
range in vitro and CRY and PER can form a stable complex in vitro (4, 5). On the other 
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hand, glycerol gradient and chromatography-based approaches, 
however, suggest the presence of mostly discreet CLOCK-BMAL1 
and PER-CRY-CK1δ complexes in mice liver extracts (26). In 
addition, the peaks of PER2 and CRY1 in these fractionation 
assays did not co-migrate in these fractionation assays (26). ChIP 
(Chromatin immunoprecipitation) assays revealed that PER, 
CRY, BMAL1, and CLOCK were found to be rhythmically 
enriched on chromatin E-boxes (27). Imaging studies using 
PER2 knock-in (KI) reporter in mice and cell lines revealed that 
PER proteins are highly enriched in the nucleus (27–30). By 
expressing fluorescent fusion proteins via lentiviral transduction 
in U2OS/NIH/3T3 cells, studies showed that PER2 is mostly 
immobile in the nucleus and PER, CRY, BMAL1, and CLOCK 
proteins have high affinity for each other and exhibit very low 
nuclear diffusion coefficients (which indicate the ability to dif­
fuse) with that of PER2 the lowest (27, 31). Furthermore, flu­
orescence recovery after photobleaching results suggests that most 
PER2 proteins are immobile in the nucleus of SCN (suprachi­
asmatic nucleus) cells (28, 30). These results are consistent with 
the proposal that most clock components associate with each 
other on chromatin (27, 31). However, lentiviral transduction 
normally resulted in clock protein overexpression. How endog­
enous clock proteins interact and function remains unclear.

Liquid–liquid phase separation (LLPS) results in formation of 
membraneless, spherical condensates of proteins or nucleic acids 
(32–34). Numerous studies have demonstrated that protein- 
containing LLPS condensates are involved in diverse biological 
processes (32, 33, 35–38). The LLPS behavior of biomolecular 
molecules is concentration-dependent and driven by multivalent 
macromolecular interactions. Intrinsically disorder regions (IDRs), 
also called low complexity domains (LCDs), have often been shown 
to drive LLPS behavior due to their ability to mediate multivalent 
interactions (33, 39, 40). Characteristics of LLPS condensates 
include fusion of small condensates to become larger condensates 
and fluorescence recovery after photobleaching (32, 41, 42). 
Sensitivity of condensates to treatment of compounds such as 
1,6-hexanediol, which interfere with weak multivalent hydropho­
bic interactions, is commonly used as an indicator of LLPS behavior 
(41–43). In addition, protein condensates are often regulated by 
post-translational modifications, and mutations that alter both 
LLPS and biological functions are also presumed to reflect physi­
ological functions of LLPS (40, 44).

Although LLPS offers an attractive mechanism to explain many 
biological processes, most prior LLPS studies were based on pro­
tein overexpression in cells or in vitro biochemical experiments 
using high concentration of recombinant proteins (42). As a result, 
concerns have been raised regarding the physiological relevance 
of LLPS for endogenous proteins (41, 42). Nonetheless, the LLPS 
mechanism is often taken as physiologically relevant despite the 
lack of rigorous evidence on endogenous proteins. Studies of RNA 
polymerase II and transcription factors suggest that endogenous 
proteins may form “hubs” rather than LLPS condensates (42, 45, 
46). However, the same multivalent LCD-LCD interactions 
appear to mediate the formation of both protein hub and LLPS 
condensates.

Here, we studied the dynamics and interactions of the endog­
enous core human circadian clock proteins. We observed that 
stably expressed PER2 from transgene forms nuclear condensates 
with typical LLPS-like behavior. Super-resolution fluorescence 
microscopy of the endogenous PER2, however, revealed that PER2 
is present in rapidly diffusing microbodies that are distinct from 
LLPS. Surprisingly, most PER2, BMAL1, and CRY1 exist in 
microbodies that do not colocalize in cells and in mice tissues. 
Together, these results demonstrate the dynamic nature of clock 

protein interactions and the importance of examining endogenous 
proteins in studies of the biological functions.

Results

LLPS Behaviors of PER2-GFP When Constitutively Expressed in 
U2OS Cells. To determine the cellular distribution of IDR-rich 
PER2 in human cells with a functional circadian clock, U2OS cells 
were transduced with a lentiviral vector for constitutive expression 
of a PER2-EGFP (Enhanced green fluorescent protein) fusion 
protein under the control of the EF-1a promoter (SI Appendix, 
Fig.  S1A). Control cells were transduced with the vector for 
expression of EGFP only. We did not use commonly used transient 
transfection to express the PER2-EGFP fusion protein because it 
resulted in approximately 100x higher levels of PER2-EGFP than 
detected in stably transduced cells (SI Appendix, Fig. S1B). We 
then transfected a Per2(E2)-Luc reporter plasmid into the U2OS 
cells that stably express PER2-EGFP and into control U2OS cells 
(47). The constitutive expression of PER-EGFP caused severe 
dampening of the circadian bioluminescence rhythm compared 
to control cells (Fig. 1B). Constitutive overexpression of PER2 
mediated by adenoviral infection was previously shown to abolish 
circadian rhythm in MEF (mouse embryonic fibroblasts) cells 
(48). The dampened rhythm observed in our case is likely due 
to a reduced PER2-GFP overexpression level. Analysis using 
conventional confocal microscopy revealed that PER2-EGFP 
fluorescence was highly enriched in the nucleus (Fig. 1C), which 
is similar to previous observations in the knock-in mouse cells 
and fibroblasts (28, 29). In contrast, upon transient transfection 
of a vector for expression of PER2-EGFP into U2OS cells, PER2-
EGFP was mostly cytoplasmic during the first 2 to 3 d after 
transfection (SI Appendix, Fig. S1C), which is similar to previously 
reported results (49–51). This difference is likely caused by the 
drastic overexpression of PER2-EGFP by transient transfection 
(SI Appendix, Fig. S1B). However, it is also important to note that 
the viral transduction resulted PER2-EGFP expression in stable 
cells still led to PER2 overexpression that is ~20-fold higher than 
that of the endogenous PER2 level (see below).

After transduction, fluorescence signal was detected in about two 
dozen discrete puncta in the nucleus in most of the cells that express 
PER2-EGFP. These puncta were mainly spherical when small but 
large irregularly shaped condensates were also observed (Fig. 1C). 
The small condensates were able to fuse, and this resulted in the 
larger one (Fig. 1D and SI Appendix, Supplemental Data File 1). In 
cells with low levels of PER2-EGFP fluorescence, however, the 
PER2-EGFP condensates were not observed and signals were evenly 
distributed in the nucleus (SI Appendix, Fig. S1C), indicating that 
the PER2-EGFP condensate formation is concentration-dependent. 
In contrast, in control cells with high EGFP expression level, fluo­
rescence signal was evenly distributed in both cytoplasm and 
nucleus (Fig. 1C), indicating that the condensate behavior of 
PER2-EGFP is not caused by EGFP. Although EGFP is normally 
monomeric, it can dimerize at high concentrations (52). To exclude 
the effect of dimerization on our findings, we expressed the PER2 
fused to EGFP(A206K); this mutation prevents dimerization (52). 
Condensate formation was similar whether PER2 was fused to 
EGFP or the mutant (SI Appendix, Fig. S1D). This result indicates 
that the condensation of PER2-EGFP is not caused by EGFP 
dimerization.

The PER2-EGFP condensates are somewhat stationary in the 
nuclei of live cells, which allowed us to perform the fluorescence 
recovery after photobleaching assay. EGFP fluorescence in the 
condensates showed a rapid recovery after photobleaching with a 
t1/2 of ~23 s (Fig. 1 E and F). The alcohol 1,6-hexanediol interferes 
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with weak hydrophobic interactions, and LLPS condensates dis­
solve upon treatment with 1,6-hexanediol (41, 42). When U2OS 
stable cells that express PER2-EGFP were treated with 1.5% 
1,6-hexanediol, there was marked decrease of the fluorescence sig­
nal of the PER2-EGFP condensates after 10 min (Fig. 1G) due to 
that monomeric PER2-eGFP protein is below the detection limit 
of the microscope. Together, these results demonstrate that con­
stitutively expressed PER2 exhibits LLPS behavior in the nucleus.

LLPS behavior of many proteins is regulated by post-translational 
modifications (33, 41). PER phosphorylation has been shown to 
play important roles in circadian clock function (11–13). Thus, a 
role for PER phosphorylation in regulating its LLPS behavior would 
suggest that PER LLPS has a biological role. To identify the PER2 
domain involved in LLPS, we created U2OS cell lines that stably 
express the N-terminal (amino acids 1 to 500), middle (amino acids 
501 to 950), or C-terminal (amino acids 951 to 1,255) regions of 
the protein fused to EGFP. We found that the expression of the 
middle region, but not the N- or C-terminal domains, resulted in 
nuclear PER2-EGFP condensates (Fig. 1H). The PER2(1-500)-EGFP 
and PER2(951-1255)-EGFP proteins were found to be evenly dis­
tributed in the cytoplasm. The middle region of PER2 contains the 
previously identified PER-CK1 interaction domain and IDRs with 
many phosphorylation sites (Fig. 1A) (11, 15, 18, 53). To determine 
the role of PER2 phosphorylation in condensate formation, we sta­
bly expressed PER2-EGFP with the L730G mutation in the 
PER-CK1 interaction domain, which disrupts the PER-CK1 inter­
action and abolishes PER2 phosphorylation in cells and in mice 
(18). Fluorescence in cells that expressed the mutant was distributed 

throughout the nucleus, and no nuclear condensates were observed, 
even though PER2(L730G)-EGFP was expressed at a much higher 
level than the PER2-EGFP (Fig. 1I and SI Appendix, Fig. S1 E and F). 
The PER2-EGFP condensate formation was also abolished when 
34 known and potential PER2 phosphorylation sites between aa 
527 to 818 were mutated to alanine (Fig. 1I and SI Appendix, 
Fig. S1F). Thus, the formation of the PER2-EGFP condensates is 
dependent on PER phosphorylation.

To examine whether the PER2 condensates colocalize with the 
endogenous clock protein BMAL1, we performed immunofluores­
cence staining of the cells using a BMAL1-specific antibody. As 
shown in Fig. 1J, most of the endogenous nuclear BMAl1 was found 
to localize in the PER2-GFP condensates, suggesting that the PER2 
condensates recruit the BMAL1-CLOCK complex, which should 
sequester CLOCK-BMAL1 complex and inhibit its function in 
circadian transcriptional activation. Together, these results appear to 
suggest that the phosphorylation-regulated LLPS properties of PER 
proteins are important for circadian clock function.

Behavior of the Endogenous PER2 Tagged with EGFP by CRISPR/
Cas9-Mediated Knock-In. To determine whether the endogenous 
PER2 exhibits LLPS behavior, we modified a previously developed 
CRISPR/Cas9-based method (29) to tag the C-terminal end of the 
endogenous PER2 with EGFP reporter in U2OS cells (Fig. 2A). 
Due to the low expression levels of the endogenous PER2, direct 
selection of correct homologous integration clones by EGFP 
fluorescence signal resulted in mostly false negative clones. In 
the donor vector, an mCherry reporter was added upstream of 

A B C

D

E G H I

J
F

Fig. 1. LLPS behavior of PER2-EGFP when it is constitutively overexpressed in U2OS cells. (A) Top: A diagram depicting human PER2 domains and phosphorylation 
sites. CKBD:Casein Kinase Binding domain. CBD: CRY binding domain. Location of the known phosphorylation sites was indicated (11). Bottom: Disorder score 
across the human PER2 protein as predicted by IUPred. (B) Representative bioluminescence rhythms of the U2OS cells that stably express either EGFP or PER2-EGFP 
as well as a Per2(E2)-Luc reporter. Rhythms were monitored by LumiCycle, and baseline-subtracted bioluminescence data are plotted (n = 3). (C) Representative 
confocal images of cells stably express PER2-EGFP (high and low levels) and of control cells that express EGFP. (Scale bar: 5 μm.) (D) Images of a live cell that 
stably expresses PER2-EGFP over time. Two condensates that fused during the time course are indicated. (E) Images of a live U2OS cell that stably expresses 
PER2-EGFP before and after photobleaching of regions marked by squares. (F) Relative fluorescence intensity of PER2-EGFP condensates after photobleaching 
in the PER2-EGFP stable cells. Data are presented as mean ± SD (n = 11). (G) Top: Images of live cells that express PER2-EGFP at 0 min and 10 min after treatment 
with 1,6-hexanediol (1.5%). Bottom: Quantification of mean fluorescence intensity of PER2-EGFP nuclei at 0 min and 10 min after treatment with 1,6-hexanediol. 
n = 8 cells. Data are presented as mean ± SD, unpaired two-tailed Student’s t test, ∗∗P < 0.01. (H) Representative confocal images of U2OS cells that overexpress 
the indicated PER2-EGFP proteins. (I) Confocal images cells that constitutively express PER2(L730G)-EGFP or PER2(527-818 S/T-A)-EGFP (PER2 with known and 
potential phosphorylation sites within aa 527-818 mutated to alanines). (J) Fluorescence immunostaining of endogenous BMAL1 in cells that stably overexpresses 
PER2-EGFP. Endogenous BMAL1 was stained with a BMAL1 antibody, and PER2-EGFP was monitored using the GFP channel.
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the Per2 left homologous recombination arm, and the sequence 
encoding the ECFP reporter was added between the EGFP reporter 
and the right homologous recombination arm (Fig.  2A). Thus, 
fluorescence-activated cell sorting (FACS) of ECFP-positive but 
mCherry-negative cells from the blasticidin-resistant cells could be 
used to greatly enrich for cells in which the donor vector had been 
integrated at the endogenous Per2 genomic locus. Subsequently, the 
sequence encoding the ECFP reporter, which is flanked by LoxP sites, 
was removed by transfecting selected cells with a CRE expression 
plasmid; this restored the 3′UTR of the Per2 locus.

Single clones of the resulting ECFP-negative cells were obtained 
by FACS sorting and confirmed by PCR and sequencing. Exami­
nation by live cell fluorescence microscopy revealed that >40% of 
clones had highly enriched nuclear EGFP signal (Fig. 2B), as previ­
ously reported for PER2-tagged reporter cells (28, 29). In contrast, 
there was no nuclear fluorescence signal in the control U2OS cells 
without the KI.

Fluorescence was also detected in the perinuclear regions in the 
cytoplasm of both knock-in and control U2OS cells (Fig. 2B). 
Lambda scan of the fluorescent images was used to extract this back­
ground noise spectra and the EGFP signal. Most of the perinuclear 

signals were indeed background noise in the KI cells (Fig. 2C). Due 
to the cytoplasmic background autofluorescence signals, we focused 
on the nuclear fluorescence signals. A Per2(E2)-Luc reporter plasmid 
was transfected into the PER2-EGFP KI and control U2OS cells 
(47). Our results revealed that both KI and control cells had similarly 
robust circadian bioluminescence rhythms with the same periodicity 
(Fig. 2D). This indicated that the EGFP KI did not affect endoge­
nous PER2 function, which is similar to previous reporter knock-in 
at the PER2 C-terminus (30, 54).

Although cells that stably express PER2-EGFP also exhibited 
nuclei-enriched EGFP signals, comparison of PER2-EGFP protein 
levels by western blot analysis showed that the PER2-EGFP levels 
in cells that stably express this construct are more than 20-fold 
higher than the peak endogenous PER2-GFP levels (measured 10 
h after dexamethasone synchronization) in the KI cells (Fig. 2E). 
This result indicated that although the viral transduction-mediated 
PER2 expression level in stable cells is much lower than that by 
transient transfection of cells, it is still much higher than those of 
the endogenous GFP-tagged PER2.

Consistent with previous analyses of the PER2 reporter KI cells 
(29), confocal fluorescence imaging of the live PER2-EGFP KI 
cells revealed a robust circadian rhythm of nuclear PER2-EGFP 
signal after the cells were synchronized by dexamethasone (DXMS) 
treatment. At its peak time (10 h after dexamethasone synchro­
nization), the PER2-EGFP signal was found to be distributed 
throughout the nucleus; however, condensate-like structures were 
not observed in the KI cells (Fig. 2 B and C).

Super-Resolution Imaging Reveals Circadian Rhythm of the 
Endogenous PER Bodies. To determine the high-resolution spatial 
distribution of the endogenous PER2, we performed Airyscan 
super-resolution imaging of fixed PER2-EGFP KI cells at 10 h 
after DXMS synchronization (55, 56). Super-resolution imaging 
revealed hundreds of small PER2-EGFP foci in the nucleus 
(Fig.  3A). To confirm that the nuclear EGFP foci contained 
PER2-EGFP, we used PER2-EGFP KI cells after treatment with 
Per2-specific siRNA and Per2KO cells (Per2 gene was disrupted 
by CRISPR/Cas9 using a Per2 specific sgRNA) as the negative 
controls (Fig. 3B and SI Appendix, Fig. S2A). In live cells (scan 
time ~ 1 s), although most nuclear foci were blurred which 
were due to their movements during the time needed for image 
collection, clear foci were still observed (Fig. 3A and other live 
cell experiments below). In addition, the distribution of PER2-
EGFP signals in live cells is very similar to previously shown for 
endogenous PER2 fusion with other reporters in cells and mice 
(28–30). These results indicated that the PER2-EGFP foci are the 
endogenous foci and not artifacts caused by cell fixation. These 
nuclear foci of PER2 were referred as PER bodies because their 
fluorescence intensities indicate that they consist of multiple PER2 
molecules in each. Although some PER bodies were also detected 
in the cytoplasm, they were far fewer than in the nucleus and 
could be masked by autofluorescence signals. Thus, we focused 
our analyses on the nuclear PER2 bodies.

We performed 3D Airyscan super-resolution microscopy of fixed 
PER2-EGFP KI cells harvested at different time points. The num­
ber of PER bodies exhibited a robust rhythm, with a peak at 10 h 
after synchronization at approximately 650 PER bodies per nucleus 
and a trough at 20 to 22 h after synchronization with approximately 
dozens of bodies per cell (Fig. 3 C and D and SI Appendix, 
Supplemental Data File 2). In addition, robust rhythms of PER 
bodies with a similar phase and period as also seen 24 to 72 h after 
cell synchronization by DXMS and 0 to 48 h after temperature 
cycle entrainment of cells (Fig. 3 E and F and SI Appendix, Fig. S2 
B and C), indicating that the rhythms of PER bodies in the first 24 
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Fig. 2. CRISPR/Cas9-mediated knock-in to tag the endogenous PER2 with 
EGFP. (A) Schematic of PER2-EGFP knock-in donor plasmid and genome editing 
strategy. (B) Live cell confocal imaging of PER2-EGFP KI U2OS cells and U2OS 
cells without KI. (Scale bar: 5 μm.) (C) Lambda scan of PER2-EGFP KI cells and 
control cells. The GFP wavelength was extracted, and all other wavelengths 
were merged as background. (D) Representative bioluminescence rhythms of 
the Per2(E2)-Luc reporter in the PER2-EGFP KI and control U2OS cells. Baseline-
subtracted bioluminescence data are plotted (n = 3). (E) Western blot showing 
the PER2-EGFP levels in the PER2-EGFP KI cells and cells that stably overexpress 
PER2-EGFP. The protein sample from the cells that stably overexpress PER2-
EGFP was diluted 20-fold.
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h are genuine circadian rhythms. In addition to the PER body 
rhythm, the PER2-EGFP protein levels also exhibited a robust 
rhythm with a peak at approximately 8 h and a trough at approx­
imately 20 h after synchronization (Fig. 3G). Comparison of these 
two rhythms revealed that although PER2-EGFP levels at 4 h were 
comparable to those at 10 h, the number of PER bodies was more 
than 3 times higher at hour 10 h than that at hour 4. In addition, 
the peak of PER bodies occurred at ~10 h, whereas the PER2-EGFP 
levels peaked at 8 h. Nuclear and cytoplasmic fractions of the cell 
extracts showed that the nuclear PER2-EGFP level is only modestly 
higher at hour 10 than that at hour 4 (SI Appendix, Fig. S2D). Thus, 
PER2 protein level alone does not determine the formation of 
PER2 bodies and at hour 4, there are relatively more PER molecules 
are not in PER bodies and cannot be detected.

Although PER levels at 16 h were about 80% lower than those 
from at 8 to 12 h and PER body numbers were also much lower, 
fluorescence intensities of the PER bodies, which should reflect 
their sizes, were not markedly different (Fig. 3H). This result con­
trasts with the concentration-dependent LLPS behavior exhibited 
by the PER2-EGFP condensates in cells that stably overexpress the 
fusion protein (Fig. 1C), indicating that the formation of endoge­
nous PER2-EGFP bodies is less sensitive to protein concentration 
changes than the LLPS behavior of the overexpressed PER2-EGFP. 
The robust rhythms of PER2-EGFP protein and fluorescence are 
similar to the published rhythms of PER2 (10, 57).

We used two different methods to estimate the number of PER2 
molecules in each PER body. Mass spectrometry–based analyses 
previously determined that the PER2 levels peaked at about 13,000 
copies per cell (58), which led us to estimate that each PER body 
might have ~20 PER2 molecules. We also used known amount of 
recombinant EGFP protein to estimate the absolute abundance of 
PER2-EGFP molecules per PER2-EGFP KI cell at 10 h after syn­
chronization (SI Appendix, Fig. S2E). Using this method, we esti­
mate that there are on average ~23 PER2-EGFP molecules in each 
PER body. It should be noted that both methods likely overestimate 
the number of PER2 molecules in a PER body because not all 
PER2 molecules are in nuclear PER2 bodies. The PER bodies 
should also expect to include PER1, PER2, and PER3 proteins 
given previously established interactions of these proteins (18, 25).

Most PER Bodies Freely Diffuse in the Nucleus, but Some Are 
Immobile for Less than 1 s. PER, CRY, BMAL1, and CLOCK 
proteins were thought to exist primarily in a 1.9-MDa nuclear 
repressor protein complex (25). Fluorescence correlation 
spectroscopy of overexpressed PER2, BMAL1, CLOCK, and 
CRY1 proteins in cells have very low nuclear diffusion coefficients; 
that of PER2 is the lowest (<0.2 µm2/s), raising the possibility 
that these overexpressed proteins are mostly immobile likely due 
to their association with chromatin (27, 59). To examine spatial 
dynamics of the endogenous nuclear PER bodies, we performed 
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Fig. 3. Super-resolution imaging of PER2-EGFP KI cells showing PER2 is concentrated in nuclear microbodies. (A) Airyscan confocal imaging of live (Left) and 
fixed (Right) PER2-EGFP KI cells in the nucleus. (Scale bar: 5 μm.) (B) Airyscan imaging of fixed PER2-EGFP KI cells (Left), KI cells treated with Per2-specific siRNA 
(si-PER2), and Per2KO cells. (C) Time course 3D imaging results of nuclear GFP signals in PER2-EGFP KI cells after dexamethasone synchronization. Representative 
2D images from the 3D results are shown. (D) Numbers of nuclear PER bodies at different time points after dexamethasone synchronization (n = 8 to 17 cells), 
unpaired two-tailed Student’s t test. (E and F) Quantification of the PER2-EGFP microbodies of time course 2D imaging results of the PER2-EGFP KI cells after 
dexamethasone synchronization from h 24 to 72 (E) or after temperature cycle synchronization from h 0 to 48 (F). (G) Top: Western blot of EGFP in PER2-EGFP 
KI cells after dexamethasone synchronization. Equal amount of protein was loaded in each lane. Bottom: Quantification of PER2-EGFP levels. (H) Nuclear PER 
body mean fluorescence intensities after dexamethasone synchronization (n = 8 to 17 cells).
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live cell imaging using an Airyscan super-resolution microscope in  
0.35-1 s sampling intervals (SI Appendix, Supplemental Data File 3).  
Surprisingly, no stationary PER bodies (i.e., a body immobile in 
at least three consecutive frames) were detected, and it was not 
possible to track the movement of individual PER body due to its 
rapid movements. This result indicates that the endogenous PER 
bodies are distinct from the stationary condensates seen in cells 
that stably overexpress PER2-EGFP.

We then examined live KI cells using a high-resolution 
laser-scanning oblique plane microscope (light sheet microscopy) 

(60, 61), which allows for high-spatiotemporal imaging of fluo­
rescent molecules under gentle, non-phototoxic illumination. 
Even here, with an exposure time of 30 ms per plane, PER body 
dynamics were too fast to image in a volumetric format. Thus, 
we settled on imaging a single oblique cross-section of the nucleus 
at 30-ms intervals (Fig. 4A and SI Appendix, Supplemental Data 
File 4). Tracking the trajectories of individual fluorescent PER 
bodies confirmed that the vast majority were not stationary 
(Fig. 4B, representative tracks 1, 2, 3, and 4), indicating that 
most PER bodies are not associated with chromatin. Analysis of 
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Fig. 4. Most PER2 bodies diffuse 
freely in the nucleus and are 
formed by a mechanism distinct 
from overexpression-caused LLPS 
condensates. (A) Representative 
image of nuclear PER bodies in 
PER2-EGFP KI cell under light-sheet 
fluorescence microscopy at hour 
10 after synchronization. (Scale 
bar: 5 μm.) (B) Representative 
movement tracks of PER bodies. 
1 to 4: freely diffusing tracks. 5: 
immobile tracks. 6: a diffusing 
PER body became immobile. (C) 
The averaged MSD of PER bodies 
computed from data collected from 
three cells. Data are presented as 
means ± SEM. (D) Mean speeds 
of different tracks (n = 3 cells). (E) 
Duration of immobility of PER2 
bodies of the identified immobile 
PER2 bodies (data collected from 
three cells). (F) Representative 
image of nuclear PER bodies at 10 
min after treatment with DMSO 
or 1,6-hexanediol in KI cells at 
hour 10 after synchronization. (G) 
Comparison of nuclear PER2-EGFP 
fluorescence intensities of KI cells 
at 10 min after treatment with 
DMSO or 1,6-hexanediol at hour 
10 after synchronization. Data are 
presented as median fluorescence 
intensity in each cell. n = 14 to 18 
cells. (H) Western blot of PER2-
EGFP in the indicated cells at hour 
10 after synchronization. The arrow 
indicates the phosphorylated PER2-
EGFP species. * a background band. 
(I) Representative Airyscan images 
of PER bodies in the indicated cells 
at hour 10 after synchronization. (J) 
Nuclear PER2 body numbers in the 
indicated cells at 10 h and 16 h after 
dexamethasone synchronization.
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mean square displacement (MSD) of the PER bodies as a func­
tion of time showed that they have a mean diffusion coefficient 
of 12.12 ± 0.5117 µm2/s (Fig. 4 C and D), which is similar to 
free diffusion behavior previously shown for transcription factors 
(62). However, 0.6% trackable traces of PER bodies revealed that 
some PER bodies were immobile for longer than 90 ms (Fig. 4B). 
In one example (track 5), the PER body was immobile during 
the entire trackable duration, and in another (track 6), the body 
first moved and then became immobile. The average time of 
immobility of the immobile PER2 bodies was ~0.4 s (Fig. 4E). 
Our estimate of the percentage of PER2 bodies that are immobile 
is certainly an underestimate since we could not detect PER 
bodies that were immobile for less than 90 ms and one PER body 
can be responsible for multiple tracks due to the imaging limi­
tation of single nuclear cross-section. Nonetheless, these results 
demonstrate that only a very small fraction of PER bodies are on 
chromatin at any given time and that PER bodies can only 
remain on chromatin for less than 1 s.

PER Bodies and LLPS Condensates Are Formed by Distinct 
Mechanisms. It was previously proposed that the multivalent 
protein–protein interactions mediated by IDRs/LCDs of some 
transcription factors can mediate the formation of protein hubs 
at physiological concentrations (42, 45, 63). When these proteins 
are overexpressed, the same LCD-LCD multivalent interactions 
can result in formation of LLPS condensates (45). To compare 
the endogenous PER bodies with the PER2 LLPS condensates, 
we treated with PER2-EGFP knock-in cells with 1,6- hexanediol 
(1.5%), which rapidly abolished the condensates in cells that stably 
overexpressed PER2-EGFP (Fig. 1G). In contrast, the hexanediol 
treatment did not affect number or fluorescence intensities of 
the PER bodies in the KI cells (Fig. 4 F and G and SI Appendix, 
Fig. S3A). This result indicates that the endogenous PER bodies 
and the LLPS condensates are formed by distinct mechanisms: 
LLPS condensates are mediated by multivalent weak interactions, 
whereas the endogenous PER bodies are formed by stronger 
protein–protein interactions that are not resistant to hexanediol 
treatment.

We then examined whether the endogenous PER2 bodies are 
sensitive to PER2 phosphorylation. We used the CRISPR/Cas9 
method to mutate the PER2-CK1 interaction domain of the Per2 
gene in the KI cells. We obtained a single clone-derived cell line 
in which Per2 has an in-frame deletion (Δ727-731) in the 
PER2-CK1 interaction domain (18). We further disrupted the 
endogenous Per1 gene by CRSPR/Cas9 in these cells. As expected, 
PER2-EGFP in the PER2(Δ727-731)-EGFP; Per1KO cells became 
severely hypophosphorylated compared to the parental cells 
(Fig. 4H). However, the numbers and intensities of the PER bod­
ies were high in the PER2(Δ727-731)-EGFP KI; Per1KO cells 
(Fig. 4 I and J and SI Appendix, Fig. S3 B and C). Whereas the 
number of PER bodies decreased dramatically at 16 h after syn­
chronization in both PER2-EGFP KI and PER2-EGFP KI; 
Per1KO cells, their numbers and their intensities remained high 
in the PER2(Δ727-731)-EGFP KI; Per1KO cells. This result is 
consistent with our previous study showing the importance of the 
PER-CK1 interaction for clock function at the molecular level 
(18). These experiments demonstrated that formation of endog­
enous PER2 bodies is not dependent on PER2 phosphorylation 
and PER-CK1 interaction, further confirming that PER body 
formation and LLPS of PER2 are mediated by distinct mecha­
nisms. Due to heterogeneity of PER2 microbodies, we cannot 
exclude the possibility that a few of small LLPS-dependent struc­
tures can still exist in cells. Thus, the PER2 LLPS condensates are 

mostly, if not all, caused by protein overexpression and are not 
normally present in cells.

Interactions among PER2-, BMAL1-, and CRY1-Containing Micro­
bodies Are Dynamic. In cells that stably overexpress PER2-EGFP, 
most BMAL1 was recruited to the PER2-EGFP condensates 
(Fig.  1J). Similarly, the overexpression of EGFP-PER2 was 
previously shown to dramatically reduce the mobility of CRY1 
(27). These protein overexpression-based results are consistent with 
the proposal that most core clock proteins, including PER1/2, are 
in large nuclear complexes on the chromatin (25). To examine the 
spatial distributions of other endogenous core clock proteins and 
their interactions, we inserted an in-frame mScarlet-I tag at the C-
terminal end of the open reading frame of the endogenous Bmal1 
and Cry1 loci in the PER2-EGFP KI cells using the CRSPR/Cas9 
approach (Fig. 5A and SI Appendix, Fig. S4A). After synchronization 
of cells by DXMS, PER2-EGFP fluorescence exhibited a robust 
rhythm that peaked at 8 to 10 h after synchronization (Fig. 5 B and 
C). In contrast, the rhythm of BMAL1-mScarlet-I fluorescence was 
~ 8 h phase advanced from the PER2 rhythm: BMAL1-mScarlet-I 
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Fig. 5. Airyscan imaging analyses of dual fluorescence reporter U2OS cells 
in which the endogenous PER2 and BMAL/CRY1 are tagged by EGFP and 
mScarlet-I, respectively. (A) Diagrams showing the design of the knock-in donor 
plasmids. (B) Time course Airyscan fluorescence imaging of PER2 and BMAL1 
in fixed indicated KI cells after dexamethasone synchronization. (Scale bar: 
5 μm.) (C) Time course Airyscan imaging of PER2 and CRY1 in fixed double KI 
cells after dexamethasone synchronization. (D and E) Airyscan fluorescence 
imaging of PER2 and BMAL1/CRY1 in live double KI cells.
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fluorescence peaked at 4 h and troughed at 10 to 12 h (Fig. 5B), 
consistent with the advanced BMAL1 protein phase in mice (18, 
64). On the other hand, the CRY1-mScarlet-I fluorescence in the 
CRY1-mScarlet-I fluorescence did not exhibit a robust rhythm 
in the double KI cells (Fig. 5C). Like PER bodies, hundreds of 
BMAL1-mScarlet-I and CRY1-mScarlet-I foci were also detected 
in each cell after fixation in the 2D imaging results (Fig. 5 B and 
C), suggesting that BMAL1 and CRY1 also form multimeric 
complexes. Importantly, the merged images showed that most of 
the PER bodies did not colocalize with BMAL1-mScarlet-I/CRY1-
mScarlet-I foci (SI Appendix, Fig. S4 B and C). Similar results were 
also seen for cells at hour 32 after synchronization (S4D). Live 
cell imaging of these double KI cells further confirmed that the 
distribution patterns of the PER, BMAL1, and CRY1 bodies are 
very similar to those in the fixed cells (Fig. 5 D and E), further 
indicating that the results of the fixed cells are not artifacts caused 
by cell fixation. We in live cells.

To estimate the numbers of BMAL1/CRY1 microbodies and 
identify the colocalization foci with PER2 bodies, we performed 
3D Airyscan fluorescence microscopy analyses (Fig. 6 A and B and 
SI Appendix, Supplemental Data Files 5 and 6), which revealed that 
the numbers of BMAL1 bodies were rhythmic but with a much 
lower amplitude than that of PER body rhythm (Fig. 6C). There 
were about 800 BMAL1 bodies at its peaks (hour 4), and at 
troughs, there were about 5 to 600 BMAL1 foci. On the other 
hand, the number of CRY1 bodies stayed ~600 at different time 
points after hour 0. Based on the previous estimates of ~20,000 
BMAL1 and CRY1 molecules per cell (58), there are likely ~25 
to 30 BMAL1 and CRY1 molecules in their respective bodies if 
all BMAL1 and CRY1 reside in their respective microbodies.

We analyzed the 3D fluorescence images of the double-labeled cells 
and identified EGFP foci (PER2) and mScarlet-I (BMAL1/CRY1) 
foci that were less than 100 nm apart based on their centers using 
Imaris spots colocalization analysis (SI Appendix, Fig. S5 A and B), 
which were regarded as interacting with each other if the sizes of 
PER2/BMAL1/CRY1 bodies are 100 nm or larger. Most EGFP 
(PER2) and mScarlet-I (BMAL1 and CRY1) foci did not colocalize 
(Fig. 6 A and B and SI Appendix, Fig. S5 A and B). There were 
rhythms of the number of colocalized foci peaking at 8 to 10 h post 
synchronization for both PER2 with BMAL1 and PER2 with CRY1 
(Fig. 6D), corresponding to the time of peak PER body number. In 
addition, the percentages of PER2, BMAL1, and CRY1 bodies that 
colocalize with each other were also rhythmic (Fig. 6 E and F). At the 
peak of the PER2 level after synchronization (hour 8 to 10), there 
were less than 10% of PER2 were considered to interact with BMAL1 
and CRY1, respectively. For BMAL1 and CRY1, peak percentages 
associated with PER2 peaked at about 13% and 10%, respectively. 
The highest PER2 colocalization with BMAL1/CRY1occurred when 
PER2 level peaked, which is consistent with previously immunopre­
cipitation results (10). Single-particle electron microscopy previously 
estimated the super nuclear PER-containing complexes from mouse 
liver to be ~40-nm structures (25). When colocalization distance of 
40 nm was used in our analysis, only about 2% of PER bodies were 
found to be colocalized with BMAL1 or CRY1 at hour 10 (SI Appendix, 
Fig. S6 A–C). Therefore, the vast majority of PER2 molecules are not 
in complex with BMAL1 or CRY1 in the nucleus at any given time, 
indicating that their interactions are transient.

Nuclear Movements of BMAL1 and CRY1 Bodies. We next exam­
ined nuclear dynamics of BMAL1-mScarlet-I and CRY1-mScarlet-I 
in the KI cells by performing live cell Airyscan super-resolution 
imaging at 1-s intervals (SI Appendix, Supplemental Data Files 7 
and 8). The low signal levels of the mScarlet-I-labeled proteins 
in the knock-in cells prevented us from examining the live cell 

imaging of BMAL1 and CRY1 bodies in shorter time intervals. 
BMAL1 and CRY1 bodies that stayed in the same location for three 
consecutive frames (~3 s) were considered as immobile. We were 
not able to identify any CRY1 bodies that were immobile using 
this method, suggesting that CRY1 most freely diffuse and can only 
stay on chromatin for less than 3 s. For BMAL1, however, some 
immobile bodies were identified with many immobile for 3 to 5 s 
or as long as 16 s (Fig. 6 G and H), consistent with the residence 
time of known transcription factors on chromatin (62). Fig. 6G 
shows that a BMAL1 body was immobile for 8 s before disappearing 
afterward. These results indicate that BMAL1/CLOCK are on the 
chromatin considerably longer than PER and CRY proteins. The 
short duration of PER and CRY association with BMAL1/CLOCK 
on chromatin suggests that the PER and CRY bodies are enzyme-
like and can act on multiple BMAL1/CLOCK complex.

Spatial Distributions of PER2, BMAL1, and CRY1 and Their 
Associations Revealed by STED (Stimulated Emission Depletion) 
Microscopy and Immunodepletion Assays. STED fluorescence 
microscopy can circumvent the optical diffraction limit and can 
achieve lateral spatial resolution of ~40 nm in cells (65, 66). 
We screened commercially available GFP, BMAL1, and CRY1 
antibodies that can specifically detect PER2-EGFP, BMAL1, 
and CRY1 in the PER2-EGFP KI cells but not in control U2OS 
cells, MEF cells lacking BMAL1 or U2OS depleted for CRY1, 
respectively (57). As shown in SI Appendix, Fig. S7 A–C, anti-
GFP, anti-BMAL1, and anti-CRY1 antibodies detected nuclear-
specific PER2-EGFP, BMAL1, and CRY1 foci in the PER2-EGFP 
KI cells, but their signals were either absent or dramatically reduced 
in the control cells, indicating the specificity of these antibodies. 
2D STED microscopy using two different antibodies (anti-GFP 
and anti-BMAL1 or anti-GFP and anti-CRY1) performed on 
the PER2-EGFP KI cells at 10 h after synchronization revealed 
hundreds of nuclear PER2-EGFP, BMAL1, and CRY1 foci per 
cell, consist with our Airyscan fluorescence data (Fig. 7 A and B). 
Merged images revealed that the vast majority of PER2-EGFP 
and BMAL1foci and of PER2-EGFP and CRY1 foci were not 
colocalized. Analysis of these 2D STED images revealed that  
15 to 20% of the PER2-EGFP were less than 100 nm from centers 
of BMAL1 or CRY1 foci (Fig. 7 C and D). However, it should be 
noted that compared to 3D results, 2D analyses typically result in 
overestimation of protein colocalization by several folds.

The increased resolution of the STED microscopy did, however, 
allowed us the estimate the sizes of the PER/BMAL1/CRY1 bodies 
to be ~100 nm (Fig. 7E and SI Appendix, Fig. S7D). Because the 
use of primary and secondary antibodies (size ~20 nm) for indirect 
immunolabeling in STED should increase the apparent size of PER 
bodies, we performed STED microscopy using an anti-GFP nano­
body conjugated with STAR 635P (size < 4 nm). As expected, the 
sizes of PER bodies identified by the GFP nanobody were estimated 
at 70 nm. The actual sizes of the PER bodies are likely smaller than 
70 nm due to the presence of multiple PER2 molecules in unknown 
orientations in each PER body. This result might be consistent with 
the 40-nm estimate from the previous single-particle electron 
microscopy analysis (25). When 40 nm was used as the colocali­
zation distance, the percentage of PER2-EGFP foci that colocalize 
with BMAL1 foci and CRY1 foci dropped to 8% and 3%, respec­
tively, in these 2D image analyses (SI Appendix, Fig. S7 E and F).

To further confirm our conclusion, we performed immunodeple­
tion assays using protein extracts prepared from the double KI U2OS 
cells and the lowest concentration of CRY1 or BMAL1 antibodies 
that could deplete the protein of interest. As shown in Fig. 7F, the 
depletion of CRY1 or BMAL1 did not markedly affect the PER2 
levels in the depleted cell extracts. Our conclusion was further 

http://www.pnas.org/lookup/doi/10.1073/pnas.2318274120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318274120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318274120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318274120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318274120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318274120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318274120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318274120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318274120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318274120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318274120#supplementary-materials
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confirmed by mPER2 immunodepletion assays by using C57BL/6 
mice liver extracts (ZT18, ~peak of mPER2) (Fig. 7G), indicating 
that our conclusion in U2OS cells can also be applied in mice.

Most Nuclear PER2 and CRY1 Do Not Colocalize in Mice SCN Cells. 
Finally, to confirm whether our conclusion can also be applied 
in mice SCN cells, we performed Airyscan immunofluorescence 
imaging experiments to examine the colocalization of PER2 and 
CRY1 using mice SCN tissues. PER2-specific and two different 
CRY1 antibodies (one mouse antibody and one guinea pig 
antibody) were used. As expected, mPER2 and mCRY1 foci 
similar to those in U2OS KI cells were found to be enriched in the 
nuclei of the SCN cells (Fig. 7H and SI Appendix, Fig. S7G). As 
expected, despite some colocalization, most mPER2 and mCRY1 
foci did not colocalize. In addition, the number of mPER2 foci 
was significantly higher at ZT12 and CT12 than those at ZT4 

and CT4, respectively, consistent with a mPER2 rhythm in SCN 
cells (Fig.  7I). As shown in SI  Appendix, Fig.  S7H, the PER2 
and CRY1 antibodies had low background nuclear signals in the 
SCN cells prepared from the Per1−/−Per2−/−Per3−/− triple KO and 
Cry1−/−Cry2−/− double KO mice, respectively (67, 68), indicating 
the specificity of the antibodies. Together, our results demonstrated 
that endogenous PER2 only interacts with endogenous BMAL1 
and CRY1 transiently and most PER2 bodies are not in complex 
with BMAL1 or CRY1 at any given time.

Discussion

The challenges of examining LLPS behavior of endogenous pro­
teins have often meant that the conclusion of many studies were 
based on protein overexpression in cells or on in vitro biochem­
ical studies using high concentrations of recombinant proteins 
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Fig.  6. Airyscan imaging analyses of 
double KI cells showing that most PER2 
bodies do not associate with BMAL1/CRY1 
and the DNA residence time of BMAL1.  
(A and B) 3D Airyscan imaging result of PER2-
EGFP and BMAL1/CRY1-mScarlet-I double 
KI cells at hour 10 after synchronization. 
Representative converted 2D nuclear images  
were shown. The 3D Airyscan imaging 
results for other time points are presented 
in SI Appendix, Supplemental Data Files. (Scale 
bar: 5 μm.) (C) Numbers of BMAL1 bodies 
and CRY1 bodies after dexamethasone 
synchronization in the double KI cells. Data 
are means ± SEM (n = 8 cells). (D) Numbers 
of PER2 and BMAL/CRY1 foci that colocalize 
after dexamethasone synchronization. 
Threshold distance for colocalization was  
set <100 nm. n = 8 cells. (E and F) Percent
ages of BMAL1/CRY1 and PER2 foci that 
colocalize after synchronization in the 
indicated PER2 and BMAL1/CRY1 double 
KI cells. n = 8 cells. (G) Time series of live 
cell Airyscan imaging of nuclear BMAL1 
foci in the BMAL1-mScarlet-I knock-in cells. 
The arrow indicates immobile BMAL1 foci. 
Frame rate: 1.02 s/frame. (Scale bar: 5 μm.) 
(H) Summary of duration of immobility 
of identified immobile BMAL1 foci in the 
BMAL1-mScarlet-I KI cells. n = 10 cells.
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(42). Our analysis presents an important cautionary example for 
LLPS and circadian studies and demonstrates the importance of 
examining endogenous proteins in our understanding of biolog­
ical mechanisms.

PER proteins are core components of the animal circadian 
clocks(1–3). When PER2 was stably overexpressed in U2OS cells 
at a much lower level than commonly used transient transfection, 
PER2 LLPS condensates are formed in the nucleus. These con­
densates satisfies standard LLPS criteria: They are sensitive to 
concentration changes, can fuse with each other, rapidly recover 
after photobleaching, and are highly sensitive to 1,6-hexanediol 
treatment. Moreover, the LLPS behavior also appeared to corre­
late with PER2 biological function as condensate formation 
depends on PER phosphorylation and the condensates can recruit 
other clock proteins. Had we relied only on these results, we 
would have proposed that PER LLPS was important for clock 
function. The overexpressed Drosophila PER and the mammalian 
REV-ERBα were recently shown to exhibit LLPS behavior (69, 
70). How the endogenous dPER and REV-ERBα proteins behave 
is still unclear.

Super-resolution imaging of the endogenous PER2 protein, 
however, revealed that the LLPS behavior exhibited by the over­
expressed protein was not physiologically relevant. Although the 
endogenous PER2 formed highly concentrated protein microbod­
ies, they were insensitive to concentration changes, resistant to 
1,6-hexanediol treatment, and insensitive to the loss of PER2 
phosphorylation. These results indicate that the LLPS condensates 
and the endogenous PER bodies are formed by distinct mecha­
nisms. The former is likely mediated by multivalent weak and 
nonspecific protein interactions involving IDRs when PER2 is 
over expressed, but the latter is likely formed by strong specific 
protein–protein interactions insensitive to 1,6-hexanediol treat­
ment and protein phosphorylation. This is different from the pro­
tein hub formation of some transcription factors, which was 
previously shown to be mediated by the multivalent IDR-IDR 
interactions (42, 45, 46). A crystal structure of a PER2 PAS 
domains revealed a homodimer stabilized by antiparallel packing 
of the PAS-B β-sheets (71), suggesting that highly specific pro­
tein–protein interactions mediated by structured protein regions 
(72). Based on our results, we propose that for LLPS studies, 
endogenous proteins should be examined whenever possible. In 
addition, the level of the endogenous protein should be compared 
to that used for LLPS studies.

PER proteins promote the CRY-dependent removal of BMAL1- 
CLOCK complex from E-boxes on chromatin by recruiting CK1 
to phosphorylate CLOCK and modulate CRY-mediated inhibition 
of BMAL1-CLOCK activity on chromatin (18–22). PER was 
thought to mediate these roles through formation of large and stable 
nuclear complexes with CRY1, BMAL1, and CLOCK (25, 27). By 
directly visualizing the nuclear distribution and dynamic movements 
of endogenous proteins, our results showed that PER2, BMAL1, 
and CRY1 all form hundreds of nuclear microbodies that are under 
circadian control with PER2 have the most robust rhythm. The 
number of PER bodies is not solely determined by PER2 levels since 
at 4 and 10 h after cell synchronization, levels of PER2 were about 
the same, but there were drastically different PER body numbers. 
The progressive phosphorylation of PER2 during this time frame 
may modulate PER body formation.

PER proteins have been previously shown to co-immunoprecipitated 
with BMAL1 and CRY proteins and have high affinity binding with 
each other in vitro (2, 4–10), suggesting that they can form large stable 
complex together (25). In contrast, multiple lines of results presented 
here demonstrate that the vast majority of PER microbodies are not in 
association with BMAL1 or CRY1 bodies at any time, indicating that 
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Fig. 7. PER, BMAL1, and CRY1 microbodies and their interactions revealed by 
STED microscopy. (A and B) STED microscopy images of PER2 and BMAL1/CRY1 
puncta in the PER2-EGFP KI cells at 10 h after synchronization. PER2, BMAL1, 
and CRY1 were stained by anti-GFP (mouse), anti-BMAL1 antibody (rabbit), and 
anti-CRY1 antibody, respectively. (Scale bar: 5 μm.) (C and D) Percentages of PER2 
and BMAL1/CRY1 bodies that colocalize at 10 h after synchronization. Distance 
threshold was set <100 nm. Data are presented as mean ± SEM (n = 8 cells). 
(E) Comparison of PER body sizes estimated by conventional anti-GFP antibody 
and anti-GFP nanobody. n = 5 cells. (F and G) Immunodepletion assay of CRY1 or 
BMAL1 in extracts prepared from the indicated double KI U2OS cells 10 h after 
synchronization (F) or from mice liver tissue (ZT18) (G). After immunodepletion, 
western blot analyses were performed using the indicated antibodies. (H) 
Representative immunofluorescence imaging results in the nucleus using mice 
SCN tissues harvested at the indicated ZT time points using a rabbit polyclonal 
PER2 and a mouse CRY1 antibody, respectively. Cells from the core SCN region 
were selected. (I) Quantification of the nuclear PER2/CRY1 foci numbers in the 
SCN cells at the indicated time points.
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the interaction between endogenous PER and other clock proteins is 
transient. These results suggest that the interaction between PER2 and 
CRY1/BMAL1 in vivo is regulated.

Live cell imaging of BMAL1-mScarlet-I knock-in cells showed 
that only a small percentage of BMAL1 bodies are immobile for up 
to 16 s, which is similar to observations of other transcription factors 
(62). Our light-sheet microscopy analyses demonstrated that most 
PER bodies freely diffuse in the nucleus. Those that are immobile 
remain so for less than 1 s (average of 0.4 s), suggesting that the 
association of PER bodies with BMAL1 on DNA is very transient. 
Thus, PER bodies transiently interact with BMAL1-CLOCK com­
plexes to promote CLOCK phosphorylation by CK1 resulting in 
dissociation of BMAL1-CLOCK from DNA (18, 19). In live cell 
imaging of CRY1-mScarlet-I knock-in cells at 1-s intervals, we did 
not detect immobile CRY1 bodies, indicating that the association 
time of CRY1 with chromatin is also much shorter than that of 
BMAL1. Thus, both PER and CRY1 mediate their roles in the 
circadian negative feedback process by transient association of with 
BMAL1 on chromatin which make PER and CRY1 to be 
enzyme-like and act on multiple BMAL1-CLOCK complexes, 
achieving high efficiency of repression.

The lack of co-localization between most PER2 bodies with CRY1 
bodies was surprising mCRY1 and mPER2 were previously shown 
to have a high affinity for each other and can be fractionated together 
(4, 26). Our results here, which are confirmed by fluorescence and 
immunofluorescence imaging in U2OS cells and SCN cells and 
immunodepletion assays in cells and liver tissue, indicate that the 
PER2 and CRY1 interaction is transient in cells. Phosphorylation of 
either PER or CRY is one likely mechanism that regulates their inter­
action in vivo. CRY can repress BMAL1-CLOCK activity on DNA 
independently of PER proteins (20, 22, 73). We previously showed 
that PER and CRY can sustain a functional (but very low amplitude) 
circadian negative feedback loop by repressing BMAL1-CLOCK 
activity independently of the PER-CK1 interaction-mediated nega­
tive feedback mechanism (18). The transient PER-CRY1 association 
may modulate the inhibitory function of CRY1/2 to result in rhyth­
mic BMAL1-CLOCK activity. Clock protein overexpression is com­
monly used in ccircadian studies. As we demonstrated in this study 
that the transient transfection- and lentiviral transduction-mediated 

PER2 expression resulted in over 2,000x and 20x overexpression, 
respectively. Given the discrepancies between results obtained based 
on experiments relied on protein overexpression and our findings, 
our study highlights the importance of studying endogenous proteins 
to understand clock mechanisms.

Unlike our results here and previously published imaging results 
of PER2, BMAL1, and CRY1 (28–30, 74), the Drosophila PER 
and CLOCK proteins were recently found to be in a few large 
discrete foci at the nuclear envelope during the circadian repression 
phase (75). Such a difference may be caused by differences in 
circadian clock mechanisms between insects and mammals.

Materials and Methods

U2OS, HEK293T, and MEF cells were used in this study. HEK293T and MEF cells were 
cultured in Dulbecco’s Modified Eagle’s Medium with 10% fetal bovine serum (FBS). 
U2OS cells were cultured in McCoy's 5A medium with 10% FBS and penicillin–strep-
tomycin in 35-mm or 10-cm plates. All live cell imaging studies were performed 
at 37 °C with CO2. All cell lines generated in this study were derived from U2OS 
cells, which are originally derived from human bone osteosarcoma epithelial cells 
of a female patient. Detailed materials and methods are described in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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