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The mammalian circadian oscillator is primarily driven by
an essential negative feedback loop comprising a positive com-
ponent, the CLOCK-BMALI1 complex, and a negative compo-
nent, the PER-CRY complex. Numerous studies suggest that
feedback inhibition of CLOCK-BMALLI is mediated by time-
dependent physical interaction with its direct target gene
products PER and CRY, suggesting that the ratio between the
negative and positive complexes must be important for the
molecular oscillator and rhythm generation. We explored this
idea by altering expression of clock components in fibroblasts
derived from Per2"* and Per mutant mice, a cell system exten-
sively used to study iz vivo clock mechanisms. Our data dem-
onstrate that the stoichiometric relationship between clock
components is critical for the robustness of circadian rhythms
and provide insights into the mechanistic organization of the
negative feedback loop. Our findings may explain why certain
mutant mice or cells are arrhythmic, whereas others are rhyth-
mic, and suggest that robustness of circadian rhythms can
be increased even in wild-type cells by modulating the
stoichiometry.

Sleep/wake cycles and other mammalian circadian rhythms
are synchronized with changes in the local environment, most
notably light/dark cycles, through endogenous circadian
clocks (1-5). A master clock is located in the suprachiasmatic
nuclei in the anterior hypothalamus; this clock adjusts itself
based on light/dark information and synchronizes peripheral
clocks present in most tissues. The molecular composition
and operating mechanism of the clocks are very similar, if not
identical, among suprachiasmatic nuclei and peripheral tis-
sues (6, 7).

The cell-autonomous molecular clock consists of several
interacting transcriptional/post-translational feedback loops
(8,9). However, as found in most organisms, including Neuro-
spora, Drosophila, and mammals (1, 10-12), one negative
feedback loop seems to be the primary driver of clock func-
tion; this loop is composed of positive elements and negative
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elements. In mammalian clock cells, CLOCK (or NPAS2) and
BMALL are the positive elements, and they form a het-
erodimer that activates transcription of the negative compo-
nents PER and CRY, which then constitute an inhibitory com-
plex. The inhibitory complex closes the negative feedback
loop by inhibiting the positive complex (CLOCK-BMAL1)
through direct physical interaction (3, 4, 13—18). Although
CLOCK and BMALI are dynamically regulated at the post-
translational level in a circadian fashion (14, 19 -22), their
oscillations in abundance do not seem to be required for clock
function (15, 23, 24). However, oscillations of the negative
complex are critical for the clock, and PER seems to be rate-
limiting for the rhythmic formation of the complex (14, 15).
Constitutive overexpression of PER leads to constitutively
elevated levels of the negative complex and constitutive
down-regulation of CLOCK-BMALI1-controlled genes (15).
Although the precise mechanism of the inhibition by the
negative complex is not known, the mode of the inhibition
may vary from species to species. In Drosophila, stable and
stoichiometric interaction between the negative and the posi-
tive complexes seems to be required for the inhibition, as
Menet et al. (25) recently showed that Drosophila PER can
sequester Drosophila CLOCK in a 1:1 stoichiometric complex
with low DNA-binding affinity. However, the mode of the
inhibition does not seem to depend on stoichiometric interac-
tion between two complexes in Neurospora. Although the
total levels of inhibitor (FRQ) and activator (WCC) complexes
are similar in Neurospora, the levels of FRQ are significantly
lower than those of WCC in the nucleus, and they do not
form stable complexes (26, 27). Nuclear FRQ can overcome
the abundance of nuclear WCC by catalytically inactivating
nuclear WCC (27-29). Preliminary evidence suggests that the
inhibitory mechanism in mammals is similar to that in Dro-
sophila. In the mouse, both positive (CLOCK-BMALL) and
negative (PER1/2-CRY1/2) complexes are predominantly nu-
clear and about equal in abundance (14, 30). Furthermore,
they are co-eluted in fractionation by gel filtration chroma-
tography, and stable complex formation between CLOCK-
BMALLI and PER-CRY and the resulting negative feedback are
tightly linked to the abundance of the rate-limiting compo-
nent PER, supporting the importance of the stoichiometry
(14, 15). If the time-dependent stoichiometric interaction be-
tween the positive and negative complexes drives the negative
feedback inhibition, then the relative ratio between them
must be critical for proper functioning of the circadian clock.
To test how varying ratios of negative to positive complexes
affect circadian rhythms and the molecular clock in mam-
mals, we modulated expression levels of the complexes in
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Per2"** mouse embryonic fibroblasts (MEFs)* using an adeno-
viral vector. Previous studies have demonstrated that biolumi-
nescence rhythms from these cells grown in vitro reflect in
vivo cell-autonomous circadian rhythms and can be geneti-
cally modulated in the same way as in vivo (7, 15, 24, 31-33).
In this work, we show that circadian period and amplitude
can be profoundly affected by modulation of the relative ratio
of negative to positive complexes in the feedback loop. Fur-
thermore, our studies demonstrate that PER1 and PER2 are
indeed functionally redundant in the negative feedback loop.
In Perl mutant cells, exogenous expression of Per2 via a Per2
promoter could rescue arrhythmicity of the mutant cells, as
could expression of PerI via the Per2 promoter. Likewise, in
Per2 mutant cells, exogenous expression of Perl could rescue
arrhythmicity. Our quantification experiments suggest that
CLOCK-BMALL is significantly more abundant than PER-
CRY in cultured mouse fibroblasts, unlike in liver in vivo.
Consistent with our hypothesis, robustness of circadian
rhythms in cultured fibroblasts was dramatically enhanced by
equalizing the stoichiometry.

EXPERIMENTAL PROCEDURES

Cell Culture and Antibodies—Wild-type MEF protocols
have been described previously (15). Perl and Per2 mutant
mouse fibroblasts were generously provided by Drs. Andrew
C. Liu and Steve A. Kay. COS-7 cells were obtained from
ATCCAmerican Type Culture Collection. Antibodies to clock
proteins were described previously (14, 34). Rabbit anti-actin
antibody was purchased from Sigma. Anti-V5 and anti-FLAG
antibodies were from Invitrogen and Sigma, respectively.

Monitoring of Bioluminescence Rhythms and Immunoblots
with MEFs—Bioluminescence rhythms were measured as de-
scribed previously (15). To measure bioluminescence rhythms
from fibroblasts expressing GFP and clock proteins, fibro-
blasts were infected with GFP- or clock protein-expressing
adenovirus for 2 h and serum-shocked with 50% horse serum
for 2 h. These fibroblasts were immediately placed into a
LumiCycle luminometer (Actimetrics, Wilmette, IL). To de-
tect protein rhythms in MEFs, MEFs in 60-mm dishes were
serum-shocked for 2 h, harvested at selected intervals, and
subjected to immunoblotting.

Quantification of in Vivo Clock Proteins in MEFs—MEF
extracts (in vivo clock proteins) were prepared from MEFs
harvested at 16 and 24 h after a 2-h serum shock (35). In vitro
translated proteins were prepared using TNT rabbit reticulo-
cyte extract (Promega, Madison, WI) and pcDNA-clock gene
templates (see below) in the presence of L-[>**S]methionine to
allow quantification of the labeled product (14). Known
amounts of in vitro translated proteins (~1, 0.2, and 0.05
fmol) were resolved with MEF extracts on the same blot, and
signal intensities were quantified using a film densitometer as
has been done previously (14).

Immunoprecipitation, Immunocytochemistry, and Lucifer-
ase Reporter Assay—Immunoprecipitation, immunocyto-
chemistry, and the luciferase reporter assay were performed
as described previously (16, 36).

*The abbreviation used is: MEF, mouse embryonic fibroblast.
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Recombinant Plasmids, Adenoviral Constructs, and Virus
Production—pcDNA plasmids for Cry1HA, Cry2-HA, Per2-
V5, Per1-V5, 3XFLAG-Clock, and 2XHA-Bmall were de-
scribed previously (15, 16). The construction of the recombi-
nant adenoviral vectors encoding various clock proteins and
generation of recombinant adenovirus were performed using
the procedures of He et al. (37). Adenoviral constructs for
GFP, BMALI, CRY1, Per2-PER2, and Per2-LUC have been
described previously (15). For the adenoviral Clock construct,
3XFLAG-Clock was cloned into the Xhol and EcoRV/Pmel
sites of pAd-Track-CMYV using the following primers: for-
ward, ATCCCTCGAGGCCACCATGGACTACAAAGACC-
ATGACGGTGATTATAAAGATCATGACATCGATTACA-
AGGATGACGATGACAAGGTGTTTACCGTAAGCTGTA-
GTAAAATGAGC; and reverse, TAGGGTTTAAACCTGTG-
GCTGGACCTTGGAAGGGTC. For the mutant Bmall
adenoviral construct, 2X HA-mutant Bmall (amino acid 86 to
the last amino acid) was cloned into the EcoRV site of
pAd-Track-CMYV using the following primers: forward, ATC-
CGTTTAAACGCCACCATGTACCCATACGATGTTCCA-
GATTACGCTTACCCATACGATGTTCCAGATTACGCT-
GACAAAATG; and reverse, TAGGGTTTAAACTCAATGG-
TGATGGTGATG. For the Per2-PER1-V5 adenoviral
construct, the Per2 promoter and the Bmall 3'-UTR
described previously (15) were transferred into pcDNA3.1-
Per1-V5, and then Per2 promoter-Perl-V5-Bmall 3'-UTR
from the pcDNA was cloned into the Kpnl/Pmel sites of pAd-
Track-CMV by two-step ligation. Complete adenoviral vec-
tors were generated by in vivo recombination as described
previously (15).

Period and Amplitude Calculation—The period was calcu-
lated with the first four peaks using the periodogram function
in the ClockLab software. The amplitudes in Fig. 6C were cal-
culated with five peaks after the fourth peak using the Fast
Fourier transform function in the software. Significance levels
were measured by Student’s ¢ test.

Real-time Quantitative PCR and ChIP—Quantitative PCR
in Fig. 4A was performed as described previously (15). For
ChIP, MEFs were grown to confluency in 100-mm dishes,
infected with GFP or CLOCK/BMAL1 adenovirus for 2 h, and
then treated with 1% formaldehyde 24 h after the infection.
The reaction was stopped by treatment with 0.125 m glycine
and washing with PBS three times. The cells were harvested
and processed without SDS as described previously (14).
Quantitative PCR was performed on ChIP-isolated DNA for
Perl E3, Per2 E2, and Dbp E2 (14, 38 —40). For the top panels
in Fig. 4C, PCR amplification was performed for 32 cycles
using ChIP samples and 100-fold diluted input samples.

RESULTS

CLOCK-BMALLI Is Significantly More Abundant than PER-
CRY in the Circadian Negative Feedback Loop in MEFs—As
suggested by circadian bioluminescence in Per2"*“ MEFs, the
proteins that compose the circadian feedback loop oscillate in
cultured MEFs much as they do in vivo (Fig. 1, A and B) (14,
15, 19, 41). Both PER1 and PER2 showed robust oscillations in
abundance and phosphorylation, as they do in mouse tissues.
As in liver, four isoforms of CLOCK were observed and oscil-
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FIGURE 1. PER is the stoichiometrically limiting factor in the circadian negative feedback loop in MEFs. A, robust bioluminescence rhythms in Per2-4<
MEFs. The bioluminescence rhythms were measured after a 2-h serum shock. B, circadian rhythms of endogenous clock proteins in MEFs. Per2-“< MEFs were
harvested at the indicated times after serum shock and immunoblotted. Note that there are four CLOCK isoforms: two hyperphosphorylated isoforms and
two non- or hypophosphorylated isoforms (indicated by two asterisks), as has been shown in liver (14). Relative abundance of PER1 and PER2 was calculated
from three different experiments (bottom panel). C, PER is the limiting factor among the clock proteins. Endogenous clock proteins in MEFs harvested at 16
and 24 h after serum shock were compared with known amounts of in vitro translated proteins on the same blot. Based on data in Band D, combined levels
of PERT and PER2 peak at 24 h after serum shock. 1 in vitro translated proteins is roughly equal to 1 fmol. D, relative abundance of endogenous clock pro-
teins at 24 h in MEFs. Results are shown as means =+ S.E. of three experiments. CLK, CLOCK; BM, BMAL1.

lated in abundance and phosphorylation. BMAL1 exhibited
modest oscillations in abundance and phosphorylation. Al-
though it has been suggested from previous studies that PER
is limiting for formation of the inhibitory PER-CRY complex
in liver and cultured fibroblasts (14, 15), the stoichiometric
relationship between negative and positive components is not
known in cultured fibroblasts; this knowledge is critical for
using this system to test our hypothesis. Thus, we determined
absolute concentrations of the clock components in the feed-
back loop by comparing peak levels of in vivo clock proteins
with known amounts of in vitro translated proteins, as has
been done previously (14). The comparison of clock proteins
was performed with MEFs harvested 24 h after serum shock
because our quantification results showed that the limiting
clock components PER1 and PER2 are both near peak levels
at this time (Fig. 1, B—D). In MEFs, CLOCK, BMAL1, and
CRY1 were similarly abundant, which is different from liver,
where BMALL is far less abundant than the other two (Fig. 1,
Cand D). CRY2, PER1, and PER2 were less abundant than the
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other core clock proteins. Unlike in mouse liver, where the
levels of PER1/2 (the limiting component in the negative
complex) to BMALI (the limiting component in the positive
complex) are almost 1:1, in MEFs, the combined levels of
PER1 and PER2 were only about half of those of CLOCK and
BMALL, implying that CLOCK-BMALLI would be twice as
abundant as the negative complex, PER-CRY, assuming that
positive and negative heterodimers predominate over other
possible complexes, including homodimers. Like PER, endog-
enous CLOCK and BMALLI were predominantly nuclear in
MEFs (supplemental Fig. S1) (41). Based on these data, it is
tempting to speculate that the low amplitude in clock gene
and clock-controlled gene mRNA rhythms in fibroblasts (e.g.
Refs. 7, 15, and 42) could be due to inadequate levels of the
negative complex, resulting in weaker inhibition of the posi-
tive complex as compared with liver tissue. On the other
hand, it was intriguing that the negative feedback loop is still
functioning in MEFs, although there is significantly less of the
negative complex than the positive complex. This raised the
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possibility that the feedback inhibition may also be mediated
at least in part by a catalytic activity of the negative complex,
as described in Drosophila, where the inhibitor complex in-
duces phosphorylation of Drosophila CLOCK and dissocia-
tion of the positive complex from DNA (43, 44).

Overexpression of CLOCK-BMALI Reduces Amplitudes but
Does Not Substantially Disturb Circadian Bioluminescence
Rhythms—Although previous studies demonstrated that the
interacting feedback loops controlling CLOCK and BMAL1
oscillations are dispensable for circadian rhythm generation
and that constitutive expression of exogenous BMALI1 can
rescue arrhythmicity in the Bmall mutant mouse and cells
derived from the mouse (19, 23, 24), it has not been shown
how overexpression of both CLOCK and BMAL1 would affect
the clock and circadian rhythms in vivo. Based on our quanti-
tative findings in MEFs, overexpression of either one would
not effectively increase the levels of the CLOCK-BMAL1
complex; CLOCK and BMALL levels are similar in MEFs (un-
like in liver), so either component could be limiting for com-
plex formation. Furthermore, in reporter assays in cultured
cells, expression of CLOCK or BMAL1 alone does not in-
crease E-box-mediated transcription of the reporter gene (16,
45). Strong transcriptional activation can be observed only
when CLOCK and BMALI are coexpressed, indicating that
heterodimer formation is a prerequisite for E-box-mediated
transcriptional activation of the clock and clock-controlled
genes. Because in vitro reporter assays showed that transcrip-
tional activation can be increased by CLOCK-BMALL in a
dose-responsive manner (22), it was expected that co-overex-
pression of CLOCK and BMALI could compromise the mo-
lecular clock by exceeding the capacity of the negative com-
plex to inhibit transcription.

To effectively express CLOCK and BMAL1 in MEFs, we
generated adenoviral constructs as described previously (15).
When these constructs were tested in a reporter assay, adeno-
viral coexpression of CLOCK and BMALI activated tran-
scription from a Per1-luciferase reporter gene to a level com-
parable with that produced by transfection-mediated
expression of CLOCK and BMALL1 (supplemental Fig. S2A).
The adenoviral expression of CLOCK and BMALT1 also acti-
vated transcription of the luciferase reporter from a Per2 pro-
moter and could be inhibited by CRY1 (supplemental Fig.
S2B), demonstrating that the virus-expressed CLOCK and
BMALI1 are functionally normal in terms of activation and
inhibition. When compared with endogenous proteins, the
levels of exogenous CLOCK and BMALL1 were 3-5- and ~10-
fold higher in MEFs, respectively (Fig. 24). The size of the
exogenous BMALI was distinctively larger than that of the
endogenous BMALL (the smear of the endogenous band is
due mainly to phosphorylation as in in vivo tissues
(supplemental Fig. S3)), but the exogenous CLOCK co-mi-
grated with the larger hyperphosphorylated species of endog-
enous CLOCK (Fig. 24) (14). Phosphatase treatment of im-
munoprecipitated CLOCK from control cells resolved the
four species of in vivo CLOCK into two non-phosphorylated
species (Fig. 2B, compare lanes 4 and 7), as reported previ-
ously in liver (14). However, the main exogenous CLOCK
band was not affected by the treatment (Fig. 2B, compare
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FIGURE 2. Adenoviral CLOCK and BMALT1 are functional in cultured cells.
A, adenoviral constructs overexpress exogenous CLOCK and BMAL1 pro-
teins in MEFs. MEFs were infected with GFP, CLOCK (CLK), or BMAL1 (BM)
adenovirus (Adv) and harvested 24 h later. 1X (center lane) and 0.5 X (last
lane of each blot) titers were used for CLOCK and BMALT1. The white arrows
indicate nonspecific bands. Note that exogenous CLOCK co-migrated with a
hyperphosphorylated endogenous CLOCK isoform (see B). Expression of
FLAG-CLOCK was confirmed by FLAG immunoblot (center panel). B, resolu-
tion of exogenous versus endogenous CLOCK protein. MEFs were infected
with GFP or CLOCK adenovirus and harvested as described above. MEF ex-
tracts (input) were immunoprecipitated and treated without (—) or with (+)
A-protein phosphatase (APPase). Note that phosphatase treatment resulted
in two non-phosphorylated CLOCK isoforms in GFP MEFs (indicated by two
asterisks) but three isoforms in CLOCK MEFs, indicating that the top band is
exogenous CLOCK. C, exogenous CLOCK and BMALT form a heterodimer.
MEFs were infected with GFP or CLOCK/BMAL1 adenovirus and harvested at
16 and 24 h. Bottom panels are immunoprecipitated (/P) samples from the
top panels, which are input samples for immunoprecipitation. Note an extra
band in CLOCK/BMALT1 (CLK/BM) MEFs in the top panel. This is a hyperphos-
phorylated exogenous CLOCK isoform that can be seen only when co-in-
fected with BMAL1 adenovirus. NS, nonspecific immunoprecipitation.

BMAL1

lanes 5, 6, 8, and 9), suggesting that CLOCK is not phosphor-
ylated when expressed alone, as has been demonstrated previ-
ously (22). Exogenous CLOCK was efficiently phosphorylated
(similar to in vivo CLOCK) when BMAL1 was coexpressed
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adenoviral infection.

(indicated by the arrow in Fig. 2C, top panel) (22). In addition,
immunoprecipitation revealed that exogenous CLOCK and
BMALL1 were involved in formation of the positive complex
(Fig. 2C, bottom panels). In summary, the exogenous CLOCK
and BMALLI are potent in activating transcription, can form a
heterodimer, and are post-translationally regulated like their
in vivo counterparts.

To determine how increased levels of the positive compo-
nents in the feedback loop affect circadian rhythms, CLOCK
and BMALI1 were overexpressed in Per2"““ MEFs (Fig. 3, A
and B). When CLOCK and BMAL1 were individually ex-
pressed, overexpression of CLOCK and BMALL significantly
shortened and lengthened the circadian period, respectively.
It is not clear why the circadian period is differentially regu-
lated by overexpressed CLOCK and BMALL. It could be due
to different expression levels or functional antagonism of the
overexpressed CLOCK and BMALLI in the negative feedback
loop. In any case, intact robust circadian rhythms in CLOCK-
or BMAL1-overexpressing cells are consistent with our stoi-
chiometry data showing that expression of either protein
would not effectively increase levels of the positive complex
because CLOCK and BMALLI in MEFs are almost equimolar.
Thus, both CLOCK and BMALL1 were coexpressed in MEFs to
efficiently increase the levels of the CLOCK-BMALIL complex
(Fig. 3C). The bioluminescence was still rhythmic in the cells
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and was not substantially disrupted compared with control
cells, as assessed by the ClockLab software. In contrast to the
transient reporter assays, basal levels of bioluminescence were
only slightly elevated. However, amplitudes were reduced by
the increased PER2-LUC basal levels, which is attributable to
a higher ratio of the CLOCK-BMALI complex to the PER-
CRY complex as compared with control cells and thus less
robust feedback inhibition. This was most notable in the 2nd
and 3rd days after serum shock, before amplitudes of biolumi-
nescence started to damp quickly even in control cells. We
could not observe significant changes in the period between
CLOCK/BMALI- and GFP-expressing cells (for GFP, n = 11
samples; for CLOCK/BMALI, n = 10 samples; p = 0.36), sug-
gesting that the differential regulation of the period by over-
expression of the individual activators may be due to func-
tional antagonism of CLOCK and BMALL1 overexpression on
the circadian clock.

Although in vitro characterization of our adenoviral con-
structs indicated that they express active transcription factors
in cultured cells, the mild phenotype in MEFs suggests that
the adenoviral proteins may not regulate in vivo target clock
genes as efficiently as the in vitro data suggested. To validate
that adenoviral expression did not grossly impair protein
function, we tested if an exogenous dominant-negative
BMALI mutant could disrupt the endogenous CLOCK-
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BMALI complex and thus compromise PER2-LUC rhythms.
We generated a BMALI mutant lacking the DNA-binding
basic region (Fig. 3D) (46). The BMALI mutant could still
interact with CLOCK through helix-loop-helix and PAS do-
mains, but the resulting complex would not bind E-box mo-
tifs, and thus the BMAL1 mutant would act as a dominant-
negative mutant (47, 48). Overexpression of the BMAL1
mutant effectively disrupted circadian rhythms and lowered
basal levels of bioluminescence, suggesting that transactiva-
tion of the endogenous Per2-luc gene had been compromised,
as expected (Fig. 3, D and E). Taken together, the data show
that the mild phenotype despite the coexpression of CLOCK
and BMALLI is not due to ineffectiveness of the exogenous
CLOCK and BMALLI expressed by the adenoviral vector.

Differential Regulation of CLOCK-BMALI Target Genes by
Overexpressed CLOCK/BMALI1—We investigated clock and
clock-controlled genes for their expression levels in CLOCK/
BMALI1-overexpressing cells to determine how transcription
of the target genes is affected by overexpressed CLOCK-
BMALI. Consistent with the bioluminescence data, nRNA
levels of Per2-luc were only slightly elevated, and the same
was true of Perl (Fig. 4A4). Immunoblot data for PER2-LUC
were also in accordance with the mRNA data (Fig. 4B). How-
ever, mRNA levels for the clock-controlled genes Rev-erbo
and Dbp were increased dramatically (Fig. 44), demonstrating
that the exogenous CLOCK/BMALI can indeed form an ac-
tive transcriptional heterodimer and up-regulate at least some
of their in vivo target genes, as observed in the transient re-
porter assays. There was no significant difference in Cry1
mRNA levels between CLOCK/BMALL- and GFP-overex-
pressing cells. To test if the differential transcriptional regula-
tion may result from differences in CLOCK-BMALLI binding
to promoters of the genes (i.e. if elevated CLOCK-BMAL1
levels lead to increased binding of CLOCK-BMALL in the
promoters of those genes with enhanced transcriptional acti-
vation), we measured CLOCK-BMALI1 binding to E-box mo-
tifs in Perl, Per2, and Dbp genes using ChIP (Fig. 4C).
CLOCK-BMALI binding to the promoter of Dbp was in-
creased in proportion to the levels of total CLOCK/BMALLI,
suggesting that enhanced binding of CLOCK-BMALLI is in-
deed responsible for the high levels of Dbp mRNA (Fig. 4C).
However, CLOCK-BMAL1 binding to the promoters of Perl
and Per2 was not significantly changed in CLOCK/BMAL1-
overexpressing cells (Fig. 4C), suggesting that CLOCK-
BMALI binding to E-box motifs in Per genes is already satu-
rated with endogenous levels of CLOCK and BMAL1, and the
detailed mechanism for activation and inhibition in Per genes
may be different from those for other target genes, as sug-
gested previously (e.g. Refs. 14, 39, and 49). For Per! and Per2
genes, transcriptional activation and inhibition may occur
with constitutive binding (but rhythmic activity) of CLOCK-
BMALLI to the promoters, whereas in other target genes such
as Dbp, rhythmic transcriptional activation is paralleled by
rhythmic CLOCK-BMALI binding to the promoter (14, 39,
49).

Increased PER Levels in Perl or Per2 Mutant Fibroblasts
Rescue Arrhythmicity in the Cells—Our quantitative data on
clock protein expression in fibroblasts suggest an intuitive
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FIGURE 4. Endogenous clock genes are modulated in a target-specific
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tion. mRNA levels were measured by quantitative real-time PCR as de-
scribed previously (15). Levels of Rev-erba: and Dbp were elevated (~2-and
~4-fold, respectively, above GFP MEFs), and rhythm amplitudes were signif-
icantly reduced in CLOCK/BMAL1-expressing MEFs. Amplitudes of Rev-erba
and Dbp mRNA rhythms in GFP MEFs were ~2- and ~3-fold, respectively.
Relative values were calculated with the highest number in GFP MEFs set as
100 in each experiment. Results are shown as means =+ S.E. of three experi-
ments. B, PER2-LUC protein rhythms in GFP or CLOCK/BMAL1 MEFs.

C, CLOCK binding to E-box motifs is elevated in Dbp, but it is not signifi-
cantly increased in Per1 and Per2 when measured by ChIP. MEFs were in-
fected with GFP or CLOCK/BMALT1 adenovirus (Adv), harvested 24 h later,
and subjected to ChlIP for CLOCK-bound chromatin as described previously
(14, 38). Co-immunoprecipitated DNA levels were measured by real-time
quantitative PCR, and relative values were calculated against the value in
GFP MEFs. Results are shown as means = S.E. of three experiments. NS, non-
specificimmunoprecipitation. *, p < 0.05.

explanation at the biochemical level for why cultured fibro-
blasts derived from Per1, Per2, and Cryl mutant mice are ar-
rhythmic (7): the lower levels of PER and CRY2 expression in
the fibroblasts (Fig. 1D) render the cells more sensitive to loss
of further components. Note that this explanation assumes
that PER1 and PER2, and CRY1 and CRY2, are redundant in
the feedback loop. Thus, PERI1 levels in Per2 mutant cells,
PER2 levels in Per!l mutant cells, or CRY2 levels in Cryl mu-
tant cells are not adequately expressed to allow formation of
functionally sufficient negative complexes to counterbalance
the CLOCK-BMALL1 complexes. If the arrhythmicity in Per
mutant fibroblasts is indeed caused by insulfficient levels of
PER and therefore insufficient levels of PER-CRY complex
relative to CLOCK-BMALL, rather than by functional differ-
ences between PER1 and PER2, then arrhythmicity should be
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PER. Results are representative of at least five experiments. B, rescued rhyth-
micity in Per2 mutant fibroblasts by exogenous expression of PER. Note that
bioluminescence rhythms are presented after the base-line luminescence is
subtracted because of increased base line of wild-type luciferase. Two
traces of each sample are shown, representative of three experiments.
Rhythms were not detectible after the second peak in GFP-overexpressing
Per2 mutant fibroblasts.

rescued by increasing either PER1 or PER2 levels in the Per
mutant cells. To test this possibility, we exogenously ex-
pressed PER1 or PER?2 via the Per2 promoter in the mutant
cells (Fig. 5). Consistent with our prediction of functional re-
dundancy between PER1 and PER2, exogenous expression of
PER1 and PER2 in Perl ™~ /Per2"“* mutant cells rescued the
arrhythmicity equally well (Fig. 54). The robustness of
rhythms in exogenous PER-expressing Per! mutant cells was
apparently achieved by deeper troughs in PER2-LUC expres-
sion (as opposed to higher peaks), consistent with intensified
negative feedback. Because the Per2 mutant cells do not have
any endogenous reporter that can be monitored in real time, a
luciferase reporter under the control of a Per2 promoter (ex-
ogenous Per2 promoter-luciferase reporter) was introduced
into the cells, as has been done previously (15). As in Per1
mutant cells, both exogenous Per2 promoter-driven PER1 and
PER?2 rescued the arrhythmicity of Per2 mutant fibroblasts,
but PER2-expressing Per2 mutant cells exhibited more robust
rhythms than PER1-expressing mutant cells, suggesting that
Perl and Per2 may not be equally functional and redundant in
the mutant cells. Because it has been shown that PerI (and
most likely Per2, too) is required for cell-autonomous rhythm
generation in individual fibroblasts (7), our data strongly sug-
gest that modulation of the relative ratio between the positive
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and negative complexes affects the cell-autonomous oscilla-
tors, rather than reinforcing synchronization among fibro-
blasts for a longer period (50, 51). Overall, our data strongly
support our hypothesis that the major negative feedback loop
in the clock mechanism is driven by stoichiometric interac-
tion between the positive and negative complexes, and cell-
autonomous robustness can be modulated by regulating the
relative abundance between them.

Overexpression of PER2 or PERI under the Control of a Per2
Promoter Enhances Robustness of Circadian Rhythms in Wild-
type MEFs—W'e also tested the circadian system by increasing
the levels of the negative complex PER-CRY by overexpress-
ing the limiting components PER1 and PER2 using the Per2
promoter in WT MEFs. In a previous study, we showed that
circadian rhythms and the molecular clock are completely
compromised when exogenous PER?2 is constitutively overex-
pressed or expressed in antiphase to endogenous Per2,
whereas circadian rhythms are maintained if exogenous Per2
is expressed in phase with endogenous Per2 (15). During the
course of that study, we noticed that bioluminescence
rhythms are more robust and last longer in MEFs expressing
PER?2 via the exogenous Per2 promoter as compared with
GFP-expressing MEFs. On the basis of our hypothesis and the
above results, we speculate that the negative feedback loop in
the clock may have been reinforced by improved stoichiome-
try between the positive and negative complexes in the MEFs.
Endogenous PER2 levels are approximately one-third to one-
fourth of those of CLOCK-BMALI (Fig. 1D); the overexpres-
sion of PER2 was ~4-fold higher than that of endogenous
PER2 (15). Thus, the total levels of PER1/2-CRY1/2 would
have been close to or a little more than those of CLOCK-
BMALLI in the Per2-PER2-overexpressing MEFs. PER-CRY
levels are also similar to CLOCK-BMALLI levels in mouse
liver, which has very high amplitude clock protein and mRNA
rhythms compared with cultured fibroblasts.

To determine quantitatively how increased levels of the
negative complex PER-CRY affect circadian rhythms, we ex-
ogenously expressed the limiting components of the negative
complex, PER2 and PER1, via the Per2 promoter in WT MEFs
(Fig. 6). Consistent with our hypothesis and previous data, the
circadian period was significantly shortened, and robust circa-
dian bioluminescence rhythms were maintained much longer
in Per2 promoter-PER2 MEFs than in GFP MEFs (Fig. 6, A
and C). Enhanced robustness was most dramatic when ampli-
tudes were quantitatively compared between the groups of
cells using later days of the bioluminescence record (Fig. 6C).
We believe that the enhanced robustness by exogenous PER2
expression was achieved in a cell-autonomous manner: in-
creased PER would have reinforced the negative feedback
loop as it has done in Per mutant cells, thus making the feed-
back loop more resistant to intrinsic damping processes in
individual cells. However, we cannot rule out that PER over-
expression may have reduced the variability in the intrinsic
circadian periods of the cells; the resulting improvement in
synchronization may have also contributed to the robustness
of ensemble rhythms (50, 51). In any case, our data demon-
strate that robustness of circadian rhythms can be modulated
at the population level by changing the stoichiometric rela-

JOURNAL OF BIOLOGICAL CHEMISTRY 7039



Stoichiometry of Clock Proteins

-GFP
A -P2-P2
600
MM
8o N%AV
£ =
3 ::’; ﬂ®7xk\4\
me \ ~
130 -
0 5 6 7 8 9 10 Days
B GFP
P2-P1
400
. Adv-GFP P2P1V5
E’* /\/\/ %/\/\,\ PER1
i3 ~
% § /\/\/\_ﬂ\ ‘.- V5
@S A TS
120

o

10 Days

(@)

*kk
0.3 k%

23
0.2

0.1

Period (hr)
N
N
(9]
Relative amplitude

22

GFP P2-PER2 P2-PER1 GFP P2-PER2 P2-PER1

FIGURE 6. Exogenous expression of PER under the control of the Per2
promoter enhances robustness of circadian rhythms in wild-type MEFs.
A and B, robustness of bioluminescence rhythms is enhanced in PER2 (A) or
PER1 (B) MEFs compared with GFP MEFs. Exogenous PER1-V5 was overex-
pressed relative to endogenous PER1 in GFP MEFs as shown in the right
panel of B. More traces from separate experiments are shown in supple-
mental Fig. S5. Adv, adenovirus. C, quantification of A and B. Periods were
calculated using the first four peaks, and amplitudes were calculated using
five peaks after the fourth peak. For GFP, n = 12; for Per2-PER2 (P2-P2), n =
12; and for Per2-PER1 (P2-P1), n = 6. %, p < 0.05; ***, p < 0.001.

tionship between clock components in individual oscillators.
Similar effects were observed with expression of exogenous
PERI1 via the Per2 promoter (Fig. 6, B and C), further support-
ing that both PER1 and PER2 are rate-limiting and function-
ally redundant in the circadian negative feedback loop.

DISCUSSION

Numerous genetic and biochemical studies have revealed
essential clock genes and posit a convincing model that these
gene products constitute a self-sustaining negative feedback
loop via physical interactions. This model implies that stoichi-
ometry of clock components is crucial for rhythm generation,
and yet this has not been intensively explored. Thus, by study-
ing the stoichiometric relationship between the activator and
inhibitor complexes, we tested the viability of the current
model of how the clock works and refined our understanding
of one of its most fundamental aspects.

It has been observed that clock protein and mRNA rhythms
are much less robust in cultured fibroblasts, even immediately
after synchronization, than in mouse tissues in vivo. The
lower amplitude of rhythms in cultured fibroblasts may be
explained by the relative abundance of CLOCK-BMALLI over
PER-CRY (Fig. 1D), as opposed to the situation in mouse
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liver, where CLOCK-BMALL1 levels are similar to those of
PER-CRY (14). This hypothesis is strongly supported by our
findings that robustness of circadian rhythms in WT and Per
mutant cells can be dramatically enhanced by increasing lev-
els of PER-CRY close to those of CLOCK-BMALL.

Using our model that the stoichiometry between CLOCK-
BMAL1 and PER-CRY is a key determinant of rhythm ampli-
tude, we could explain why Cryl mutant fibroblasts are al-
most arrhythmic, whereas Cry2 mutant fibroblasts are
robustly rhythmic (7). Because in vitro reporter assays sug-
gested that CRY1 and CRY?2 are almost equally potent as in-
hibitors of CLOCK-BMALI1-mediated transcription (16, 17),
our data imply that different expression levels of CRY1 and
CRY2 account for the circadian phenotypes in Cry mutant
fibroblasts. In the absence of CRY1 in the MEFs, CRY2 would
be the limiting factor in forming the PER-CRY complex, and
the low levels of endogenous CRY2 expression (Fig. 1D) may
result in insufficient levels of the PER-CRY complex to close
the negative feedback loop and generate sustained circadian
rhythms.

To rigorously test the importance of stoichiometry, we used
adenoviral vectors to alter the ratio of CLOCK-BMALL to
PER-CRY. In good agreement with studies in Drosophila (52—
55), overexpression of PER under the control of a Per2 pro-
moter, to be in phase with endogenous PER, significantly
shortened the circadian period (Fig. 6) (15). This is probably
due to more rapid accumulation of the negative complex
PER-CRY, leading to advanced repression as suggested by
Kadener et al. (52). We also found that exogenous PER1 ex-
pression in Per2 mutant cells and exogenous PER2 expression
in Perl mutant cells could rescue the defective circadian clock
function; the fact that restoring the balance of PER-CRY com-
plexes to CLOCK-BMALL is sufficient for rhythmicity
strongly supports our conclusion that proper stoichiometry is
essential for the robustness of circadian rhythms and con-
firms the redundancy of PER1 and PER2 in the feedback
mechanism.

In our ChIP experiments, CLOCK-BMALLI overexpression
increased the CLOCK binding to E-box motifs in the Dbp
gene, suggesting that increased mRNA levels of Dbp are due
to increased transcription through CLOCK-BMALI1-medi-
ated activation and that the E-box motifs are not saturated
with endogenous levels of CLOCK-BMALL. However, in Per
genes in the same cells, CLOCK binding to E-box motifs did
not significantly increase, despite the >3-fold increase in
CLOCK/BMALL levels compared with endogenous levels.
The modest increase in Per transcription in CLOCK-BMAL1-
overexpressing cells may be explained by saturation of E-box
motifs with endogenous levels of the transcription factors. Per
expression would still oscillate in the cells because CLOCK-
BMALI bound to E-box motifs would be rhythmically inhib-
ited by oscillating PER-CRY. The slight weakening of inhibi-
tion may have occurred because increased amounts of
CLOCK/BMALLI would titrate out PER/CRY to some degree
before they disrupt the CLOCK-BMAL1 activity on the E-box
motifs. Consistent with this prediction, we observed increased
basal levels in bioluminescence rhythms. The persistence of
rhythms despite a large excess of positive elements may also
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suggest that a catalytic mechanism for PER-CRY-mediated
inhibition of CLOCK-BMALLI plays a role in the mammalian
clockwork, as has been described for Neurospora and
Drosophila.

Resilience of Per transcription has been reported in other
genetically altered mice. Per mRNA levels are much more
mildly modulated compared with other direct target genes
such as Dbp and Rev-erba in Clock- or Bmall-null mutant
mice (24, 57). In addition, circadian gene expression is main-
tained even when global transcriptional rates in fibroblasts are
dramatically reduced by treatment with transcription inhibi-
tor drugs (58). Because it has been shown that Per oscillations
are most critical for circadian rhythm generation (15), resil-
ience of circadian transcription may have been sustained be-
cause of reduced yet rhythmic Per expression in the drug-
treated cells. The resilience of the molecular clock to wide
ranges of clock protein levels may be a conserved feature of
eukaryotic clock systems because it has also been shown in
Neurospora (56).

In conclusion, our findings on circadian clock protein stoi-
chiometry provide new insights into mechanisms underlying
rhythm amplitude variation and into the effects of manipulat-
ing clock gene expression. Our data suggest that modulation
of Per expression may be an attractive target for pharmaco-
logical intervention to enhance or restore circadian rhythms
in humans suffering from certain circadian disorders or from
age-related circadian disturbances (59). Also, because the
transacting element (CLOCK-BMAL1) is the same for Per
and other target genes, it is tempting to speculate that resil-
ience of Per transcription and the circadian clock is at least
partially encoded in Per loci.
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