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Abstract

Background: The circadian expression of the mammalian clock genes is based on transcriptional
feedback loops. Two basic helix-loop-helix (bHLH) PAS (for Period-Arnt-Sim) domain-containing
transcriptional activators, CLOCK and BMAL1, are known to regulate gene expression by
interacting with a promoter element termed the E-box (CACGTG). The non-canonical E-boxes or
E-box-like sequences have also been reported to be necessary for circadian oscillation.

Results: We report a new cis-element required for cell-autonomous circadian transcription of
clock genes. This new element consists of a canonical E-box or a non-canonical E-box and an E-
box-like sequence in tandem with the latter with a short interval, 6 base pairs, between them. We
demonstrate that both E-box or E-box-like sequences are needed to generate cell-autonomous
oscillation. We also verify that the spacing nucleotides with constant length between these 2 E-
elements are crucial for robust oscillation. Furthermore, by in silico analysis we conclude that
several clock and clock-controlled genes possess a direct repeat of the E-box-like elements in their
promoter region.

Conclusion: We propose a novel possible mechanism regulated by double E-box-like elements,
not to a single E-box, for circadian transcriptional oscillation. The direct repeat of the E-box-like
elements identified in this study is the minimal required element for the generation of cell-
autonomous transcriptional oscillation of clock and clock-controlled genes.

Background
Circadian rhythms, periodicities with an approximate 24-
h length, are essential physiological functions in almost
all organisms on the earth and are generated by endog-
enous biological clocks. The biological clocks consist of 3

components: input, pacemaker, and output. The endog-
enous period length is not exactly 24 h and must be
entrained by light. In mammals, other entrainment cues
such as food intake or temperature, even social cues, can
reset the circadian rhythm. The central oscillator in mam-

Published: 4 January 2008

BMC Molecular Biology 2008, 9:1 doi:10.1186/1471-2199-9-1

Received: 12 July 2007
Accepted: 4 January 2008

This article is available from: http://www.biomedcentral.com/1471-2199/9/1

© 2008 Nakahata et al; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18177499
http://www.biomedcentral.com/1471-2199/9/1
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/


BMC Molecular Biology 2008, 9:1 http://www.biomedcentral.com/1471-2199/9/1

Page 2 of 11

(page number not for citation purposes)

mals is located in the suprachiasmatic nuclei (SCN) in the
anteroventral hypothalamus. Recent studies revealed that
the peripheral clocks reside not only in other brain
regions but also in peripheral organs and even in cultured
cells [1-4]. The output of the biological clocks includes
broad physiological phenomena such as locomotor activ-
ity, sleep-wake cycle, hormonal secretion, cardiovascular
condition, bowel movement, and even mental states. The
disturbance of the biological clocks may cause many dys-
functions from routinely experienced jet-lag or work-shift
problems to sleep disturbance and cardiovascular, meta-
bolic or mental diseases [2,5].

Recent molecular biological studies have revealed that the
molecular mechanism of the biological clocks is based on
the interlocked loops of transcriptional and translational
feedback [6-8]. Among the transcriptional controls in
mammals, 3 major clock components for canonical clock
genes, i.e., E-box, RORE, and DBPE, have been reported so
far [3,9]. The E-box (CACGTG), for example, in the Per1
promoter, is the most well-known regulatory element. It is
considered the binding site for the heterocomplex of
CLOCK/BMAL1, which is a positive regulatory element.
Negative regulatory elements, PERs and CRYs, restrain the
transcriptional activity [10-12]. It is widely known that
not only other clock genes are regulated by the E-box but
also output regulators or clock-controlled genes are regu-
lated by it as well [13-17]. On the other hand, Bmal1,
whose circadian expression exhibits a sort of anti-phase to
Per2 expression, is positively regulated by Rorα and nega-
tively regulated by Rev-erbα, through RORE [18-21].

Per2 was literally cloned as a second mammalian period
gene [22,23], however, gene-knockout analysis revealed a
more prominent role for mPER2 in the mammalian clock
than PER1 [24]. Using the in vitro rhythm oscillation
monitoring system (IV-ROMS) [3,25], instead of the
canonical E-box (CACGTG), we previously identified an
E-box-like sequence (CACGTT) in the Per2 promoter
region in vitro [26], which is essential for the cell-autono-
mous transcriptional oscillation of Per2 as well as for Per2
circadian oscillations in vivo [27]. For the cell-autono-
mous transcriptional oscillation of Per2, not only this E-
box-like sequence but also the downstream region is
involved in the circadian oscillation of Per2 [26]. Here, we
identified closely spaced E-box or E-box-like elements in
the regulatory regions of canonical clock genes including
Per2. Our comprehensive approach raised the possibility
that not just a single E-box but a direct repeat of E-box-like
elements is required for circadian oscillation of core clock
and clock-controlled genes.

Results
Our previous study demonstrated that an E-box-like
sequence (CACGTT) and its downstream region are essen-

tial for transcriptional oscillation of Per2, a crucial compo-
nent of molecular clocks [26]. Comparing with other
mammalian genome sequences, within the conserved
regions among mammalian (human, rhesus, rat, mouse,
and opossum) genomes, we found that an E-box-like
sequence followed by another non-canonical E-box with
6-base pairs (bp) between the two (Fig. 1A). In addition
to Per2, we found a similar E-box or E-box-like sequence
followed by another E-box-like sequence with an inter-
vening space of 6 bp in Per1 and Per3, which are other
mammalian period homologues, in their upstream pro-
moter region close to the transcription start site (TSS). The
E-box or E-box-like sequences distal and proximal to TSS
were dubbed E1 and E2, respectively, and collectively as
the "EE-element" (Fig. 1A). These sequences are well con-
served among diverse mammals, such as human, rhesus,
rat, and mouse, and even the opossum which is evolution-
ally located at the farthest branch from humans among
the mammals. To examine whether these EE-elements are
involved in transcriptional oscillation, we performed the
IV-ROMS established in our previous study by using the
following constructs: The oligonucleotides of 3 (hPer1,
hPer2, and hPer3) EE-elements were inserted upstream of
the SV40 promoter in a luciferase (luc) plasmid, and the
constructed plasmids were used to transfect mouse
NIH3T3 cells. All 3 EE-elements gave significant oscilla-
tion of luciferase activity but the amplitudes were differ-
ent among the genes (Fig. 1B). The hPer2 EE-element
displayed the most robust oscillation, whereas the hPer1
EE-element gave the lowest amplitude, which correlated
with the patterns derived from luc-constructs containing
the longer promoter regions [26]. The amplitude in circa-
dian oscillation seemed to correlate with the number of
mismatches in the E2 sequence. In fact, a mutant hPer3
EE-element, in which the GAG at the end of the E2
sequence was replaced with canonical GTG, exhibited a
higher amplitude than the wild-type hPer3 EE-element
(see Additional file 1).

To investigate whether both E1 and E2 were necessary for
generating the cell-autonomous oscillation, we again per-
formed IV-ROMS with the use of the mutant hPer2 EE-ele-
ment constructs. Not only the double E-box-like
mutations (E1mE2m) but also the single E-box-like muta-
tion (E1m or E2m) resulted in drastically reduced circa-
dian transcription or led to an almost complete loss of
transactivation (Fig. 2). A longer Per2 promoter (~2 kb)
with double E-element mutants showed that the ampli-
tude was heavily reduced, with circadian transcription
hardly being observed (see Additional file 2). These
results are similar to those obtained with mutations of 2
ROREs in the Bmal1 promoter [21] and suggest that these
2 E-box-like elements function in Per2 transactivation.
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To see whether endogenous clock transcription factors,
BMAL1 and CLOCK, could bind to the EE-element, we
investigated the binding of endogenous BMAL1 and
CLOCK to hPer2 double-stranded DNA fragment immo-
bilized on streptoavidin beads (Fig. 3). For this experi-
ment, we raised specific antibodies against BMAL1 (see
Additional file 3). Mouse liver lysates were prepared at 4-
h intervals and immunoblotted with antibodies against
BMAL1 or CLOCK (indicated as PC in Fig. 3A). When the
lysates were incubated with the bead-bound Per2 oligonu-
cleotides and electrophoresis performed, followed by
immunoblotting, bands corresponding to BMAL1 and
CLOCK were detected (Fig. 3A). The shifted bands seen
correspond to phosphorylated BMAL1; and its phosphor-
ylation level peaked around at CT (circadian time) 12,

which is consistent with our previous data obtained with
the Per2 promoter [26]. In contrast, the oligonucleotides
with the same length but having scrambled sequences
bound neither BMAL1 nor CLOCK proteins. The amounts
of BMAL1 and CLOCK pulled down with mutant E1m or
with the double-mutant E1mE2m were drastically
reduced or almost undetectable compared with those
pulled-down by the wild-type EE-element (Fig. 3B). This
result suggests that the endogenous BMAL1 and CLOCK
proteins bound to the E1 element but not to E2. On the
other hand, when we used the E2m oligonucleotide, pre-
cipitated BMAL1 and CLOCK proteins were substantially
detected. These results suggest that the binding of
CLOCK/BMAL1 to E1 and that of unknown factors to E2
are necessary for cell-autonomous circadian transcription.

The "EE-element" possesses transcriptional activity displaying a circadian rhythmFigure 1
The "EE-element" possesses transcriptional activity displaying a circadian rhythm. (A) Sequence alignments of the 
promoter region, containing each EE-element of Per1, Per2 and Per3 gene, among human, rhesus, rat, mouse and opossum (The 
NCBI accession numbers are indicated in Additional file 6). The core sequences (E1 and E2) within the EE-element are shown 
in capital letters. Numbers at both sides of alignments indicate the position from the transcription start site (TSS). (B) EE-ele-
ment-driven luciferase bioluminescence by IV-ROMS. Black lines indicate bioluminescence after serum shock; and gray lines 
show the negative control (replacement with same medium). Abscissa presents "day"; and ordinate, "relative luciferase inten-
sity". First peak values of the curves were set to 1.
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We next examined the length of the space between E1 and
E2, because the spaces between two E-box-like elements
were 6 bp in all of 3 Pers EE-elements (Fig. 1A). To see
whether the space length was crucial for cell-autonomous
circadian transcription, we constructed different spaces
(4~8 bp) between E1 and E2 of the hPer2 EE-element and
performed IV-ROMS (Fig. 4). sp7, in which there were 7
bp spacing nucleotides between the 2 E-elements, yielded
a circadian rhythmicity of Per2 transcription but with a
slightly diminished amplitude compared with the wild-
type oligonucleotide. The amplitude of sp5 and sp8 (5-bp
and 8-bp space, respectively) or sp4 (4-bp space) dis-
played almost no or no oscillation of Per2, respectively.
These results demonstrate that the spacing between the 2
E-elements was critical for rhythm generation and that the
6-bp (or 7-bp) space was necessary for cell-autonomous
transcriptional oscillation. Thus the EE-element for circa-
dian rhythm may be defined as follows: 1) E1 and E2
allow 1 and 2 base mismatches, respectively, and 2) the
space between the 2 E-elements is 6 or 7 bp (Table 1).

Previous studies [28-30] in which clock or clock-control-
led genes were extensively examined at the transcriptional
level by DNA microarrays revealed that a total of 1551
genes exhibited circadian oscillation. So we examined
how many genes contained the EE-element that met our
criteria described above in their promoter regions within

1 kb upstream from the TSS. As a consequence of in silico
analysis, 30 EE-elements in 29 genes were found among
1510 genes, which sequences are available from the VISTA
database (Table 2). The genes that appeared in different
papers and organs were clock and clock-controlled genes,
such as Nr1d1 (also known as Rev-erbα), Dbp, Avp and Tef,
besides Per2. This result strongly suggests that not a single
E-box but a direct repeat of E-box-like elements is essential
for the generation of cell-autonomous circadian oscilla-
tion. To confirm this, by using IV-ROMS we investigated
whether the EE-element in Dbp was also required for its
rhythmicity. The hDbp EE-element showed circadian oscil-
lation as well as the hPer2 one (see Additional file 4). The
mutants of E1 and/or E2 in the EE-element as well as the
space mutants, sp4, sp5, and sp8 displayed no rhythmic-
ity (see Additional file 4), which is consistent with the
results of Per2 described above.

Discussion
Among the genes identified by in silico analysis (Table 2),
arginine vasopressin (Avp) is a neuropeptide physiologi-
cally synthesized in the hypothalamus in a circadian man-
ner but pathologically expressed by small-cell lung cancer.
In the latter case, upstream stimulatory factor (USF),
another bHLH transcription factor, activates the vaso-
pressin promoter via the adjacent non-canonical E-boxes
in tandem with a 6-nucleotides space between them and

Effects of EE-element mutants on circadian expression of luciferaseFigure 2
Effects of EE-element mutants on circadian expression of luciferase. (A) Wild-type (upper, gray letters) and mutant 
(bottom, black letters) sequences of hPer2 E1 and E2 and their flanking sequences are shown. Underlines indicate sequences 
changed from the wild-type one. The core sequence within the EE-element is shown in capital letters. (B) EE-element-driven 
luciferase bioluminescence by IV-ROMS. Gray lines indicate bioluminescence of wild-type hPer2 EE-element; and black lines, 
those of mutants. The abscissa presents "day", and the ordinate indicates "relative luciferase intensity". First peak values of the 
curves were set to 1.
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the second E-box is important for full enhancer function
of the first E-box [31]. Furthermore, hypoxia-inducible
factor 1 (HIF-1), a bHLH-PAS transcription factor, has
recently been reported to regulate some hypoxia-induci-
ble genes such as vascular endothelial growth factor
(VEGF) through an HIF-1 binding site and its downstream
HIF-1 ancillary sequence, both of which are non-canoni-
cal E-boxes [32]. The space between these motifs in this
case is 8 nucleotides and is crucial for activity of promoter.

Not only mammalian genes but also fly clock genes con-
tain a direct repeat of E-box-like elements, as discovered in
this study. The Drosophila timeless promoter includes an E-
box-like sequence dubbed TER1 and is considered as an
EE-element together with its 7-bp downstream canonical
E-box. This TER1 plays a major role in tim transcription
[33]. These reports in addition to this study demonstrate
that not a single E-box but an EE-element is crucial for

Pull-down assays by using oligonucleotidesFigure 3
Pull-down assays by using oligonucleotides. (A) Both BMAL1 and CLOCK proteins bind to Per2 oligonucleotide. BMAL1 
is phospholrylated in a circadian manner, whereas no binding to the random oligonucleotide occurs. Mouse liver lysates at CT 
16 were electrophoresed and immunoblotted with anti-BMAL1 and anti-CLOCK (PC) and immunoprecipitated by anti-
CLOCK and blotted by either BMAL1 or CLOCK (IP). WT; wild-type hPer2 oligonucleotide, E1; E1 mutant oligonucleotide, E2; 
E2 mutant oligonucleotide, E1mE2m; E1, E2 double mutant oligonucleotide. (B) As for BMAL1, the binding to E2m is clearly 
observed; whereas no binding to either E1m or E1mE2m is detected. For CLOCK, the binding to E2m is observed; however, 
the binding to E1m is hardly seen and no binding to E1mE2m is evident.

Table 1: The criteria for the EE-element. Criteria for the EE-element are as follow: 1) 2 E-boxes, close to each other, are needed, 2) E1 

E-box allows 1 base mismatch, E2 E-box allows 2 base mismatches, 3) the spacing between 2 E-boxes is 6 or 7 bp, and 4) the element is 

located within 1 kb upstream region from the TSS.

E-box space E-box

C A C G T G 6 or 7 bp C A C G T G
0~1 mismatch 0~2 mismatch
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transcriptional activation by certain bHLH transcription
factors.

Our results suggest that 2 dimeric complexes of transcrip-
tion factors bind to the 2 E-box-like elements with a short
distance between them, such as 6 nucleotides. To support
this possibility, we simulated this binding of bHLH tran-
scription factors to the EE-element on the DNA by using
the crystal structure of the bHLH domain of the Myc-Max
heterodimer bound to DNA (PDB ID: 1NKP) [34]. Since
1 turn of double-helix DNA is approximately 34 Å and
requires 10.4 nucleotides, the distance from the begin-
ning of E1 to the end of space, which consists of 12 nucle-
otides, spans 39.2 Å (34/10.4 × 12, Fig. 5A). Two binding
faces form a 55.8-degree angle (360/10.4 × 12–360, Fig.
5B). The maximum dimension of the bHLH structure,
which lies along the DNA, is about 32 Å (Fig. 5C). This
dimension is within the 39 Å calculated above and allows
the binding. When the space is 5 nucleotides, for example,
the distance between 2 complexes shortens approximately
3 Å horizontally compared with the case of 6 nucleotides;

however, the angle between them becomes 20.6°. This
precludes the possibility that the bHLH structure binds to
the EE-element, because 2 whole structures including PAS
domains may collide with each other. This simulation
supports our contention that 6 nucleotides between 2 E-
box-like elements, not 5 nucleotides, allow the binding of
bHLH transcription factors to the EE-element on the
DNA.

As a candidate for unknown factors that bind to E2,
another type of transcription factor can be a possible can-
didate as well as the bHLH family transcription factor
including HIF1 [35] or the bZip family transcription fac-
tor E4BP4 (also known as NFIL3) [36]. Our preliminary
EMSA suggests that some proteins may bind to E2 (see
Additional file 5). Alternatively, different forms of the
CLOCK and BMAL1 complex can be involved in this cir-
cadian transcription. The circadian transcriptional com-
plex includes at least CLOCK, NPAS2, BMAL1, PERs and
CRYs, probably in different combinations, and these pro-
teins can be posttranslationally modified [37]. While E1

The space between the 2 E-box-like sequences is critical for cell-autonomous circadian transcriptionFigure 4
The space between the 2 E-box-like sequences is critical for cell-autonomous circadian transcription. (A) Wild-
type (sp6; gray letters) and mutant (sp4, 5, 7, 8; solid letters) sequences of the hPer2 EE-element and their flanking sequences 
are shown. Underlines indicate nucleotide(s) inserted into the space of the EE-element. The core sequence within the EE-ele-
ment is shown in capital letters. (B) EE-element-driven luciferase bioluminescence detected by IV-ROMS. Black lines indicate 
bioluminescence of mutant hPer2 EE-elements; and gray lines, those of the wild type. The abscissa presents "day"; the ordinate 
shows "relative luciferase intensity". First peak values of the curves were set to 1.

http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=1NKP
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element is sufficient for binding of CLOCK and BMAL1, it
is possible that binding to E2 can occur only after CLOCK
and/or BMAL1 originally binds to E1. Thus E2 can be nec-

essary for the binding of different forms of the complex or
perhaps the binding to E2 is important for complex acti-
vation. Further studies, including identification of

Table 2: The EE-elements in clock and clock-controlled genes. Clock and clock-controlled genes containing putative EE-elements (A; 

[28], B; [29], C; [30]). "Phase" means peak time. Phase 2, the peak value = CT 0.1~4.0; phase 6, CT 4.1~8.0; phase 10, CT 8.1~12; 

phase 14, CT 12.1~16; phase 18, CT 16.1~20; phase 22, CT 20.1~24. "pos" indicates the position of the EE-element from the TSS. 

Underlines indicate nucleotides matched to the canonical E-box.

Paper Organ Phase Gene pos mouse human

sequence sp sequence sp

A SCN 10 Per2 -23 CACGTTTTCCACTATGTG 6 CACGTTTTCCACTATGTG 6
A Liver 14 -23
B Liver 14 -23
B Heart 10 -23
C SCN 10 -23
C Liver 14 -23
A SCN 18 Nr1d1 -878 CACGTGAAGCTCTCACGTT 7 CACGTGAAGCCCTCACGTT 7
A Liver 6 -878
B Liver 6 -878
B Heart 6 -878
C Liver 6 -878
B Liver 6 Dbp -606 CACGCGCAAAGCCATGTG 6 CACGAGCAGAGCCATGTG 6
B Heart 10 -606
C SCN 6 -606
B Liver 10 Tef -529 CACGTGCAGAGCCTCGTG 6 CACGTGCGGCGCCTCGTG 6
B Liver 10 -208 CACCTGGCCCAGCACGTG 6 CACCTGGCCCCGCACGTG 6
B Heart 10 -529
B Heart 10 -208
A Liver 10 Foxo3a -97 CACGCGCACTCCCACACG 6 CACGCGCACTCACACACG 6
B Liver 10 -97
C Liver 10 -97
A Liver 10 3732413I11Rik -307 CACGTGGTCCCAGCAGGTG 7 CACGTGGTCCCTGCAGGTG 7
C Liver 10 -307
A Liver 18 Tfdp1 -916 CACGTCACCGCGCCGCGCG CACGTCACCGCGCCGCGCG 7
B Liver 14 -916
B Liver 18 Tfrc -127 TACGTGCGGAAGGAAGTG 6 TACGTGCCTCAGGAAGTG 6
B Heart 2 -127
B Liver 22 Sox3 -200 CAGGTGAGAGAAGCCCGCG 7 CAGGTGCGAGAAGCCCGCG 7
B Heart 18 -200
B Heart 2 MGI:1351465 -387 CACGGGCCCCACCTTGTG 6 CACGGGCCCCACCTTGTG 6
C SCN 6 Avp -186 CACGTGTGTCCCCAGATG 6 CACGTGTGTCCCCAGATG 6
A SCN 14 Serpine1 -179 CACGTGTCCCAGCAAGTC 6 CACATGCCTCAGCAAGTC 6
B Liver 6 Wwp2 -33 CACGTGACCCGGCCCGAG 6 CACGTGACCCGGCCCGAG 6
C SCN 18 Hnrpm -42 CACGTGAGCGCGCAGGCG 6 CACGTGGGCGCGCAGGCG 6
B Heart 6 Snx2 -41 CACGTGACAGGTCCGCGAG 7 CACGTGACGGGTCCGCGAG 7
A SCN 18 Spag7 -238 CACGAGCACTTTCTACTTG 7 CACGGGCACTTTCTACTTG 7
A SCN 10 Pabpn1 -438 CACCTGTCGCACAACGGG 6 CACCTGTCACGAAACGAG 6
B Heart 18 Zic2 -415 CAGGTGGAGCGGCGGGTG 6 CAGGTGGAGCCGCTGGTG 6
A SCN 18 Cacna2d3 -37 CAAGTGAGCCGGGCGCGCG 7 CAAGTGAGCCGGGCGCGCG 7
A SCN 10 Cog8 -705 CACGTGCAAGCGGAACTTG 7 GACGTGCAACCGAAACTTG 7
B Heart 2 Col4a2 -641 CACCTGGCCGTGCCACCCG 7 CACCTGGCCGTGCCACGCG 7
C SCN 14 Ube2s -117 AACGTGCGCGTTGACGTA 6 AACGTGCGCGCTGACGTC 6
A SCN 10 Igsf4a -584 GACGTGCAAAGCACGCATG 7 GACGTGCAAAGCACGCATG 7
C SCN 18 Plekha1 -31 CGCGTGCGCAGTGCGCGGG 7 CGCGTGCGCAGTGCGCGGG 7
B Heart 2 Qk -352 CCCGTGGGTGCGCACGCG 6 CCCGTGGGTGCGCACGCG 6
C SCN 6 Rexo2 -27 CCCGTGGGTTTGCGACGTT 7 CCCGTGGGTTTGCGACGTT 7
B Liver 10 Trfp -683 CGCGTGGCGCGCTCTCGCG 7 CGCGTGGTGCGTTCCCGCG 7
C Liver 18 BC014685 -186 CCCGTGACATTGCCGCGGG 7 CCCGTGACGCGGGCGCGGG 7
B Heart 2 Ptma -23 CGCGTGAGTCCCCCACTGG 7 CGCGTGAGTCCCCCACTGG 7
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Structural model for the binding of bHLH transcription factors to DNAFigure 5
Structural model for the binding of bHLH transcription factors to DNA. (A) Since 1 turn of double helix DNA is 
approximately 34 Å and requires 10.4 nucleotides, 1 EE-element, which consists of 12 nucleotides, spans 39.2 Å (34/10.4 × 12). 
(B) Two binding faces form a 55.8-degree angle (360/10.4 × 12–360). (C) The maximum dimension of the bHLH structure, 
which lies along the DNA, is about 32 Å, which is within the 39 Å calculated above and allows the binding. Green indicates a 
hetero complex of transcription factors such as BMAL1 and CLOCK; and light blue, unknown factors.
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unknown factors or the circadian transcription complex
and their crystal structures, will be required to elucidate
the precise mechanism of transcriptional activation via an
EE-element.

Conclusion
Here we identified a direct repeat of E-box-like elements
consisting of a canonical E-box or non-canonical E-box in
tandem with an E-box-like element, having a short inter-
val of 6 base pairs between them. Although other regions
outside the EE-element seem to be active in robust circa-
dian oscillation with high amplitude [38], the EE-element
identified in this study, not a single E-box, is the minimal
required element for the generation of cell-autonomous
transcriptional oscillation of clock and clock-controlled
genes.

Methods
Cell culture

NIT3T3 cells were grown at 37°C and 5% CO2 in Dul-
becco's modified Eagle's medium (1.0 g/L glucose) with L-
Gln and sodium pyruvate (DMEM, Nacalai tesque, Kyoto,
Japan) supplemented with 10% fetal bovine serum (FBS;
ICN Biomedicals, Inc.) and antibiotics.

Antibody

Rabbit BMAL1 polyclonal antibody was raised against glu-
tathione S-transferase (GST) fused to the amino terminus
of BMAL1 (amino acids 1–99). The antiserum was puri-
fied through GST and GST-BMAL1 columns. Also, BMAL1
and E4BP4 antibodies were kindly donated by Drs. Teruya
Tamaru [39] and Toshiya Inaba [40], respectively. CLOCK
antibody (S-19; sc-6927) was purchased from Santa Cruz
Biotechnology, Inc.

Construction of the EE-element::SV40 promoter-luciferase 

plasmid

The oligonucleotide sequences used in this study are indi-
cated in Additional file 6. Each fragment of the double-
stranded oligonucleotides of the hPer genes was cloned
into a modified pGL3 (R2.2) promoter vector digested
with SacI-NheI. To construct the modified pGL3 (R2.2)
promoter vector plasmid, we excised the SV40 promoter
fragment from the pGL3 promoter vector (Promega) by
digestion with BglII-NcoI and ligated it into the compati-
ble site of pGL3 (R2.2) basic vector (Promega). To rule out
the possibility that 2 E-box-like elements in multiple clon-
ing sites of this vector possessed a binding potential for
CLOCK/BMAL1, these sequences were removed.

IV-ROMS (in vitro real-time oscillation monitoring system)

NIH3T3 cells at 1.0 × 105 plated in Opti-MEM (GIBCO)
supplemented with 10% FBS in 35-mm dishes were trans-
fected with the desired plasmids by using LipofectAMINE
and plus reagent (Invitrogen). Twenty-four hours after

transfection, the medium was exchanged for serum-rich
medium (DMEM supplemented with 50% newborn calf
serum [NBS; JRH]), and 2 h later this medium was
replaced with Opti-MEM supplemented with 1% FBS and
0.1 mM luciferin/10 mM HEPES (pH 7.2). Biolumines-
cence was measured by using IV-ROMS as described pre-
viously [25].

Oligonucleotide pull-down experiment

The oligonucleotide pull-down experiment was per-
formed as described previously [21,26]. Mouse liver lysate
was prepared at 4-h intervals by homogenizing liver in ice-
cold PBS with 2 mM EDTA and 10 µg/ml aprotinin/leu-
peptin/pepstatin, and 1 mM PMSF as proteinase inhibi-
tors (PIs). The pellet was sequentially incubated in
hypotonic buffer (50 mM Tris-HCl pH 7.4, 2 mM MgCl2,
1 mM EDTA, 1 mM DTT, and PIs) and incubation buffer
(50 mM Tris-HCl pH 7.4, 50 mM NaCl, 2 mM EDTA, 10%
glycerol, 1% NP40, 1 mM DTT, 100 mM NaF, 2 mM
Na3VO4, 10 mM Na4P2O7, and PIs). After centrifugation,
the supernatant was transferred to a new tube and the
remaining pellet was sonicated; and following centrifuga-
tion its supernatant combined with the original superna-
tant as the nuclear extract. The nuclear extracts were
incubated with a biotinylated oligonucleotide (see Addi-
tional file 6) that had been immobilized on streptavidin-
Sepharose beads (Amersham) for 1 h at 4°C. After having
been washed with incubation buffer, the resultant com-
plex was subjected to immunoblot analysis. The surgical
and experimental procedures performed on mice were
approved by the OBI Animal Research Committee.

In silico analysis of the EE-element

The gene list for this analysis was derived from the reports
of microarray analyses [28-30]. The genes were classified
by the phase of the expression peak and organ in which
each gene was expressed (phase 2, the peak time = CT
0.1~4.0; phase 6, CT 4.1~8.0; phase 10, CT 8.1~12; phase
14, CT 12.1~16; phase 18, CT 16.1~20; phase 22, CT
20.1~24). The aligned sequences spanning from 1 kb
upstream of the transcription start site (TSS) to the 3'
untranslated region in each of human and mouse genes
were obtained from the VISTA genome browser (VISTA
Browser, VGB2, [41], version: Human, May 2004; Mouse,
Aug. 2006), which has pre-computed alignments of
whole genome assemblies. Fuzznuc (EMBOSS, [42]), a
tool for nucleic acid pattern searching, was used for the
first screening; each aligned sequence from VISTA was
searched with the following sequence: E-box (CACGTG,
0~1 base mismatch) + 6 or 7 arbitrary bases + E-box
(CACGTG, 0~2 base mismatches). The conserved EE-ele-
ments between human and mouse were listed. Subse-
quently, the EE-elements within 1 kb upstream region
from TSS were listed in Table 2.
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