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Antagonistic role ot E4ABP4 and PAR
proteins in the circadian oscillatory

mechanism
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E4BP4, a basic leucine zipper transcription factor, contains a DNA-binding domain closely related to DBP,
HLF, and TEF, which are PAR proteins. Here, we show that the phase of e4bp4 mRNA rhythm is opposite to
that of the dbp, hlf, and tef rhythms in the suprachiasmatic nucleus (SCN), the mammalian circadian center,
and the liver. The protein levels of E4ABP4 and DBP also fluctuate in almost the opposite phase. Moreover, all
PAR proteins activate, whereas E4ABP4 suppresses, the transcriptional activity of the reporter gene containing a
common binding sequence in transcriptional assays in vitro. An electrophoretic mobility shift assay
demonstrated that E4BP4 is not able to dimerize with the PAR proteins, but is able to compete for the same
binding sites with them. Furthermore, we showed sustained low e4bp4 and high dbp mRNA levels in
mCry-deficient mice. These results indicate that the E4BP4 and PAR proteins are paired components of a
reciprocating mechanism wherein E4BP4 suppresses the transcription of target genes during the time of day
when E4BP4 is abundant, and the PAR proteins activate them at another time of day. E4BP4 and the PAR
proteins may switch back and forth between the on-off conditions of the target genes.
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Circadian (~24-h) rhythms are endogenous rhythms that
are observed in a wide range of life forms. The molecular
dissection of these endogenous oscillatory mechanisms
has advanced using cyanobacteria (Iwasaki and Kondo
2000), Neurospora (Dunlap 1999), Drosophila (Young
2000), and mice (King and Takahashi 2000) as models. In
all four species, the core oscillator consists of a self-sus-
taining transcriptional and translational feedback loop in
which cyclically expressed clock gene products nega-
tively regulate their own expression (for review, see
Dunlap 1999).

In mice, the core feedback loop is thought to be com-
posed of a positive element, the CLOCK/BMALI hetero-
dimer, and many negative elements including mPER]1,
mPER2, mPER3, mCRY1, and mCRY2 (Gekakis et al.
1998; Jin et al. 1999; Kume et al. 1999; Okamura et al.
1999). The transcription of the mPerl gene, of which
regulation has been well analyzed, was shown to be ac-
tivated by the binding of the CLOCK-BMALI1 complex to
E-boxes (CACGTG) in the promoter region of the mPer1
gene (Gekakis et al. 1998; Yamaguchi et al. 2000a), and
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this activation was specifically inhibited by mPERI,
mPER2, mPER3, mCRY1, and mCRY2 (Jin et al. 1999;
Kume et al. 1999).

In this system, all proteins, except mCRY1 and
mCRY2, are called PAS proteins, because they all pos-
sess PAS (Per-Arnt-Sim) domains that are protein—pro-
tein interaction domains and function in various biologi-
cal pathways (Huang et al. 1993; Lindebro et al. 1995).
The importance of this domain in the circadian feedback
loop is suggested by the fact that homozygous mPer2
mutant mice, of which the mPer2 gene encodes the pro-
tein lacking the PAS domain, show significant differ-
ences in circadian locomotor activity, and altered expres-
sion levels of mPerl and mPer2 in the suprachiasmatic
nucleus (SCN), the mammalian circadian center (Zheng
et al. 1999).

Subsequently, the light-harvesting cryptochrome/pho-
tolyase family proteins, mCRY1 and mCRY2, also were
shown to be essential components of the circadian clock
feedback loop. Mice lacking mCry1 and mCry2 are be-
haviorally arrhythmic in constant dark (DD) conditions
(van der Horst et al. 1999), and their mPer1 and mPer2
mRNA levels are constitutively high in the SCN (Oka-
mura et al. 1999). mCRY1 and mCRY2 have structural
similarities to DNA repair enzymes called photolyases,
but they lack DNA repair activity (Todo et al. 1996; Ko-
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bayashi et al. 1998). Moreover, although they also con-
tain a region similar to plant blue-light receptors (cryp-
tochromes), they were shown to act as light-independent
inhibitors of CLOCK/BMALI (Griffin et al. 1999).

We reported recently that DBP (named for the albumin
gene D-site binding protein), a member of another tran-
scription factor family, is closely linked to the core cir-
cadian clockwork in mammals (Yamaguchi et al. 2000Db).
DBP belongs to the PAR (proline and acidic amino acid-
rich) basic leucine zipper transcription factor family,
along with hepatic leukemia factor (HLF) and thyrotroph
embryonic factor (TEF). The transcript levels of dbp are
highly rhythmic in the SCN, even in DD conditions,
with an amplitude comparable to that of mPer1 (Lopez-
Molina et al. 1997; Yan et al. 2000). It has been proposed
that this circadian dbp transcription is regulated directly
by CLOCK/BMALIl-mediated activation and mPERs-
and mCRYs-mediated suppression through E-box motifs
located in the introns of the dbp gene (Ripperger et al.
2000; Yamaguchi et al. 2000b). Moreover, DBP can acti-
vate the mPer]l promoter in transcriptional assays in
vitro, and is expressed at the right time to activate mPer]
transcription in the SCN in vivo (Yamaguchi et al.
2000Db). Thus, the cyclical activity of DBP may feed back
onto the central clock mechanism.

Interestingly, in the Drosophila clock, a transcription
factor VRI, which is structurally related to mammalian
DBP, is required for a functional Drosophila clock (Blau
and Young 1999). VRI is expressed in pacemaker cells of
Drosophila and its RNA levels oscillate with a circadian
rhythm via the regulation of the core-clock components,
including dCLOCK and dBMALI1. The gene dosage of vri
affects the period of circadian locomotor activity (Blau
and Young 1999). Thus, it resembles mammalian dbp in
many aspects. However, VRI apparently lacks a PAR do-
main, although it shows strong homology in its DNA-
binding domain to DBP (George and Terracol 1997). The
PAR domain is a well-conserved region of DBP and two
other mammalian transcription factors, HLF and TEF,
and has been shown to act as an activation domain at
least in the case of DBP (Lamprecht and Mueller 1999).

In mammals, one basic leucine zipper transcription
factor, which has a DNA-binding domain closely related
to that of DBP, HLF, or TEF, but lacks a PAR domain, has
been found. In fact, this transcription factor, E4BP4 (also
called NFIL3), contains the most homologous basic leu-
cine zipper domain to VRI. E4BP4 was isolated as an
adenovirus E4 promoter ATF site binding protein (Cow-
ell et al. 1992) and a human interleukin-3 promoter bind-
ing protein (Zhang et al. 1995), and has been studied
mainly in relation to the hematopoietic system
(Ikushima et al. 1997; Kuribara et al. 1999).

To investigate the possible role of E4BP4 in the circa-
dian oscillatory mechanism in mammals, and the pos-
sible interactions between the E4BP4 and PAR proteins
(DBP, HLF, and TEF), we examined the expression pro-
files of their mRNAs and proteins. Among the four struc-
turally related transcription factors, dbp, hlf, and tef
mRNAs showed similar peak and trough times, but only
e4bp4 mRNA fluctuated in almost the opposite phase in
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both the SCN and liver. The protein levels of E4BP4 and
DBP also fluctuated in almost the opposite phase. More-
over, here, we demonstrate that all PAR proteins acti-
vate, whereas E4BP4 suppresses, the transcriptional ac-
tivity of the reporter gene containing a common binding
sequence in transcriptional assays in vitro. These obser-
vations suggest that the E4BP4 and PAR proteins
complement each other well in regulating the circadian
oscillatory mechanism.

Results

Transcripts of the E4BP4 and PAR transcription factor
family oscillate in almost the opposite phase
in the SCN

We first examined the distribution of e4bp4 mRNA in
the mouse brain using in situ hybridization. The expres-
sion of e4bp4 was high in the SCN, hippocampus, gyrus
dentatus, and piriform cortex, and moderate in the inter-
nal granular layer of olfactory bulb, dorsomedial hypo-
thalamic nucleus, pontine nuclei, and the granular layer
of cerebellum (Fig. 1A). Expression of e4bp4 was low in
other brain regions. These hybridization signals were
specific, because hybridization with a sense (control)
probe showed no signals in brain sections (data not
shown).

Next, we examined the temporal expression profile of
e4bp4 mRNA in the SCN, the mammalian circadian
center, with quantitative in-situ hybridization (Fig.
1B,C). In 12-h light:12h dark (LD) cycles, e4bp4 mRNA
displayed a clear diurnal rhythm in the SCN showing a
1.7-fold amplitude with a peak at ZT16 (ZT, Zeitgeber
time in LD-conditions; ZTO is light-on and ZT12 is light-
off) and a trough at ZT8 (P < 0.001). Under DD condi-
tions, the rhythm of e4bp4 mRNA was clear, with a peak
at circadian time (CT) 12 (where CTO is subjective dawn
and CTI12 is subjective dusk) and a trough at CT4
(P < 0.001) (Fig. 1B,C).

To compare the expression profile of e4bp4 with that
of structurally related genes, we performed quantitative
in-situ hybridization of the PAR transcription factors
(hIf, tef, and dbp) in the SCN in DD conditions. The peak
expression level of dbp mRNA was the highest and that
of tef mRNA was the lowest of the three (see inserted
pictures in Fig. 2). Interestingly, all three mRNAs
showed the same expression profile, with a peak at CT4
and a trough at CT16-20 (P < 0.001, respectively; Fig. 2).
The peak-trough ratio of dbp was the highest of three (for
hlf, tef, and dbp, 2.3-, 2.3-, and 7.0-fold, respectively). In
conclusion, e4dbp4 mRNA fluctuates in almost the oppo-
site phase to the structurally related PAR gene mRNAs
(hlf, tef, and dbp) in the SCN.

E4BP4 and DBP proteins also fluctuate in almost
the opposite phase in the SCN

Next, we examined E4BP4 protein expression in the
SCN with immunocytochemistry using anti-E4BP4 se-
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rum (Fig. 1D). Strong E4BP4 immunoreactivity was ob-
served in the nuclei in the majority of the SCN cells
(>80%) sampled at night (ZT14, ZT16, and ZT20) in LD
conditions and at subjective night (CT12, CT16, and
CT20) in DD conditions. This immunoreactivity was
specific, because preincubation with an affinity-purified

_ /GrCerebell
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Figure 1. Spatial and temporal expression profiles of
the e4bp4 mRNA and E4BP4 proteins. (A) Distribu-
tion of e4dbp4 mRNA in the mouse brain. IGrOlb,
internal granular layer of the olfactory bulb; SCN,
suprachiasmatic nucleus; Hipp, hippocampus; GD,
gyrus dentatus; PirCx, piriform cortex; DMH, dorso-
medial hypothalamic nucleus; Pn, pontine nuclej;
GrCerebell, granular layer of the cerebellar cortex.
Scale bar, 3 mm. (B) Rhythmic expression of e4bp4
mRNA in the SCN. Quantitative analysis of e4bp4
mRNA expressed in the SCN in LD and DD condi-
tions. Relative e4bp4 mRNA abundance was deter-
mined by quantitative in-situ hybridization using
isotope-labeled probes, with the mean peak values
adjusted to 100 (n = 5, means + SEM). (C) Represen-
tative in-situ hybridization autoradiographs showing
e4bp4 mRNA in the SCN at various time points un-
der LD and DD conditions. Numbers on the top in-
dicate Zeitgeber (LD) or circadian (DD) times. (D)
Circadian expression of E4BP4 immunoreactivity in
the SCN at CT4 and CT16. OC, optic chiasma; v,
third ventricle. Scale bar, 400 pm.

E4BP4 antigen completely abolished the signals (data not
shown). In contrast, the SCN sampled at daytime (ZT4,
ZT6) in LD conditions, and at subjective daytime (CT4),
contained only a few and weakly stained E4BP4-immu-
noreactive nuclei (Fig. 1D). The similarity between the
temporal expression profile of the E4BP4 protein and the

Figure 2. Circadian expression of hlf, tef,
and dbp mRNAs in the SCN. Quantitative
in-situ hybridization analyses of hlf, tef,
and dbp mRNAs in the SCN in DD condi-
tions are shown. Values are means + SEM
(n = 5). The mean peak values are adjusted
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e4bp4 mRNA suggests the rapid translation and nuclear
accumulation of E4BP4, compared with the mPER1 pro-
tein, which was delayed by about 6 h relative to mPerl
mRNA (Field et al. 2000). Moreover, the expression pro-
files of E4BP4 proteins obviously are different from those
of DBP proteins in the SCN we reported previously
(Yamaguchi et al. 2000b). Because DBP proteins accumu-
late in the subjective morning peaking at CT6 in the
SCN, the E4BP4 proteins were found to oscillate in al-
most the opposite phase, as in the case of their tran-
scripts.

An opposite phase relationship also is observed
in the liver

Because non-SCN tissues also rthythmically express vari-
ous genes for which transcription oscillates in the SCN
(Falvey et al. 1995; Fonjallaz et al. 1996; Zylka et al.
1998), we examined the temporal expression profile of
e4bp4 mRNA in the liver of DD-housed mice.
Northern blot analysis showed that a 1.9-kb transcript
was detectable at all times examined, but its abundance

A
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displayed a clear rhythm with a maximum at CT22 and
a minimum at CT9 (Fig. 3A,B). In contrast, dbp, hlf (both
2.6-kb and 4.5-kb transcripts), and tef mRNAs cycle in
almost opposite phases peaking at the end of subjective
day, although the peak time of dbp mRNA was slightly
earlier than the others (Fig. 3A,B). Therefore, the phase
difference between e4bp4 and PAR family mRNAs in the
SCN is conserved in the liver, although the phase of each
gene expression in the liver is 5-10 h later than that in
the SCN.

We next examined the temporal expression profiles of
the E4BP4 and DBP proteins in the liver. Nuclear ex-
tracts were prepared from the livers of DD-housed mice
and fractionated by SDS-polyacrylamide gel electropho-
resis. Immunoblot analysis with anti-E4BP4 serum re-
vealed a single band of ~55 kD, in accordance with the
predicted mass of 53 kD (Fig. 3C). The abundance of
E4BP4 protein varied, with high levels between CT22
and CT4, and low levels between CT12 and CT20 (Fig.
3C,D). Therefore, the E4ABP4 protein was abundant in the
liver at about subjective dawn, the same as e4bp4
mRNA.
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Figure 3. Circadian accumulation of e4bp4, dbp, hlf, and tef mRNAs in the mouse liver. (A) Northern blot analysis of the total RNAs
(10 pg) isolated from the liver of DD-housed mice at different time points. The sizes of e4bp4 and hlf mRNAs are shown on the right.
No significant variation in the amounts of loaded mRNA was detected by hybridization with a glyceraldehyde-3-phosphate dehydro-
genase (g3pdh) cDNA probe. (B) Rhythmic expression of e4bp4 (black) is plotted in comparison with dbp (red), hif (blue), and tef (green).
The hlf mRNA levels represent the sum of the quantitated radioactivities of 4.5-kb and 2.6-kb transcripts. Normalized mRNA levels
are shown with each peak value adjusted to 1.0. (C) Western blot analysis of liver nuclear extracts prepared from DD-housed mice, with
anti-E4BP4 antiserum (upper panel) and anti-DBP antiserum (lower panel). (D) Rhythmic expression of E4BP4 (black) is plotted in
comparison with DBP (red). Protein levels were determined by Western blot analysis in (C). The peak values are adjusted to 1.0.
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When the liver samples were probed using an antise-
rum to DBP, the highest protein levels were observed
only between CTI12 and CT16 (Fig 3C,D), consistent
with previous reports by Schibler and coworkers (Fonjal-
laz et al. 1996; Lopez-Molina et al. 1997). Thus, E4BP4
and DBP proteins also fluctuate in almost the opposite
phase in the liver, as in the SCN.

All PAR proteins activate, whereas E4BP4 suppresses
the mPer1 promoter through the same sequence

The optimal binding motif for E4BP4, RT(G/T)AYG
TAAY (where R is a purine and Y is a pyrimidine), and
those for the three PAR proteins are almost identical
(Drolet et al. 1991; Cowell et al. 1992, Falvey et al. 1996;
Hunger et al. 1996). We showed previously that the
mPer1 promoter contains a DBP-binding sequence, AT
TATGCAAC (9 of 10 bases are identical to the optimal
binding motif), through which DBP is able to activate the
mPer] promoter, at least in transient transfection analy-
sis (Yamaguchi et al. 2000b). In this study, we examined
the effects of E4BP4, HLF, and TEF on the mPerl pro-
moter. A 1.3-kbp fragment of the 5’-flanking region of
the mPer1 gene containing an endogenous promoter and
the DBP-binding site was subcloned into a promoterless
reporter vector for use in transcriptional analysis in
HepG2 cells.

The transcriptional activity of the mPerl promoter
was suppressed in a dose-dependent manner by increas-
ing amounts of the transfected-E4BP4 expression vector
(Fig. 4A). In contrast, the HLF- and TEF- expression vec-
tors, as well as the DBP-expression vector, activated the
mPer1 promoter (Fig. 4A).

We next tested for possible interactions between the
E4BP4 and PAR proteins. The 1.3-kbp mPer1 promoter
was cotransfected with E4BP4 expression plasmids and
each of the PAR proteins expression plasmids. E4BP4 not
only suppressed basal promoter activity (74.2%
[P <0.001]), but also significantly reduced the DBP-,
HLF-, and TEF-mediated transcriptions (45.2%
[P <0.001], 22.0% [P < 0.005], and 55.4% [P < 0.001], re-
spectively) (Fig. 4B).

To test whether the DBP-binding site actually is re-
sponsible for these transcriptional regulations, we exam-
ined the transcriptional activity of a construct in which
three copies of a 20-bp sequence centered on the DBP-
binding site (ATTATGCAAC) were linked in tandem
and subcloned into a reporter vector containing the her-
pes simplex virus thymidine kinase (HSV-TK) minimal
promoter. Again, DBP, HLF, and TEF produced a sub-
stantial increase in transcriptional activity (19.3-fold
[P < 0.001], 8.5-fold [P < 0.001], and 8.1-fold [P < 0.001],
respectively) and E4BP4 reduced the basal transcrip-
tional activity (61.8% [P < 0.001]; Fig. 4C). Each of the
PAR protein- (DBP, HLF, and TEF) induced transcrip-
tions also was reduced (71.3% [P <0.001], 84.6%
[P <0.001], and 46.4% [P <0.001], respectively) by the
coexpression of E4BP4 (Fig. 4C). Similar results were ob-
tained when an optimal binding motif for all four pro-
teins, ATTACGTAAC, was used as the reporter con-

E4BP4 and PAR in the circadian oscillatory mechanism

struct (data not shown). Moreover, when the three DBP-
binding sites were mutated, the transcriptional activity
of the reporter construct was not affected significantly
by the expression of DBP, HLF, TEF, or E4BP4 (data not
shown).

Therefore, we conclude that E4BP4 and all PAR pro-
teins are able to suppress and activate transcriptional
activity, respectively, through the same sequence and
that E4BP4 is able to reduce the PAR protein-induced
transcriptions in HepG2 cells. Taken together with the
inverse expression profiles of E4BP4 and DBP in vivo,
this indicates that EABP4 suppresses transcription of the
target genes during the time of day when E4BP4 is abun-
dant, and DBP activates them, possibly in cooperation
with HLF and TEF, at another time of day. These regu-
lations may increase the oscillation amplitudes of the
target genes.

E4BP4 competes for the same binding site with the
PAR proteins, but does not heterodimerize with them

Although it is known that different PAR family mem-
bers are able to homodimerize and heterodimerize (Fon-
jallaz et al. 1996), and that E4BP4 is able to homodimer-
ize (Cowell et al. 1992), the interactions between E4BP4
and PAR proteins are unknown. Moreover, it is uncer-
tain whether the affinities of the four transcription fac-
tors for a common recognition site are close enough to
compete for the same binding site with each other. To
elucidate the mechanism of the antagonistic regulation
of PAR proteins and E4BP4 on the same sequence, we
performed electrophoretic mobility shift assays (EMSA)
with a 3?*P-radiolabeled probe encompassing a sequence
responsible for such transcriptional regulation. As ex-
pected, each of the in-vitro translated E4BP4, DBP, HLF,
and TEF proteins generated single strong bands resulting
from complex formation with the probe (Fig. 5). To com-
pare the binding affinities of E4BP4 and PAR proteins for
the probe quantitatively, we performed EMSAs, titrating
the amount of a radiolabeled probe against a constant
amount of protein (Fig. 5). After the radioactivity of the
bound and free forms was measured, the dissociation
constants (Kd) were determined by Scatchard plots (Fig.
5). The Kds for binding of E4BP4, DBP, HLF, and TEF to
the probe were 2.1, 1.3, 4.0, and 2.8 nM, respectively.

Because the four examined proteins showed similar
relative affinities to the probe, we reasoned that the PAR
proteins bound to the probe may be displaced by E4BP4
in a competitive fashion. To confirm this possibility, we
synthesized each protein in a separate reaction and com-
bined a constant amount of each PAR protein, and in-
creasing amounts of E4BP4, prior to a mobility shift as-
say. Because the mobility of the full-length E4BP4-probe
complex was similar to those of the complexes generated
by DBP, HLF, and TEF, we used a truncated E4BP4 pro-
tein, which yielded a more rapidly migrating complex.
This protein retained the basic and leucine zipper do-
mains (amino acids 65-250) and had an affinity for the
probe (Kd =2.8 nM) comparable to that of full-length
E4BP4.
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The complexes yielded by DBP, HLF, and TEF dimin-
ished clearly with increasing amounts of the complexes
generated by the truncated E4BP4 (Fig. 6A). No addi-
tional band with intermediate mobility representing the
heterodimer formation of the PAR proteins and the trun-
cated E4BP4 was detectable (Fig. 6A). This also was the
case when each PAR protein and E4BP4 was synthesized
simultaneously in the same reaction mixture by com-
bining the DNA templates prior to the transcription and
translation in vitro (Fig. 6B). Conversely, the cotransla-
tion of long- and short-E4BP4 resulted in an additional
band demonstrating their dimerization as expected (Fig.
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6B). These data suggest that E4BP4 is not able to dimer-
ize with DBP, HLF, and TEF, but is able to compete for
the same binding site with them. Therefore, the antago-
nistic regulation of the PAR and E4BP4 proteins in tran-
scriptional assays may be explained by this competitive
mechanism.

e4bp4 and dbp mRNA lIevels are inversely regulated
in mCry-deficient mice

We demonstrated that the transcript levels of the e4bp4
and PAR transcription factor family, and the protein lev-
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Figure 5. Relative affinities of E4BP4 and the three PAR proteins for an optimal binding site (ATTACGTAAC). A constant amount
of protein was incubated with increasing amounts of a radiolabeled probe. After gel electrophoresis and autoradiography (top panels),
the radioactive bands corresponding to the bound and free forms were quantitated. The concentration of the bound probe was plotted
against the total input probe to show saturation curves (middle panels). These data also were plotted by the method of Scatchard to
determine the Kd values (bottom panels). The slope of the best-fit line is equal to —1/Kd. The correlation coefficients (R?) are indicated

in the bottom panels.

els of E4BP4 and at least DBP, oscillate in almost the
opposite phase in the SCN and liver. Moreover, E4BP4
and PAR proteins were shown to have suppressing and
activating functions on the same sequence, respectively.
These findings indicate that the E4BP4 and PAR proteins
complement each other well in regulating target genes,
and that they are the paired components of a reciprocat-
ing mechanism.

To investigate relationships with the putative core os-
cillation mechanism, we examined the temporal expres-
sion profiles of e4bp4 and dbp in the SCN and liver of
mice lacking both the mCryl and mCry2 genes. These
mutant mice completely lack free-running rhythmicity
in constant darkness (van der Horst et al. 1999). In wild-
type control animals, the typical circadian variation in
e4bp4 mRNA levels in the SCN was observed with low
levels at CT4 (40 h after animals were placed in DD) and
high levels at CT12 (48 h in DD) (1.7-fold, P < 0.001) (Fig.
7A). In contrast, e4dbp4 mRNA levels were low at both
times in mCry-deficient mice (Fig. 7A).

We then examined dbp mRNA levels in the SCN of
mCry double-mutant mice. In marked contrast, mCry
double-mutant mice showed high dbp mRNA levels in
the SCN (Fig. 7A). This finding is consistent with the
proposed regulatory mechanism for the transcription of

the dbp gene: The CLOCK/BMALI heterodimer acti-
vates, whereas mCRYs mainly suppresses, the transcrip-
tion of the dbp gene through the E-box motifs (Ripperger
et al. 2000; Yamaguchi et al. 2000Db).

Sustained low e4bp4 and high dbp mRNA levels also
were observed in the liver of mCry-deficient mice (Fig.
7B). Therefore, these results indicate that both e4bp4 and
dbp are regulated directly or indirectly by the core oscil-
latory mechanism including CLOCK/BMALI1, mPERs,
and mCRYs, maintaining an inverse relationship.

Discussion

On the basis of our results, we propose two working
models that can explain the relationship between the
e4bp4 gene and the putative core feedback loop includ-
ing CLOCK/BMALI, mPERs, and mCRYs (Fig. 8A,B).

In the model shown in Figure 8A, the e4bp4 gene is
regulated by an unidentified transcriptional repressor (X)
that is regulated by CLOCK/BMALI and the negative
elements, mPERs and mCRYs, as in the case of the dbp,
hiIf, and tef genes. When X mRNA is translated rapidly
and the produced X protein accumulates in the nuclei of
the SCN cells with little delay and depresses expression
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Figure 6. E4BP4 competes for the same binding sequence with PAR proteins. (A) E4BP4 and PAR proteins were synthesized in
separate reactions prior to combining them. A constant amount of each PAR protein, increasing amounts of E4BP4, and the probe (1
ng) were incubated for 15 min at 30°C before loading the mixture on to the gel. The concentration of input protein (nM) in each
reaction was determined by Scatchard plots, as shown in Figure 5 and indicated in parentheses. Each arrow indicates the position of
the complex generated by each transcription factor. (B) E4BP4 and PAR proteins were synthesized simultaneously in the same reaction
mixture before incubation with 1 ng of the probe. Excess amounts of each PAR-protein or long-E4BP4 (65-324) expression plasmids
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figure) were combined prior to the transcription and translation in vitro. The amounts of the used expression vectors (ng) are indicated
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between long and short E4BP4 are indicated by the arrows.

of e4bp4, the phase of the e4bp4 rhythm thus is expected
to be opposite to that of the dbp, hlf, and tef thythms.
Rapidly translated E4BP4 suppresses the transcriptions
of target genes during the time of day when E4BP4 is
abundant, and the PAR proteins activate them at another
time of day. Thereby, the E4BP4 and PAR proteins in-
crease the amplitude of the rhythmically expressed tran-
script levels of the target genes (Fig. 8A).

In the model in Figure 8B, the e4bp4 gene is regulated
by an unidentified repressor (Y) that is indirectly regu-
lated by CLOCK/BMALI, mPERs, and mCRYs via DBP-,
HLF-, or TEF-mediated regulation. Besides our two mod-
els, it also is conceivable that the rhythmic expression of
the e4bp4 gene is controlled by the cycling presence of
an unidentified positive element that drives the rhyth-
mic expression of the bmall gene, depending on mPER2
(Shearman et al. 2000). It is noteworthy that in all three
models, the existence of an unidentified activator or re-
pressor is indicated.

In the liver, albumin, cholesterol 7a hydroxylase, and
cytochrome P450 (Cyp2c6, Cyp2a4, and Cyp2a5) genes

1002 GENES & DEVELOPMENT

are thought to be candidates for the target genes of the
PAR proteins (Falvey et al. 1996; Lavery et al. 1999).
Conversely, the interleukin 3 gene is thought to be a
target of E4BP4 in T lymphocytes (Zhang et al. 1995).
The consensus-binding site for E4BP4 and the PAR pro-
teins is different from the CLOCK/BMALI1 E-box bind-
ing site. Therefore, E4BP4 and the PAR proteins poten-
tially could regulate a set of output genes that do not also
possess an E-box. Moreover, as we have demonstrated,
E4BP4 and the PAR proteins regulated the transcrip-
tional activity of the mPerI promoter in a transcriptional
assay in vitro. Thus, the cyclic activities of E4BP4 and
the PAR proteins may feed back onto the central clock
mechanism.

E4BP4 was shown to behave as an active transcrip-
tional repressor that directly suppressed the transcrip-
tional activities of genes whose promoters it bound
(Cowell and Hurst 1994). This active repression is
mainly because of a small transferable repression do-
main of 65 amino acids in the C-terminal half of the
protein (Cowell and Hurst 1994). In the case of DBP, on
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the other hand, the PAR (proline and acidic amino acid-
rich) domain, which resides amino-terminal to the basic
region, has been shown to act as an activation domain
(Lamprecht and Mueller 1999). Some other examples of
the combination of activator and active repressor that
bind the same site are found in genes controlling seg-
mentation during early Drosophila development (e.g.,
Fushi tarazu and Engrailed). It has been proposed that
competition between an activator and repressor is not
only required, but also is sufficient to establish all-or-
none switches in gene expression (Rossi et al. 2000).
E4BP4 and the PAR proteins may switch back and forth
between the on-off conditions.

The Drosophila transcription factor VRI contains a
DNA-binding domain closely related to mammalian
E4BP4, but lacks a PAR domain. It therefore is compa-
rable to E4BP4. Recently, VRI was shown to be required
for a functional Drosophila clock: Reducing vri gene dos-
age caused period shortening and elimination of the nor-
mal vri cycle generated long-period rhythms or arrhyth-
micity (Blau and Young 1999). Therefore, this family of
transcription factors may have an important role in cir-

] 1
44 48 52 56

o A S L

autoradiographs are shown at the top. Because
mCry-deficient mice are arrhythmic, we used
an environmental time scale (hours in
DD) rather than a circadian time scale. *, sig-
nificant differences in wild-type mice,
P <0.001; there was no significant difference
in mCry1~/~mCry2/~ mice. (B) Temporal ex-
pression profiles of e4bp4 and dbp in the liver
of wild-type and mCryl/ mCry2~/~ mice.
Northern blots of the total RNAs (10 pg) pre-
pared from the livers of DD-housed mice are
shown. g8pdh was used as a control.

cadian clocks in both Drosophila and mammals. How-
ever, as we have shown, the phase of the e4bp4 oscilla-
tion was opposite that of the mPer1, mPer2, and mPer3
rhythms (Tei et al. 1997; Takumi et al. 1998a,b), which
are regulated directly by CLOCK/BMALI (Gekakis et al.
1998; Jin et al. 1999). On the other hand, the cycling of
vri mRNA in Drosophila is regulated directly by
dCLOCK/dBMALI, and vri mRNA thereby oscillates
with the same phase as per mRNA in adult heads (Blau
and Young 1999). Thus, there may be a difference in the
way E4BP4 and VRI are utilized in the mammalian/Dro-
sophila clocks.

In summary, our data indicate that E4BP4 and the PAR
proteins are paired components of an oscillatory mecha-
nism. This mechanism may be found throughout much
of the animal kingdom.

Materials and methods

Animals

Male BALB/c mice (Japan Animal Company, Japan) purchased 5
wk postpartum were exposed to 2 to 4 wk of complete light
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Figure 8. Models of the role of E4BP4 and
the PAR proteins, and the regulation of the
edbp4d gene. (A) The edbp4 gene is regu-
lated by an unidentified transcriptional re- B
pressor (X) that is activated (+) by CLOCK/
BMALI1 and suppressed (-) by mPERs and
mCRYs, as is the case with the dbp, hlf,
and tef genes. DBP, HLF, and TEF activate,
whereas E4BP4 suppresses the transcrip-
tions of target genes at different times of
day. This regulation increases the ampli-
tude of the oscillation of the target genes.
(B) The e4bp4 gene is regulated by an un-
identified repressor (Y) that is regulated by
DBP, HLF, TEF, and E4BP4 itself.

(fluorescent light, 300 lux)-dark (LD) cycles and then kept in
complete darkness for 2 d (DD) as a continuation of the dark
phase of the last LD cycle. Wild-type and mCry1~/-mCry2~/-
animals (C57B16:0la 129 hybrid, 8 to 12 wk old) generously
provided by Dr. G.T.J. van der Horst (Erasmus University), were
housed in the same way. The experimental protocol of the cur-
rent research was approved by the Committee for Animal Re-
search at Kobe University School of Medicine.

Quantitative in-situ hybridization

In-situ hybridization histochemistry using free-floating sections
was performed according to a method detailed previously
(Shigeyoshi et al. 1997; Yamaguchi et al. 2000b). We used 33P-
radiolabeled complementary RNA probes for mouse e4bp4
(nucleotide residues 194-793; GenBank accession no. U83148),
mouse dbp (595-1100; U29762), mouse hlf (corresponding to
nucleotide residues 20-543 of rat hlf; S79820), and mouse tef
(corresponding to nucleotide residues 4-471 of rat tef; S58745).
All fragments for templates were obtained by reverse transcrip-
tion-PCR and sequenced to verify their identity and orientation.
No specific hybridization signals were observed when sense
cRNA probes were used. The radioactivity of each SCN on Bio-
Max film (Kodak) was analyzed using a microcomputer inter-
faced to an image-analyzing system after conversion into the
relative optical density; the 10 sections of the SCN then were
summed. For statistical analysis, one-way analysis of variance
(ANOVA) followed by Scheffe’s multiple comparisons or a two-
sample t test was applied.

Northern blot analysis

Northern blot analysis was performed as described (Yamaguchi
and Nakanishi 1998). Ten micrograms of the total RNAs ex-
tracted from the livers of the DD-housed mice sacrificed at vari-
ous circadian times were analyzed. As templates for the genera-
tion of radiolabeled probes, an 812-bp fragment of the 5’-portion
of the coding region of mouse dbp, a 543-bp Bg/II-Nrul fragment
of human hlf, a 622-bp fragment of the 5'-portion of the coding
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region of rat tef, and a 600-bp EcoRI-Ncol fragment of mouse
e4bp4 ¢cDNA were used. The radioactivity of each band was
quantitated with a microcomputer-coupled image-processing
system (BAS5000, Fujifilm).

Western blot analysis

Nuclear proteins were extracted from the livers of the DD-
housed mice as described previously (Yamaguchi et al. 2000b).
For quantification of the nuclear proteins, a bicinchoninic acid
(BCA) protein assay reagent kit (Pierce) was used. Forty micro-
grams of nuclear extracts were mixed with a 3x SDS sample
buffer (375 mM Tris-HCl at pH 6.8, 6% SDS, 30% glycerol, 10%
2-mercaptoethanol) and boiled for 3 min. Each sample was frac-
tionated on a 10% SDS-polyacrylamide gel and transferred to a
polyvinylidene difluoride membrane (Immunoblot-P mem-
brane, ATTO, Japan). Inmunoblotting was performed with a
polyclonal rabbit anti-E4BP4 antiserum (No.60, 1:5000), which
was kindly provided by Dr. T. Inaba (Jichi Medical School), or
anti-DBP antiserum (1:2000) (Yamaguchi et al. 2000b), as a pri-
mary antibody. Horseradish peroxidase-conjugated anti-rabbit
immunoglobulin (1:5000, Amersham) was used in combination
with enhanced chemiluminescence (NEN) to detect proteins.
The relative protein level of each band was determined with the
aid of a LAS1000 analyzer (Fujifilm).

Immunocytochemistry

Under deep ether anesthesia, LD- and DD-housed male BALB/c
mice were perfused with saline, followed by a fixative (2% para-
formaldehyde and 0.2% picric acid in a 0.1 M phosphate buffer),
and then postfixed with the same fixative for 2 h. Thirty-mi-
crometer sections were cut in a cryostat and processed for free-
floating immunohistochemistry using anti-E4BP4 antiserum (1:
2000) as described previously (Yagita et al. 2000). After an ap-
plication of biotinylated anti-rabbit IgG (1:1000, Vector),
sections were incubated with avidin-biotin-peroxidase (1:1000,
Vector) and visualized with diaminobenzidine (DAB).
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Transcriptional assay

Transfection and luciferase assays were carried out as described
previously (Yamaguchi et al. 2000b). Unless otherwise specified,
ca. 6.0 x 10° HepG2 cells per well in six-well plates were trans-
fected with 2 pg (total) of expression plasmids with the indi-
cated inserts in pcDNA3 (Invitrogen), 10 ng of a reporter plas-
mid, and 1 ng of an internal control plasmid using Lipofect-
Amine Plus reagent (GIBCO). The total amount of DNA per
well was adjusted by adding pcDNA3. After 48 h, cells were
extracted with 200 pL of passive lysis buffer (Promega), and 20
uL of the extracts were taken for assays of firefly luciferase and
Renilla luciferase.

A reporter construct containing the mPerl promoter was
made by ligating a 1.3-kbp fragment of the 5’-flanking region of
the mPer1 gene to the Renilla luciferase reporter gene (1212-bp
HindIlI-Xbal fragment of the pRL-TK vector, Promega) and the
simian virus 40 polyadenylation signal. A reporter construct, in
which three copies of a 20-bp sequence centered on a DBP-
binding site were linked in tandem, was made by inserting an-
nealed oligonucleotides (top strand, 5-GATCTCTGGCAT
TATGCAACCCGCCCTGGCATTATGCAACCCGCCCTGG
CATTATGCAACCCGCCA-3’; bottom strand, 5-GATCTG
GCGGGTTGCATAATGCCAGGGCGGGTTGCATAATGCC
AGGGCGGGTTGCATAATGCCAGA-3’ [binding sites are un-
derlined]) into the BgI site of the pRL-TK vector (Yamaguchi et
al. 2000b).

For the construction of expression plasmids, the total coding
regions of mouse dbp (GenBank accession no. U29762), human
hIf (M95585), rat tef (S58745), and mouse e4bp4 (U83148) were
obtained by reverse transcription-PCR and subcloned into
pcDNA3. All coding regions were used after confirming their
sequences. For statistical analysis, a two-sample ¢ test was ap-
plied.

Electrophoretic mobility shift assay

A double stranded oligonucleotide (top strand, 5'-GCCCGCTA
CATATTACGTAACAAGCGTTCGC-3'; bottom strand, 5'-
GGCGAACGCTTGTTACGTAATATGTAGCGGG-3')  con-
taining a consensus binding sequence for the PAR and E4BP4
proteins was radiolabeled using the Klenow enzyme and
[a-*?*P]dCTP, and used as a probe.

All proteins used in this assay were synthesized by coupled
transcription-translation in vitro (TNT T7 Quick Coupled
Transcription/Translation System, Promega). For construction
of full-length E4BP4, DBP, HLF, and TEF expression plasmids,
the total coding regions were ligated into pcDNA3 containing a
C-terminal Flag tag (Yagita et al. 2000). For the long (amino
acids 65-324) and short (65-250) form E4BP4, the coding regions
were supplied with a nucleotide sequence, 5'-GCCACCATG-3’
(Kozak sequence and a first methionine encoding ATG), at the
5" ends, which then was subcloned into pcDNA3 containing
either a C-terminal Flag or an HA tag. All constructs were made
using PCR and verified by sequence analysis. Coupled transcrip-
tion/translation reactions were performed according to the
manufacturer’s instructions with 1 pg of template DNAs and a
90-min incubation time. To confirm that a protein of the correct
size was produced, Western blot analysis with anti-Flag M2
(Sigma) or an anti-HA monoclonal (Boehringer) antibody was
carried out.

Binding reactions with the indicated amounts of the labeled
probe and the synthesized proteins were performed in a reaction
buffer (8§ mM HEPES at pH 7.9, 40 mM KCl, 0.4 mM MgCl,,
6.8% glycerol, 0.1 pg/pL bovine serum albumin, 0.8 mM dithio-
threitol, 0.2 mM phenylmethylsulfonyl fluoride, and 0.1 pg/uL

E4BP4 and PAR in the circadian oscillatory mechanism

poly dI-dC; Amersham) at 30°C for 15 min. The resulting prod-
ucts were loaded on an 8% nondenaturing 1x TBE (Tris-borate/
EDTA electrophoresis buffer) polyacrylamide gel, and electro-
phoresed at 150 V. The radioactivity of each band was quanti-
tated as described for the Northern blotting experiments.
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