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Most clock genes encode transcription factors that interact to elicit
cooperative control of clock function. Using a two-hybrid system
approach, we have isolated two different partners of zebrafish (zf)
CLOCK, which are similar to the mammalian BMAL1 (brain and
muscle arylhydrocarbon receptor nuclear translocator-like protein
1). The two homologs, zfBMAL1 and zfBMAL2, contain conserved
basic helix-loop-helix-PAS (Period-Arylhydrocarbon receptor-
Singleminded) domains but diverge in the carboxyl termini, thus
bearing different transcriptional activation potential. As for zf-
Clock, the expression of both zfBmals oscillates in most tissues in
the animal. However, in many tissues, the peak, levels, and kinetics
of expression are different between the two genes and for the
same gene from tissue to tissue. These results support the exis-
tence of independent peripheral oscillators and suggest that zfB-
MAL1 and zfBMAL2 may exert distinct circadian functions, inter-
acting differentially with zfCLOCK at various times in different
tissues. Our findings also indicate that multiple controls may be
exerted by the central clock and/or that peripheral oscillators can
differentially interpret central clock signals.

he past few years have been characterized by a remarkable

advance in our understanding of the molecular mechanisms
underlying the biological clock, particularly in the identification
of genes involved in clock function (1, 2). The Drosophila
proteins Period (Per) and Timeless (Tim), and the product of
Neurospora gene frequency (frq), have been known as clock
components for some time (1, 2). The Clock gene was isolated
by a genetic screen in mice (3) followed by positional cloning (4)
and is the only bona fide clock gene in mammals. Clock homologs
subsequently have been isolated in Drosophila (5) and zebrafish
(6) by library screening at low stringency. In parallel, a Dro-
sophila mutant in the gene encoding CLOCK was identified (7).
In contrast to the mouse (8-10), Clock transcript levels exhibit
a robust circadian oscillation both in flies and zebrafish (6, 11),
possibly suggesting different regulation of clock gene function in
various systems.

A significant number of clock genes products contain PAS
(Period, Arylhydrocarbon receptor, Singleminded) and basic
helix—loop—helix (bHLH) domains, structures that preside over
the dimerization and DNA-binding functions of these transcrip-
tion factors (1, 2). In Drosophila, for instance, Tim was found to
be a partner of Per by using a yeast two-hybrid screen with the
PAS domain of the Per protein as bait (12). The question as to
what protein partners CLOCK might possess was tackled by the
same approach in the mouse, leading to the identification of the
protein BMALL [brain and muscle arylhydrocarbon receptor
nuclear translocator (ARNT)-like protein 1] (13), a product also
isolated by searches of orphan PAS-containing proteins in the
databases (14, 15). Thus the PAS domain could be considered as
a recurring feature in clock molecules, as also suggested by the
recent identification of white-collar] and white-collar2 in Neuro-
spora (16).

The BMALI1 protein has been shown to associate with
CLOCK and the heterodimers to regulate the expression of
genes containing E-box elements in their regulatory region (13,
17). The CLOCK-BMALI heterodimers appear to function as
transcriptional activators and in particular to induce the expres-
sion of per and fim genes in a circadian feedback loop (12, 18).

The zebrafish constitutes an attractive model to study the
biological clock in vertebrates (6, 19, 20). A recent analysis of
zebrafish Clock (zfClock) has shown its rhythmic pattern of
expression in both retina and pineal gland (6). Remarkably,
circadian expression also is observed in peripheral tissues, even
when these are placed ex vivo for a number of days in culture
dishes (6), as well as in a zebrafish-derived cell line (20).
Moreover, the circadian clock of these cells and ex vivo organs
can be directly entrained by light (20). These observations
indicated the existence of independent circadian oscillators in
peripheral tissues of the zebrafish.

The striking differences in the pattern of Clock expression
between mouse and zebrafish hinted at possible diverse modes
of regulation and function. We have been interested in identi-
fying the CLOCK partners in zebrafish and studying their
expression. The present study reports the isolation, by use of a
two-hybrid screen, of two zebrafish cDNAs encoding distinct
homologs of mammalian BMALI1. The analysis of the sequence,
the expression pattern, the transcriptional activity, and the
strength of association with CLOCK of these two zfBMALs
highlights clear differences between them, indicating a way by
which a fine-tuning of circadian gene expression could be
achieved. Moreover, we report intertissue differences in the
expression of each individual Bmal gene, supporting the exis-
tence of independent circadian oscillators in various tissues of
the fish. Our results also indicate that multiple controls may be
exerted by the central clock on peripheral oscillators and/or that
peripheral oscillators are able to differentially interpret central
clock signals.

Materials and Methods

Two-Hybrid System. The portion of zfClock cDNA encoding
amino acids 2-453 was amplified by PCR and cloned in the
vector pGBT9 (CLONTECH), in-frame with GAL4 DNA-
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Fig. 1.

Cloning and sequence analysis of zfBmal cDNAs. (A) Yeast growth is supported on selective medium in two-hybrid assays including both CLOCK and

either of the zfBMALs (clones 40-1 and 40-2). (B) DNA sequence identity between the Bmal cDNAs. The hatched bar in 40-1/6 represents the region differing
between the two clones. The ORF is denoted by a thicker box. (C) Alignment of human and zebrafish BMALs. Except for their amino terminus, human isoforms
a and b are identical. Identical (inverted) and similar (gray background) residues are indicated. Hatched and solid underlined sequences highlight the bHLH
domain and the PAS domain repeats, respectively. (D) Phylogenetic analysis of BMAL proteins. The result of 100 bootstrap resamplings is shown. mARNT1,
MARNT2, and mCLOCK were used to root the tree (see Materials and Methods for details).

binding domain (DBD). This bait plasmid was cotransformed in
CG-1945 yeast cells with a 1-month-old whole zebrafish cDNA
library fused to GAL4 activation domain (AD) (CLONTECH,
QL4000AB). Yeast two-hybrid screening was performed as
described (CLONTECH Matchmaker Two-Hybrid System Pro-
tocol), with 40 mM 3-aminotriazole in the selection medium.
B-Galactosidase assay was performed in Y190 yeast cells fol-
lowing the directions of the manufacturer. The results reported
are in Miller units and are the means of assays performed in
triplicate. For subsequent two-hybrid assays, complete or partial
BMAL reading frames were cloned into pGAD424 (CLON-
TECH). Controls with pGBT9 (GAL4 DBD) or pLAMS’
(GAL4 DBD-lamin C) were always negative in B-galactosidase
assays.

Sequence Analysis. Sequence analysis and alignments were per-
formed by using the University of Wisconsin GCG computer
package, version 8.1. Phylogenetic trees were derived from a
multiple alignment by using the PHYLIP package (40), with 100
bootstrap resamplings. Mouse ARNT, ARNT?2, and CLOCK
were included as an outgroup to root the BMAL part of the tree.
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Only the unambiguously aligned portion of the sequences was
kept to derive the phylogeny, which corresponds approximately
to the bHLH-PAS region of the proteins. Similar results were
obtained by using Fitch (Fig. 1D), neighbor-joining, or parsi-
mony methods. The GenBank accession numbers of sequences
used are: D89722 (human BMALla), AB000812 (human
BMALI1Db), AB014494 (mouse BMALI or Arnt3), AF065473
(Drosophila CYCLE), U14333 (mARNT), D63644 (mARNT?2),
and AF000998 (mCLOCK).

Glutathione S-Transferase (GST) Pull-Down Assay. The bHLH-PAS
region of the zfClock cDNA (as in the two-hybrid system) was
amplified and cloned in pGEX4T-3 (Amersham Pharmacia).
Extracts containing GST-CLOCK were prepared as in ref. 21,
and the presence of the fusion protein was confirmed by Western
analysis. The insert of two-hybrid clones 40-6 and 40-2 was
amplified (the upstream primer containing a T7 promoter), and
35S-labeled BMALI and BMAL2 proteins were obtained by in
vitro translation (TNT T7 Quick Coupled Transcription/
Translation System, Promega). GST-CLOCK (or GST) was
bound to glutathione Sepharose 4B beads (Amersham Pharma-
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Fig.2. Interaction of BMALs with CLOCK. (A) Yeast two-hybrid assays using various constructions in conjunction with GAL4 DBD-CLOCK. (Left) Representation

of the different BMAL-based constructions. Hatched box denotes the GAL4 AD. (Right) p-Galactosidase activity, expressed in standard Miller units. The BMAL1
and BMAL2 constructions shown with a separated GAL4 AD (fourth and eighth from the top) correspond to the original clones isolated in the screen (40-1 and
40-2). (B) GST pull-down assay. Equivalent amounts of 35S-labeled complete or partial BMAL1 and BMAL?2 proteins were prepared and analyzed by SDS/PAGE
(input). (Lower) SDS/PAGE analysis of the proteins binding to GST or GST-CLOCK beads. Luciferase was used as a input negative control. (C) Different association
affinities of zfBMAL proteins with CLOCK. 3>S-labeled BMAL1 and BMAL2 were produced by in vitro transcription/translation, and radioactivity was quantified
by trichloroacetic acid precipitation and scintillation counting. GST pull-down was carried out as described in Materials and Methods, with equivalent amounts

of GST-CLOCK and increasing amounts of BMALs. After washes, the radioactivity remaining on the resin was quantified by scintillation counting.

cia), and the GST pull-down with BMAL proteins was essentially
as described in ref. 21.

RNA Analysis and in Situ Hybridization. Zebrafish were grown and
dissected as described (6). All fish were maintained on a 14:10
light-dark (LD) cycle or in constant darkness. RNA extractions
were done as described (22) or by using TRIzol reagent
(GIBCO/BRL). RNase protection assays (RPAs) were per-
formed as described (6, 23). The Bmal riboprobes (from nucle-
otides 1,328-1,759 of Bmall reading frame and nucleotides
1,199-1,599 of Bmal2 reading frame, in pBluescript SK—) were
generated by using an in vitro transcription kit (Promega). The
probes extended over the most divergent part between Bmall
and Bmal2 sequences, thereby allowing distinction between
them in the assay. The experiments were repeated three times
with similar results.

In situ hybridization on 10-um serial cross sections of OCT-
embedded fish brains was done as described (24), by using
35S-ATPaS-labeled probes prepared from the same plasmids as
for the RPAs.

Cermakian et al.

Results

Cloning and Sequence Analysis of Two zfBmal1 Homologs. As an
approach to identifying CLOCK partners in zebrafish a two-
hybrid screen was performed. We used the bHLH-PAS moiety
of zZfCLOCK as a bait and a whole-zebrafish cDNA library fused
to the GAL4 AD. Three clones of seven million were positive for
both HIS3 and lacZ reporter gene expression (Figs. 14 and 24).
Clones 40-1 and 40-6 encoded the same protein, only the
beginning of the 5" untranslated region was different, possibly
the result of alternative splicing. The third positive clone (40-2)
encoded a different but related protein (Fig. 1B). The two
proteins, called zfBMALI1 and zfBMAL2, share similarity with
the mammalian protein BMAL1 (14, 15, 25) (Fig. 1C) and
present an overall 59% identity and 75% similarity at the amino
acid level between each other, with the C termini being most
divergent. A phylogenetic tree of BMALSs and other bHLH-PAS
proteins reveals that zfEBMALL1 is highly similar to human and
rodent BMALI, whereas zEBMAL?2 is more divergent (Fig. 1D).
The position within the tree of the Drosophila homolog of
BMALIL, dCYCLE (26), suggests that the duplication that led to
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Rhythmic expression of the Bmal genes in the zebrafish brain, eyes, and pineal gland. (A, C, and D) RPA of the expression of the Bmal transcripts in the

brain, eyes, and pineal gland under LD (A and D) or constant darkness (C) conditions. Equivalent amounts of RNA were used in each case, as assayed by ethidium
staining and CREB (cAMP responsive binding protein) RPA control. “t” is the negative control with only tRNA. Numbers above each lane correspond to the ZT
points at which RNA samples were prepared. (A and D) White/black bars represent the duration of the LD periods. (C) Gray/black bars show the extent of
subjective day/night periods in dark-dark (DD) conditions. (B) In situ hybridization of zebrafish brain sections at ZT3 or ZT12 (in LD). For each time point, two

successive sections were analyzed with Bmal1 and Bmal2 probes.

the two zebrafish genes occurred after the separation of the
vertebrate and insect lineages. The zebrafish constitutes the first
species where more than one Bmal gene is found.

Binding of the zfBMALs to zfCLOCK. The significant sequence
divergence within the two Bmal genes begged the question on
possible differences in the functional properties of the relative
protein products. The association of zEBMALI1 and zEBMAL2
with CLOCK was investigated in a two-hybrid system (Fig. 24).
When the bHLH-PAS region is fused to the GAL4 AD, acti-
vation of the reporter lacZ gene is observed, implying that this
region is sufficient to promote heterodimerization of BMALs
with CLOCK. Interestingly, BMALI interacts with CLOCK
more efficiently than BMAL?2 (Fig. 24), whereas we have found
no interaction between the two BMALs (not shown). Impor-
tantly, both BMALSs have intrinsic activation potential as they
strongly stimulate transcription even in the absence of the GAL4
AD. In a comparative study, BMAL?2 acts as a much more potent
transactivator than BMALL.

The in vivo association of BMAL1 and BMAL2 with CLOCK
observed in yeast was confirmed by a GST pull-down assay (Fig.
2B). Truncated proteins lacking the C terminus show that the
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bHLH-PAS region is sufficient to ensure association. Interest-
ingly, the full-length proteins interact with reduced efficiency as
compared with the truncated proteins, suggesting that the
carboxyl terminus may in some way influence association. Also
in this GST pull-down assay BMALI1 appears to associate more

Table 1. Expression peaks of Bmal and Clock genes

Bmal1 Bmal2 Clock*
Brain® ZT14 ZT10 ZT14-16
Eye* ZT10-12 ZT10 ZT12
Heart ~ZT9 ~ZT9 ~ZT15
Kidney ~ZT15 ~ZT9-15 ~ZT15
Liver ~ZT9 ~ZT15 ~ZT9-15
Pineal gland ~ZT9-15 ~ZT15 ~ZT15
Spleen ~ZT15 ~ZT15 ~ZT15
Testis No oscillation No oscillation No oscillation

*Data published in ref. 6, except for the liver (N.C., unpublished results).

Different kinetics of accumulation for Bmal1 and Bmal2.

*Different kinetics of accumulation for Bmal1 and Bmal2; Clock kinetics are
intermediate.

Cermakian et al.
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Fig. 4. Differential expression patterns of Bmal1 and Bmal2 in different

zebrafish peripheral organs. RPA analysis of Bmal expression in adult zebrafish
heart, kidney, liver, spleen, and testis at the indicated ZT points under LD
conditions. "t corresponds to a tRNA negative control, and white/black bars
represent the day/night periods.

efficiently with CLOCK than BMAL2 (Fig. 2 B and C), con-
firming the results obtained in the two-hybrid assay. Thus,
noteworthy differences exists between the two zfBMALs with
respect to their regulatory capacity.

Expression of the zfBmal Genes in the Brain, Eyes, and Pineal Gland.
We previously have reported robust oscillation of Clock expres-
sion in clock structures, such as the eye and the pineal gland, but
also in most peripheral tissues (6). This situation radically differs
from what is known in mammals where Clock expression does
not oscillate (8-10). This finding prompted us to analyze the
expression of the two Bmals during the circadian cycle. In the
brain both genes exhibit a robust rhythmic expression under LD
conditions (Fig. 34). The peak, however, is different for the two
genes, Bmall reaching maximal expression at Zeitgeber time
(ZT) 14, whereas Bmal2 peaks at ZT12. In addition, the kinetics
of expression of the two genes differ, with the induction of Bmal2
being delayed but more rapid. The situation in the eye is similar,
although the peak of Bmall expression is at ZT10-12 instead of
ZT14 as in the brain (Fig. 34). In situ hybridization analysis with
zebrafish brains revealed that the distribution of the two Bmal
transcripts is very similar (Fig. 3B) and that it overlaps that of
Clock (6). Bmals are expressed at high levels in the periventricu-
lar gray zone of the optic tectum, valvula cerebelli, corpus
mammilare, and hypothalamus. Importantly, robust rhythmic
expression of both genes is maintained when the animals are kept
in a dark-dark regime, both in the brain and eye (Fig. 3C). The
other clock structure, the pineal gland, also shows significant
rhythmic expression of both genes (Fig. 3D), but Bmall expres-
sion appears to peak earlier than for Bmal2. When compared
with the rhythmic pattern of Clock expression (6) (see Table 1),
itis evident that expression of the three genes is not synchronized
in the brain and clock structures.

Expression of the zfBmal Genes in Other Tissues. We recently have
shown that, in contrast to mammals (8—10), Clock expression in
the zebrafish strongly oscillates in various tissues (6). Impor-
tantly Clock rhythmicity is synchronous throughout the animal
(6), which indicated that a common clock control is likely to be
exerted on peripheral tissues. Analysis of Bmall and Bmal2
expression in various tissues revealed a strikingly discordant
scenario (Fig. 4). Besides testis, where as for Clock no oscillation
is detected, robust rhythmicity is observed in all tissues. Re-
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markably, oscillations have different phases for each gene in
various tissues and for the two genes in the same tissue. When
compared with Clock, it is evident that the oscillations displayed
by the three partners are discordant (Table 1).

Discussion

We report here the isolation and characterization of two
partners of the zECLOCK protein, which are homologous to
the mammalian BMAL1 protein. We show that the two
proteins differ in their ability to associate with CLOCK and in
their transcription activation potential. Their expression in
various tissues displays robust oscillatory patterns, which differ
from gene to gene in the same tissue and from tissue to tissue
for the same gene.

Our results indicate that the molecular gears, and possibly the
function, of the circadian clock are not conserved among ver-
tebrates (28). In zebrafish there are two Bmal genes, whereas
mammals have only one (14, 15). Although Clock expression is
constant in mammals (8-10), it is oscillating in the fish (6).
Finally, Bmall expression oscillates synchronously in most tis-
sues of the rat (10), whereas here we show that this is not the case
in the zebrafish (Fig. 4). It is interesting to note that expression
of this gene in rodents and fish is almost antiphase; it is not clear,
however, if this is because of profound differences in the
organization of the molecular clock or whether it reflects the fact
that rodents are nocturnal whereas fish are diurnal.

The presence of two Bmal genes in zebrafish, and their
differential mRNA expression, suggests dynamic combinatorial
associations with CLOCK in various tissues and at different
times of the circadian cycle, although the protein levels may
change with different phases or amplitudes. The different asso-
ciation potential of the two BMAL proteins with CLOCK and
their diverse transactivation capacities (Fig. 2) indicate that
resulting complexes might act on various target genes depending
on the time of the circadian cycle. The picture might even be
more complex: in some tissues (e.g., in the heart) both Bmals
expression peaks when Clock is at very low levels (Table 1 and
ref. 6), suggesting that BMALs may have other partners in
addition to CLOCK. This would be consistent with the fact that
mammalian BMALL is able to interact with other bHLH-PAS
factors besides CLOCK (17, 25). The observation that the two
BMALs exhibit different strength of transactivation and asso-
ciation with CLOCK suggests an additional layer of complexity
in the regulation of gene expression by these bHLH-PAS factor
heterodimers. This adds to the constraints imposed by temporal
and tissue-specific expression of these factors.

Recent results in various systems point to the existence of local
clocks in peripheral tissues (6, 20, 27-32). Several reports on
circadian gene expression in rodents indicate that oscillations in
the central clock structure, the suprachiasmatic nuclei, precede
by several hours oscillations in peripheral tissues (8, 31, 33-36).
This observation would infer the existence of ancillary clocks,
located in peripheral tissues, which coordinately and synchro-
nously respond to a central clock control (37, 38). We show that
this possible scenario does not apply to all vertebrates. Indeed,
in zfBmals peaks of expression in peripheral tissues may even
precede the peak in the eye and the pineal gland (Figs. 3 and 4).
This notion indicates that the transcriptional machinery control-
ling a given clock gene must be able to respond differentially in
various tissues, to ensure oscillation with variable phase and
period. It is possible that the central clock may be able to exert
multiple controls through different signals to obtain distinct
responses in each peripheral tissue (39). Another nonexclusive
possibility is that peripheral oscillators may differentially inter-
pret central clock signals.
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