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structural motifs, such as achaete-scute complex and
Basic helix-loop-helix (bHLH)/PAS proteins, such as daughterless (1, 2), constitute a superfamily with sev-

Sim, act as transcriptional factors, playing a critical eral constituents that are capable of forming homo-
role in the control of central nervous system (CNS) and heterodimers through the HLH (3-5). These factors
development. To isolate novel bHLH/PAS factors in the have been shown to play important and specific rolesCNS an iterative search of a database for expressed in the differentiation of specific cell types (6, 7). Forsequence tags (ESTs) resulted in the location of several

example the Achaete protein confers upon ectodermalbHLH/PAS protein-like sequences. The rapid amplifi-
cells the ability to become neural precursors (8). Thecation of cDNA end (RACE) method was applied to iso-
bHLH/PAS factors are transcription factors consistinglate full-length cDNAs of these ESTs. Several 5* and 3 *
of a bHLH structural motif followed by an approxi-terminal sequences were isolated using primers de-
mately 300-amino-acid segment of sequence similarity,rived from an EST from the human brain cDNA library.
called the PAS domain, which is conserved between theThe predicted novel factor polypeptide had bHLH and
Drosophila circadian rhythm regulatory protein Per (9,PAS domains that were highly homologous with those
10), Ah receptor nuclear translocator (Arnt) (11) andof Ah receptor nuclear translocator (Arnt) and Arnt2.
the Drosophila single-minded (dSim) (12, 13). The PASCombination of the isolated cDNA fragments revealed

the existence of several alternatively spliced variants. domain, as well as the HLH domain, have been shown
The distribution of the novel bHLH/PAS factor mes- to be involved in forming hetero- and homodimers
sage was analyzed by Northern blot hybridization. among bHLH/PAS transcription factors (14-17). The
This detected only one transcript, which was 2.9 kb bHLH/PAS transcription factors have been implicated
in size. Strong hybridization was found in the brain, in various biological events: The AhR/Arnt system has
skeletal muscle and heart. Expression of the novel been reported to mediate many biological effects such
bHLH/PAS factor, brain and muscle Arnt-like protein as epithelial dysplasia, tumor promotion, and immuno-
1 (BMAL1), was different from that of Arnt and Arnt2, suppression (18). The Hif-a/Arnt system has been de-
suggesting that BMAL1 has a different function in the fined by its capability of mediating hypoxic induction
CNS and muscle than Arnt and Arnt2. q 1997 Academic Press of erythropoietin gene transcription (19, 20). Finally,

Sim is necessary for the induction of midline cell fates
in the embryonic central nervous system (CNS) (12,
13). To elucidate the function of bHLH/PAS transcrip-Transcriptional regulatory factors with a basic tion factors in the CNS it is necessary to identify fullamino acid region and a helix-loop-helix region (bHLH) bHLH/PAS transcription factors expressed in the
brain. An iterative search of expressed sequence tags
(EST) in the GenbankTM and the TIGR Human cDNA1 The nucleotide sequence data reported in this paper will appear

in the DDBJ, EMBL, and GenBank nucleotide sequence databases Database (HCD) (21) resulted in the location of several
under Accession Nos. D89722 (BMAL1a), AB000812 (BMAL1b), bHLH/PAS protein-like sequences. We applied the
AB000813 (BMAL1c), AB000814 (BMAL1f), AB000815 (BMAL1e), rapid amplification of cDNA end (RACE) method to
and AB000816 (BMAL1d). isolate a novel cDNA clone (BMAL1a) using primers2 To whom correspondence should be addressed. Fax: /81-492-95-

derived from sequences of an EST that was expressed5573. E-mail: mikeda@saitama-med.ac.jp.
Abbreviation: PCR, polymerase chain reaction. in the human brain.
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Identification of alternative splicing in BMAL1 using PCR. ToMATERIALS AND METHODS
investigate the existence of several forms of BMAL1 mRNAs, reverse
transcriptase (RT)-PCR was carried out, the first-strand cDNA tem-Database search. The Genbank and the TIGR HCD (21) were
plates being transcribed with random primers from poly(A)/ RNAssearched for PAS domain sequences derived from mouse AhR, Arnt,
derived from human whole brain (Clontech). The cDNA was ampli-Sim and Drosophila Per.
fied using R594-FLANK-EX1U1 (U2) and R594-339U1 (U1) as for-

Oligonucleotides. The following oligonucleotides were chemically ward primers, and R594-FLANK-EX1D2 (D1) as reverse primer. The
synthesized and used in the experiments described below: R594-U1, authenticity of these PCR products was confirmed by subcloning of
5*-ACTTCTAGGCACATCGTGTT-3 *; R594-D2, 5*-TATTCTACT- the products into the plasmid pCRII vector (Invitrogen), followed by
TCCTTGGTCC-3 *; R594-FLANK-EX1U1, 5*-ACCGCAAACGGA- cycle sequencing. The Avian Myeloblastosis Virus (AMV) RT was
AAGGCAGC-3 *; R594-FLANK-EX1D2, 5*-CCCGACGCCGCTTTT- purchased from Seikagaku.
CAATC-3 *; R594-339U1, 5*-GCTGGATCTGGGGTGTAAG-3 *; FITC-
6081D, 5*-CACTGGAAGGAATGTCTGAGTCCCT-3 *; FITC-7063C,

RESULTS5*-GCCCAAAGAGGACCCACCCCACTGT-3 *; FITC-7066C, 5*-AGG-
CTTAGTTCCACTTTGTCTGAAG-3 *; FITC-417-5-273D, 5*-TTT-
CTTTGAGCAGGTAGAGGGGAAG-3 *; FITC-417-6-485U, 5*-CAC- An iterative EST database search revealed the exis-
GACGTTCTTTCTTCTGTAGGA-3 *; FITC-R594-496, 5*-CAATCC-

tence of a number of PAS factors. In this study, weATACACAGAAGCAAACTA-3 *.
isolated full-length cDNA coding for a novel PAS factor

Cloning and sequencing of cDNA for human BMAL1. To clone
using the RACE method with primers derived fromfull-length novel PAS protein cDNAs, the Marathon cDNA amplifi-
R59448, which was one of the EST candidates for thecation kit (Clontech) was used according to the manufacturer’s in-

structions. Briefly, the 5* and 3 * cDNA ends were amplified by poly- PAS factors. Three different-sized fragments from the
merase chain reaction (PCR) using possible PAS protein cDNA spe- 5* RACE and two different fragments from the 3 *
cific primers (R594-U1, R594-D2), the Marathon cDNA adaptor RACE were isolated (Fig. 1B). Sequencing analysis re-sequence specific primer AP1, and human brain Marathon-Ready

vealed that all of these clones contained sequences de-cDNA (Clontech). The 5* and 3 * RACE products were cloned using
rived from R59448 and were different in size and inthe Invitrogen TA cloning kit. After determination of the 5* and 3 *

sequences of the RACE products, full-length cDNAs were amplified exon-intron boundaries. To obtain full-length cDNAs
by PCR using 5* and 3* cDNA terminal-specific primer pairs. and examine the exon-intron boundaries, PCR was per-

The nucleotide sequence was determined by the fluorescence dye- formed using 5* and 3 * end-specific primers and thelabeling cycle sequencing system (Amersham) using fluorocein iso-
resulting fragments were subcloned into the plasmidthiocyanate-labeled primers and an automated DNA sequencer
pCRII vector. Several clones were obtained, and five(DSQ1000, Shimadzu). Three independent clones each for 5* RACE,

3 * RACE, and five independent clones for full-length cDNAs were randomly selected clones were sequenced. Sequencing
sequenced to check for PCR errors in the RACE and PCR products. analysis revealed that three isoforms existed (Fig. 1B).
The ex Taq polymerase used was purchased from Takara. Clone NC005 was the longest among the isoforms, and

Northern blot analysis. Northern blot analysis of the human mul- was named BMAL1a (Fig. 1,2). The nucleotide se-
tiple tissue and adult brain multiple tissue RNA blot (Clontech) was quence around the estimated initiation codon, GCT-performed according to the instructions of the manufacturer using

ATGA, matched the consensus sequence reported byan 856-base pairs (bp) fragment from the 3 * end of the BMAL1 cDNA
probe. Kozak (22) in five out of seven of the nucleotides. The

FIG. 1. Brain and muscle Arnt-like protein 1 (BMAL1) cDNAs. A) A schematic diagram of the structure of human BMAL1a (hBMAL1a)
is represented by a box. The basic helix-loop-helix domain is represented by a hatched box. The PAS-A and -B domains are represented by
shaded boxes. The identified exon-intron boundaries are indicated by arrows below the boxes. The start codon (ATG) and stop codon (TAA)
are indicated by arrows above the boxes. B) Multiple alternative splice variants of BMAL1 cDNA isolated by the rapid amplification of
cDNA end (RACE) method or polymerase chain reaction (PCR).
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FIG. 2. Nucleotide and amino acid sequences of BMAL1a cDNA. Basic region (ø), helix 1 (Ω), loop (h), helix 2 (Ω), and two of the
repeated sequences (…) in the PAS domain are shown by the bars under the amino acid sequences. The identified exon-intron boundaries
are shown by bars. The oligonucleotides used for RACE are indicated by arrows with a single line.

BMAL1a sequence of 1749 bp corresponded to an open homologous with those of Arnt and Arnt2 (Fig. 3A).
However, no significant similarity was found in thereading frame (ORF) of 583 amino acids and revealed

a remarkable similarity with human Arnt (11) and other regions between BMAL1a and other known
bHLH/PAS proteins. Clone NC002 (BMAL1b) did notmouse Arnt2 (23) (Fig. 3A). The calculated molecular

weight of BMAL1a was 64 kd. The overall sequence exhibit the 71-bp exon which contained the start codon
of BMAL1a (Fig. 1B, 5). The start codon of the cloneidentity of BMAL1a with human Arnt was 29%. The

BMAL1a had bHLH and PAS domains that were highly without the 71-bp exon was located 140 bp upstream
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FIG. 3. Predicted amino acid sequences of BMAL1. A) Predicted amino acid sequence of BMAL1a and sequence alignment with human
Arnt (hArnt) and mouse Arnt2 (mArnt2) sequences (11, 23) in the bHLH motif and PAS domain. B) Sequence alignment of the deduced
amino acid sequences for BMAL1 cDNA isoforms.

of the exon-exon junction (Fig. 2). The other isoform open reading frames encoding 626 and 181 amino acids,
and their calculated molecular weights were 69 and 21clone, NC001 (BMAL1c), exhibited no 79-bp exon down-

stream of the PAS-A domain coding sequence (Fig. 1B). kd, respectively (Fig. 1B, 3B). The predicted amino acid
sequence encoded by BMAL1c exhibited no PAS-B do-The full-length cDNA BMAL1b and BMAL1c contained
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FIG. 4. Expression pattern of BMAL1. A) Human adult multiple tissue RNA blot: 1. heart; 2. brain; 3. placenta; 4. lung; 5. liver; 6.
skeletal muscle; 7. kidney; 8. pancreas. B) Human adult brain multiple tissue RNA blot: 1. amygdala; 2. caudate nucleus; 3. corpus callosum;
4. hippocampus; 5. whole brain; 6. substantia nigra; 7. subthalamic nucleus; 8. thalamus. The positions of RNA size markers in kb are
shown on the left. The signal migrated at 2.9 kb on each RNA blot.

main (Fig. 1B, 3B). The C* terminal region sequence of bp, representing BMAL1a and BMAL1b, respectively,
were generated (B; lane 2). The authenticity of theseN329 (BMAL1d) and N004 (BMAL1e) have not yet

been identified, however, the predicted proteins en- PCR products was confirmed by subcloning of the prod-
ucts into the plasmid pCRII vector. Two partial cDNAcoded by N329 and N004 contain no PAS-B domain

(Fig. 1B, 3B). Three isoforms of the proteins that lack clones, named clone NN011 and NN013, were isolated.
The transcript of the BMAL1b form was the most abun-a PAS-B domain, encoded by BMAL1c, BMAL1d and

BMAL1e, may have different properties from the dantly expressed in brain tissue.
BMAL1a protein.

Following Northern blot analysis of human multiple DISCUSSION
tissues (Fig. 4A), BMAL1 mRNA was detected only in
the brain, skeletal muscle and heart. The expression In the study presented here, we isolated a novel hu-

man bHLH/PAS factor (BMAL1) and several of its al-pattern of BMAL1 mRNA was different from that of
Arnt (24) and Arnt2 (23). The length of the BMAL1 ternatively spliced isoforms from a library of adaptor-

ligated double-stranded (ds) cDNAs of whole brain. Wetranscript(s) was estimated to be about 2.9 kb, which is
almost same as that of the isolated cDNA. To examine determined that its sequence is similar to, but distinct

from that of Arnt and Arnt2. The most characteristicBMAL1 expression in the brain, Northern blots from
several CNS regions (Fig. 4B) were hybridized with a region of sequence homology found in BMAL1 and

bHLH/PAS proteins has been termed the PAS domain,BMAL1 cDNA. BMAL1 mRNAs were expressed in all
of the regions that were tested, and particularly high since it is highly conserved in Per, Arnt, AhR and dSim

(13). Although a large number of bHLH proteins havelevels of expression were observed in the hippocampus,
caudate-putamen and amygdala. Several alternatively been described to date, the presence of the PAS domain

is rare and has been observed in only eight eukaryoticspliced isoforms were isolated from human whole brain
cDNA. Of these isoforms, the majority were 2.9-kb proteins: Per (9,10); Trh (25, 26); AhR (27, 28); Arnt

(11); Arnt2 (23); Sim1 (29); Sim2 (30-33), (dSim) (10),transcripts.
Using RT-PCR to selectively amplify the 5* untrans- and Hif- a (20, 34). The sequences of the PAS domain

of this family contain two copies of an approximatelylated region (5* UTR) and the translation initiation
region of the BMAL1 mRNA, multiple bands were gen- 50-amino-acid repeat, referred to as the PAS-A and

PAS-B repeats. The BMAL1a and BMAL1b sequenceserated from human brain mRNA (Fig. 5). As shown in
Fig. 5, products of the expected sizes of 221 bp and 150 contain these two repeats, whereas BMAL1c, BMAL1d
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FIG. 5. Reverse transcriptase (RT)-PCR analysis of human BMAL1 isoform mRNA expression in the human brain. The mRNA that
was isolated from human brain was subjected to RT-PCR. Two pairs of primers were used to amplify the translation initiation region of
BMAL1 cDNA. A) Position of primers which induced amplification of the translation initiation region of BMAL1 cDNA. B) RT-PCR analysis
of BMAL1 using the U2 and D1 primers. Lane 1, negative control using human brain mRNA not treated with reverse transcriptase, showing
absence of any PCR products; lane 2, PCR amplification of human brain cDNA, showing the presence of a major 150-bp products, as well
as the 221-bp product corresponding to the BMAL1a cDNA; lane 3, positive control using clone NC005 plasmid, showing that a 221-bp PCR
product is obtained; lane 4, positive control (150-bp fragment, amplified from NC002 plasmid). C) RT-PCR analysis of BMAL1 using the
U1 and D1 primers. Assay was carried out in absence (lane 1) or presence (lane 2) of RT. Lane 3, positive control using clone NN011
plasmid; lane 4, positive control using clone N329.

and BMAL1e have no PAS-B domain (Fig. 1, 3B). The It is reported that AhR and Arnt form a functional
heterodimer in liver cells. The intrinsic partner of thePAS domains appear to be important for protein-pro-

tein interactions (17). The deletion of either the A or B BMAL1 protein is not known. The bHLH/PAS tran-
scription factors are classified into two groups. Groupsegments of the PAS region of Arnt slightly reduces

dimerization with AhR (35), suggesting alternative 1, the Arnt group, includes Arnt, Arnt2, BMAL1a and
Per. Group 2, the Ahr group, consists of AhR, dSim,properties of those BMAL1 proteins that lack a PAS-

B domain in the interactions with their partners. Sim1, Sim2, Trh and Hif- a (23). It has been reported
that the members of group 1 form homodimers withBMAL1 cDNAs differ in their 5* untranslated region

and usage of the AUG initiation codon, suggesting that themselves, as well as heterodimers with group 2 mole-
cules. BMAL1a may be a partner of AhR group proteinsthey are generated by alternative splicing of the pri-

mary transcript (Fig. 5). The alternative exons predict such as AhR or Sim2.
BMAL1 is expressed dominantly in the adult brain,two isoforms with different initiation codons and

lengths. The existence of two isoforms with different skeletal muscle and cardiac muscle. It has been re-
ported that AhR (24) and Sim2 (31) mRNAs are notinitiation codons may be important for protein pro-

cessing or function. detectable in adult rat and mouse brains, respectively.
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