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Basic helix-loop-helix (bHLH)/PAS proteins, such as
Sim, act as transcriptional factors, playing a critical
role in the control of central nervous system (CNS)
development. To isolate novel bHLH/PAS factors in the
CNS an iterative search of a database for expressed
sequence tags (ESTs) resulted in the location of several
bHLH/PAS protein-like sequences. The rapid amplifi-
cation of cDNA end (RACE) method was applied to iso-
late full-length cDNAs of these ESTs. Several 5’ and 3’
terminal sequences were isolated using primers de-
rived from an EST from the human brain cDNA library.
The predicted novel factor polypeptide had bHLH and
PAS domains that were highly homologous with those
of Ah receptor nuclear translocator (Arnt) and Arnt2.
Combination of the isolated cDNA fragments revealed
the existence of several alternatively spliced variants.
The distribution of the novel bHLH/PAS factor mes-
sage was analyzed by Northern blot hybridization.
This detected only one transcript, which was 2.9 kb
in size. Strong hybridization was found in the brain,
skeletal muscle and heart. Expression of the novel
bHLH/PAS factor, brain and muscle Arnt-like protein
1 (BMAL1), was different from that of Arnt and Arnt2,
suggesting that BMAL1 has a different function in the
CNS and muscle than Arntand Arnt2. ©1997 Academic Press
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structural motifs, such as achaete-scute complex and
daughterless (1, 2), constitute a superfamily with sev-
eral constituents that are capable of forming homo-
and heterodimers through the HLH (3-5). These factors
have been shown to play important and specific roles
in the differentiation of specific cell types (6, 7). For
example the Achaete protein confers upon ectodermal
cells the ability to become neural precursors (8). The
bHLH/PAS factors are transcription factors consisting
of a bHLH structural motif followed by an approxi-
mately 300-amino-acid segment of sequence similarity,
called the PAS domain, which is conserved between the
Drosophila circadian rhythm regulatory protein Per (9,
10), Ah receptor nuclear translocator (Arnt) (11) and
the Drosophila single-minded (dSim) (12, 13). The PAS
domain, as well as the HLH domain, have been shown
to be involved in forming hetero- and homodimers
among bHLH/PAS transcription factors (14-17). The
bHLH/PAS transcription factors have been implicated
in various biological events: The AhR/Arnt system has
been reported to mediate many biological effects such
as epithelial dysplasia, tumor promotion, and immuno-
suppression (18). The Hif-a/Arnt system has been de-
fined by its capability of mediating hypoxic induction
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-
tion factors in the CNS it is necessary to identify full
bHLH/PAS transcription factors expressed in the
brain. An iterative search of expressed sequence tags
(EST) in the Genbank™ and the TIGR Human cDNA
Database (HCD) (21) resulted in the location of several
bHLH/PAS protein-like sequences. We applied the
rapid amplification of cDNA end (RACE) method to
isolate a novel cDNA clone (BMAL1a) using primers
derived from sequences of an EST that was expressed
in the human brain.
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MATERIALS AND METHODS

Database search. The Genbank and the TIGR HCD (21) were
searched for PAS domain sequences derived from mouse AhR, Arnt,
Sim and Drosophila Per.

Oligonucleotides. The following oligonucleotides were chemically
synthesized and used in the experiments described below: R594-U1,
5'-ACTTCTAGGCACATCGTGTT-3’; R594-D2, 5'-TATTCTACT-
TCCTTGGTCC-3’; R594-FLANK-EX1U1, 5'-ACCGCAAACGGA-
AAGGCAGC-3’; R594-FLANK-EX1D2, 5-CCCGACGCCGCTTTT-
CAATC-3’; R594-339U1, 5'-GCTGGATCTGGGGTGTAAG-3’; FITC-
6081D, 5'-CACTGGAAGGAATGTCTGAGTCCCT-3’; FITC-7063C,
5’-GCCCAAAGAGGACCCACCCCACTGT-3'; FITC-7066C, 5'-AGG-
CTTAGTTCCACTTTGTCTGAAG-3’; FITC-417-5-273D, 5'-TTT-
CTTTGAGCAGGTAGAGGGGAAG-3’; FITC-417-6-485U, 5'-CAC-
GACGTTCTTTCTTCTGTAGGA-3'; FITC-R594-496, 5'-CAATCC-
ATACACAGAAGCAAACTA-3'.

Cloning and sequencing of cDNA for human BMAL1. To clone
full-length novel PAS protein cDNAs, the Marathon cDNA amplifi-
cation kit (Clontech) was used according to the manufacturer’s in-
structions. Briefly, the 5’ and 3’ cDNA ends were amplified by poly-
merase chain reaction (PCR) using possible PAS protein cDNA spe-
cific primers (R594-U1, R594-D2), the Marathon cDNA adaptor
sequence specific primer AP1, and human brain Marathon-Ready
cDNA (Clontech). The 5" and 3’ RACE products were cloned using
the Invitrogen TA cloning kit. After determination of the 5" and 3’
sequences of the RACE products, full-length cDNAs were amplified
by PCR using 5’ and 3’ cDNA terminal-specific primer pairs.

The nucleotide sequence was determined by the fluorescence dye-
labeling cycle sequencing system (Amersham) using fluorocein iso-
thiocyanate-labeled primers and an automated DNA sequencer
(DSQ1000, Shimadzu). Three independent clones each for 5’ RACE,
3’ RACE, and five independent clones for full-length cDNAs were
sequenced to check for PCR errors in the RACE and PCR products.
The ex Taq polymerase used was purchased from Takara.

Northern blot analysis. Northern blot analysis of the human mul-
tiple tissue and adult brain multiple tissue RNA blot (Clontech) was
performed according to the instructions of the manufacturer using
an 856-base pairs (bp) fragment from the 3’ end of the BMAL1 cDNA
probe.

A

hBMAL 1a
B

N329
NO12
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Identification of alternative splicing in BMALL using PCR. To
investigate the existence of several forms of BMAL1 mRNAs, reverse
transcriptase (RT)-PCR was carried out, the first-strand cDNA tem-
plates being transcribed with random primers from poly(A)+ RNAs
derived from human whole brain (Clontech). The cDNA was ampli-
fied using R594-FLANK-EX1U1 (U2) and R594-339U1 (U1) as for-
ward primers, and R594-FLANK-EX1D2 (D1) as reverse primer. The
authenticity of these PCR products was confirmed by subcloning of
the products into the plasmid pCRII vector (Invitrogen), followed by
cycle sequencing. The Avian Myeloblastosis Virus (AMV) RT was
purchased from Seikagaku.

RESULTS

An iterative EST database search revealed the exis-
tence of a number of PAS factors. In this study, we
isolated full-length cDNA coding for a novel PAS factor
using the RACE method with primers derived from
R59448, which was one of the EST candidates for the
PAS factors. Three different-sized fragments from the
5" RACE and two different fragments from the 3’
RACE were isolated (Fig. 1B). Sequencing analysis re-
vealed that all of these clones contained sequences de-
rived from R59448 and were different in size and in
exon-intron boundaries. To obtain full-length cDNAs
and examine the exon-intron boundaries, PCR was per-
formed using 5’ and 3’ end-specific primers and the
resulting fragments were subcloned into the plasmid
pCRII vector. Several clones were obtained, and five
randomly selected clones were sequenced. Sequencing
analysis revealed that three isoforms existed (Fig. 1B).
Clone NCO005 was the longest among the isoforms, and
was named BMALla (Fig. 1,2). The nucleotide se-
guence around the estimated initiation codon, GCT-
ATGA, matched the consensus sequence reported by
Kozak (22) in five out of seven of the nucleotides. The
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FIG. 1.
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Brain and muscle Arnt-like protein 1 (BMAL1) cDNAs. A) A schematic diagram of the structure of human BMALla (hBMAL1la)

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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CATACACTGACAGGGCCAGAAGGGCGTGAGATGCTGGGAT 40
TGAACCATCTTTCTCTTTGTGAGTTGCTTTCCAGATAGCACGCATTCCGGTCACTATTTTCCAGAGATTTAAGCAGCARAGTGAGGGACC 130
CTCGGGCATCGACTCAGAGACCTGGAGGGGAGCAGCTTGAAGCAATGTAAAAAGCACTGGATAAAATCTGGTTCTACCAAAAATAGGGCT 220
ATGAGAGTTACCTCACCTCCCTGRAAGTTTTTGGAAGAAGCTGTCCGCCTGAAAAGAAATTATARAACATGAAAATCGCTTTGAGGTGAC 310
CAAGTCCAGAGGCCCCTAACTCCTCCCAAGCTGGATCTGGGGTGTAAGAACTGTGACTTCAGATCATCCAATGGCAGACCAGAGAATGGA 400
CATTTCTTCAACCATCAGTGATTTCATGTCCCCGGGCCCCACCGACCTGCTTTCCAGCTCTCTTGGTACCAGTGGTGTGGATTGCAACCG 490
CAAACGGAAAGGCAGCTCCACTGACTACC%{‘TCACAGGTCGAATTTGGGGAGCACAATGGCTGGAGGTCAGATGCC CACTAGGAGATGCT 580

ATGATTAATAT#GAAAGCATGGACACAGACAAAGATGACCCTCATGGAAGGTTAGAATATACAGAACACCAAGGAAGGATAAAAAATGCA 670
M I N I E S M D T D KD D P H G R L E Y T EH Q G R I K N A 30

AGGGAAGCTCACAGTCAGATTGAAAAGCGGCGTCGGGATAAAATGAACAGTTTTATAGATGAATTGGCTTCTTTGGTACCAACATGCARC 760
R E A H S Q I E K R R R D K M N S F I D E L A § L V P T C N 60
A A T o o o ST A S S S S o o A 77
GCAATGTCCAGGAAATTAGATAAACTTACTGTGCTAAGGATGGCTGTTCAGCACATGAGAACATTAAGAGGTGCCACCAATCCATACACA 850
A M $§ R K L D K L TV L R M AV Q HEEMRTIL R G A TDN P Y T 90
M 7 e o o A o o 4 o 4 o A o A R A A A S,
GAAGCAAACTACAAACCAACTTTTCTATCAGACGATGAATTGAAACPCCTCATLCTCAGGGCAGCAGATGGATTTTT TTTGTCGTAGGA 240
E AN Y K P T F L 8§ DD E L K H L I L R 120

TGTGACCGAGGGAAGATACTCTTTGTCTCAGAGTCT”TCTTCAA”ATCCTCAACTPCAG(
C D R G K I L F Vv S E S vV T K T

GGTCAGAGTTTGTTT 1030
S L F 150

GACTACCTGCATCCTAAAGATATTGCCAAAGTCAAGbAMCAuLTLTLLTLLTLTUA»ALLQLALLQLquAuLbC CATAGATGCARAA 1120
D Y L H P K D I A K i K E § L §$ s $S D T A P R E R L I D A K 180

A TGGACTTCCAGTTAAAACAGATATAACCCCTbbbLLATCTCGA ATGTTCTGGAGCACGACGTTCTTTCTTCTGTAGFATGAAGTGT 1210
G L PV K TDTI T PGP S RIL CS G &a R R S F F C PRI!'M K C 210

AACAGGCCTTCAGTAAAGGTTGAAGACAAGGACTTCCCCTCTACCTGCTCAAAGAAAAAAG&AGATCGAAAAAGCTTCTGCACAATCCAC 1300
N R P § V KV ED KDV F P S$§ T {C S K K K ADURIK S F C T I H 240

AGCACAGGCTATTT#AAAAGCTGGCCACCCACAAAGATGGGGCTGGATGAAGACAACGAACCAGACAATGAGGGGTGTAACCTCAGCTGC 1330
s T ¢ Y L'K $ W P P T KM G L D EDNE?PDNEGTCNTL S8 C 270

CTCGTCGCAATTGGACGACTGCATTCTCATGTAGTTCCACAAFCAGTGAACGGGGAAATCAGGGTGAAATCThTGGAATATGTTTCTCGG 1480

L vV A I GR L HES HV VP Q PV NGE IRV 300
CACGCGATAGATGGCAAGTTTGTTTTTGTAGACCAGAGGGCARCAGCTATT TI'TG(‘(“ATATTTACCACAA\ 1570
H A I D 5 K F vV F v D Q R 2 T A I L A ¥ L P E 330
TATGAATATTTTCACCAAGATGACATAGCAFATCTTWFA(AATFWIATA LA 1660

H Q D D I H E ¢ H R Q 1 K T T N C 360

TATAAATTTAAAATCAAAGATGGTTCTTTTATCACACC CGbAGTCGATGGTTCAGTTTCATGAACCCTTGGAS;AAGGAAGTAGAATAT 1750
Yy XK F K I K D G $ F I T P R S R W F & F M N P W K E V E Y 390

ATTGTCTCAACTAACACTGTTGTTTﬂAGCCAACGTCCTGGAAGGCGGGGACCCAACCTTCCCACAGCTCACAGCATCCCCCCACAGCATG 1840
I vsTNTV V L'ANVLEGGDU®PTU F P QL T A S P H S M 420

GACAGCATGCTGCCCTCTGGAGAAGGTGGCCCAAAGAGGACCCACCCCACTGTTCCAGGGATTCCAGGGGGAACCCGGGCTGGGGCAGGA 1930
D $ ML P S G E G G P KU RTH®PTV P G I P G G TURAG A G 450

AAAATAGGCCGAATGATTGCTGAGGAARATCATGGAAATCCACAGGATAAGAGGGTCATCGCCTTCTAGCTGTGGCTCCAGCCCATTGAAC 2020
K I G R M I A E E I M E I HRIURG S S P S S8 C G S S P L N 480

ATCACGAGTACGCCTCCCCCTGATGCCTCTTCTCCAGGAGGCAAGAAGATTTTAAATGGAGGGACTCCAGACATTCCTTCCAGTGGCCTA 2110
I T s TUPUPPDAS S P GG KK I L NGG T P DI P S S G L 510

CTATCAGGCCAGGCTCAGGAGAACCCAGGTTATCCATATTCTGATAGT TCTTCTATTCTTGGTGAGAACCCCCACATAGGTATAGACATG 2200
L s G Q A Q EN P G Y P Y $§$ DS s $§ I L G ENPHTI G I DM 540

ATTGACAACGACCAAGGATCAAGTAGTCCCAGTAATGATGAGGCAGCAATGGCTGTCATCATGAGCCTCTTGGAAGCAGATGCTGGACTG 2290
I b NDQ G S S S P S NDEAAMAY I M S L L E A DAG L 570

GGTGGCCCTGTTGACTTTAGTGACTTGCCATGGCCGCTGTAAACACTACATGTTGCTTTGGCAACAGCTATAGTATCARAGTGCATTACT 2380
G 6 PV DVF S DL P W P L 583

GGTGGAGTTTTACAGTCTGTGAAGCTTACTGGATAAGGAGAGAATAGCTTTTATGTACTGACTTCATAAAAGCCATCTCAGAGCCATTGA 2470
TACAAGTCAATCTTACTATATGTAACTTCAGACAAAGTGGAACTAAGCCTGCTCCAGTGTTTCCTCATCATTGATTATTGGGCCAGCTGT 2560
GGATAGCTTGCATTAATTGTATATTTTGGATTCTGTTTGTGTTGAATTTTTTAATCATTGTGCACAGAAGCATCATTGGTAGCTTTTATA 2650
TGCAAATGGTCATTTCAGATGTATGGTGTTTTTACACTACAAAGAAGTCCCCCATGTGGATATTTCTTATACTAATTGTATCATAAAGCC 2740
GTTTATTCTTCCTTGTAAGAATCCTTTACTATAAATATGGGTTAAAGTATAATGTACTAGACAGTTAAATATTTTTAATARATGTTTCCC 2830

TTGTTCTATTAAARAAAAAAAAAAAARAAAAAARAARAAAACGGCCGCTTACCTGCCCGGCGCCCGCTCGAGCCCTATAGTGAGT 2914

FIG. 2. Nucleotide and amino acid sequences of BMALla cDNA. Basic region (&), helix 1 (%), loop (), helix 2 (#), 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.

BMAL 1a sequence of 1749 bp corresponded to an open homologous with those of Arnt and Arnt2 (Fig. 3A).
reading frame (ORF) of 583 amino acids and revealed However, no significant similarity was found in the
a remarkable similarity with human Arnt (11) and other regions between BMALla and other known
mouse Arnt2 (23) (Fig. 3A). The calculated molecular bHLH/PAS proteins. Clone NC002 (BMAL1b) did not
weight of BMALla was 64 kd. The overall sequence exhibit the 71-bp exon which contained the start codon
identity of BMALla with human Arnt was 29%. The of BMAL1la (Fig. 1B, 5). The start codon of the clone
BMAL1la had bHLH and PAS domains that were highly  without the 71-bp exon was located 140 bp upstream
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bHLH
—
BMALla [REAusHTER RRpkMsHIp EThsIvpTch EMSREEPRLT MLRMAVDHMK GhTNPY[r DDELKALILR RADGFLFVVE 120
hArnt IERR RRNRMAYIr [ELSDMVPTC RKPDKLT [ILRMAVEHMK BLRGEGNICS[T DOELKHLILE AADGFLF 180
mArnt2 RENHSFIIERR RRNKMTQY|I[T [ELSDMVPTC] RKPIDRLT [ILRMAVEHMK G GNKSIT EQELKHLILE BADGFLF' 154
Consensus IRENESHIERR RRNKMT . YIIT [ELSDMYPTC RKPDRLT [ vhHMK_BrRGIrGll S| DQELKHLILE BADGFLF 180
PAS-A
BMALla coiak1LHvs HsvikiLNys [avoLdfehstF pyiFPkpak VKEQLFsEpT APRERL.IPRK TGLPFREDIT PGPS| RSFFFRMKE 210
harnt CENGRVVYVS [SVTPYLNQP rqu'rL DO QLETSEN ALTGRIL G| EGQ Q RSFELRM 269
mArnt2 AEYGRVIYVS [ISVI'PVLNRP |OSEWH rm EQ H QLLTSEN SITGRII TG EGQ Q § RRSFILRM 243
Consensus CETGRY . YWS_DSVIrP P lOSEWHGETLY DQ .K_LREQLBTSEN A.TGRELDI WKKEGQ QSSMRMCHGS FCRMRE 270
BMALla -KVE--DKDF PSTCSKKRRD RKSFCTIHBT GYHKHWPPIK MGLDEDNEPD NEE[NLS isuvy POPVNGEIRV 292
harnt GSSSVDPVSV NRLSFVRNRC RNGLGSVKPG EPHFVVVHOT GY[[KMWPPAG VSLPDDDPEA GORBKF-] OVTSS PRCTDMSNVC 358
mArnt2 GNAPLDHLPL NRITTMRKRF RNGLGPVKEG EAQYAVVHLIT GY[KMWPPAG MTIPEEDADV GQGEKY-| OVTSS PYCMDMSGMS 332
Consensus G..SVD.... NR....RKRF RNGLG.VK.G E..F.VVHMI GYMKPWPPAG M.LPEDD... GOGPK. ovrss plc.oMs... 360
PAS-B
BMALla xsMElvsrEh 1HdkrvFVDp [RATAIL oHLLGlsC FRboplcaf hECHROVEQT REKITTNCYK FRKIRDGSFIT LRERWFEFLR 382
hArnt QPTEFISREN IHGIFTFVD VATVQ QHLLGKNT CHPEDROL SFORDVVKL KGQVLSVMFR FR: QEWLW MRTSS ;Fl 448
mArnt2 VPTEFISRH] SOGLITEVD ISVIGYQP QPILLGKDI. (& EDPSH] SFQRVVKL KGQVLSVMYR L(l IREWLL 1] S| N 422
Consensus .PUEF JSREN IOGIFTEVD. [RC.A..dydp QHLLGK.I. FCﬂPED}.HL_KLth VKL KGOVLSVMYR FR.KN.EWL. .&[‘SSL[‘EL 450
BMALla [PRTHEMEYIV TNTV] NV LEGGD- - -~ PYFPQLTA-- SPHSMDSMLP 425
hArnt OBIEYIT OTNTNVKNSS QEP---RPTL SNTIQRPQLG --PTAMLPLE MGSGQLAPRQ QQQOTELDMV PERDGLASYN HSQVVQPVTT 533
mArnt2 SHEEYVT OQTNTNVKQLQ QQOAELEVHQ RDGLSSYDLS QVPVPNLPAG VHEAGKSVEK ADAIFSQERD PRFAEMFAGI SASEKKMMSS 512
Consensus [PVSOENEYTT QINTNVK. .. Que===1.us cteennean L. ==P..NLP.. ++:Gevveer onnannnnan F..L.A.. S...... M.. 540
—_—
BMALla ---MINIESM DTDKDDPHGR LEYTEHQGRI KNAREAHSQI EKRRRDKMNS 47
BMALlb MADQRMDISS TISDFMSPGP TDLLSSSLGT SGVDCNRKRK GSSTDYQESM DTDKDDPHGR LEYTEHQGRI KNAREAHSQI EKRRRDKMNS 90
BMALlc ~-~MINIESM DTDKDDPHGR LEYTEHQGRI KNAREAHSQI EKRRRDKMNS 47
BMAL1d MINIESM DTDKDDPHGR LEYTEHQGRI KNAREAHSQI EKRRRDKMNS a7
BMALle  cmmmmmmmmm mmmmmmmmmm mmmmmmmmmm cmmcmmmmme o] MINIESM DTDKDDPHGR LEYTEHQGRI KNAREAHSQI EKRRRDKMNS 47
BMAL1f
bHLH PAS-A

BMALla FIDELASLVP TCNAMSRKLD KLTVLRMAVQ HMKTLRGATN PYTEANYKPT FLSDDELKHL ILRAADGFLF VVGCDRGKIL FVSESVFKIL 137
BMAL1b FIDELASLVP TCNAMSRKLD KLTVLRMAVQ HMRTLRGATN PYTEANYKPT FLSDDELKHL ILRAADGFLF VVGCDRGKIL FVSESVFKIL 180
BMALlc FIDELASLVP TCNAMSRKLD KLTVLRMAVQ HMKTLRGATN PYTEANYKPT FLSDDELKHL ILRAADGFLF VVGCDRGKIL FVSESVFKIL 137
BMALld FIDELASLVP TCNAMSRKLD KLTVLRMAVQ HMKTLRGATN PYTEANYKPT FLSDDELKHL ILRAADGFLF VVGCDRGKIL FVPESVFKIL 137
BMALle FIDELASLVP TCNAMSRKLD KLTVLRMAVQ HMKTLRGATN PYTEANYKPT FLSDDELKHL ILRAADGFLF VVGCDRGKIL FVSESVFKIL 137
BMALLf

BMALla NYSQNDLIGQ SLEDYLHPKD IAKVKEQLSS SDTAPRERLI DAKTGLPVKT DITPGPSRLC SGARRSFFCR MKCNRPSVKV EDKDFPSTCS 227
BMAL1b NYSQNDLIGQ SLFDYLHPKD IAKVKEQLSS SDTAPRERLI DAKTGLPVKT DITPGPSRLC SGARRSFFCR MKCNRPSVKV EDKDFPSTCS 270
BMALlc NYSQNDLIGQ SLFDYLHPKD IAKVKEQLSS SDTAPRERLI DAKR 181
BMAL1d NYSQNDLIGQ SLFDYLHPKD IAKVKEQLSS SDTAPRERLI DAKTGLPVKT DITPGPSRLC SGARRSFFCR MKCNRPSVKV EDKDFPSTCS 227
BMALle NYSQNDLIGQ SLEDYLHPKD IAKVKEQLSS SDTAPRERLI DAKTGLPVKT DITPGPSRLC SGARRSFFCR MKCNRPSVNV EDKNFPSTCS 227
BMALLf s

PAS-B

BMALla KKKADRKSFC TIHSTGYLKS WPPTKMGLDE DNEPDNEGCN LSCLVAIGRL HSHVVPQPVN GEIRVKSMEY VSRHAIDGKF VFVDQRATAL 317
BMAL1b KKKADRKSFC TIHSTGYLKS WPPTKMGLDE DNEPDNEGCN LSCLVAIGRL HSHVVPQPVN GEIRVKSMEY VSRHAIDGKF VEVDQRATAL 360
BMALlc -- 181
BMAL1d KKKVLQ---- 233
BMALle KRKADRKAFC TIHSTGYFGI FTTRTSRHIV L 258
BMALLE

BMALla LAYLPQELLG TSCYEYFHQD DIGHLAECHR QVLOTREKIT TNCYKFKIKD GSFITLRSRW FSFMNPWTKE VEYIVSTNTV VLANVLEGGD 407
BMALlb LAYLPQELLG TSCYEYFHQD DIGHLAECHR QVLQTREKIT TNCYKFKIKD GSFITLRSRW FSFMNPWTKE VEYIVSTNTV VLANVLEGGD 450
BMALlcC - 181
BMAL1d == ~-——TREKIT TNCYKFKIKD GSFITLRSRW FSFMNPWTKE VE-- - - - 271
BMALle - 258
BMAL1f ~~~ITLRNRW FSFMNPWTKE VEYIVSTNTV VLSRVDTGHL 37
BMALla PTFPQLTASP HSMDSMLPSG EGGPKRTHPT VPGIPGGTRA GAGKIGRMIA EEIMEIHRIR GSSPSSCGSS PLNITSTPPP DASSPGGKKI 497
BMAL1b PTFPOLTASP HSMDSMLPSG EGGPKRTHPT VPGIPGGTRA GAGKIGRMIA EEIMEIHRIR GSSPSSCGSS PLNITSTPPP DASSPGGKKI 540
BMALlc 181
BMAL1d 271
BMALle 258
BMAL1f GQVERCTVLS RPNSRFLIAG MFTEPTSWKA GTQPSHSSQH PPTAWTACCP LEKVAQRGPT PLFQGFQGEP GLGQEK---- —-m———-—mm 113
BMALla LNGGTPDIPS SGLLSGQAQE NPGYPYSDSS SILGENPHIG IDMIDNDQGS SSPSNDEAAM AVIMSLLEAD AGLGGPVDFS DLPWPL 583
BMAL1b LNGGTPDIPS SGLLSGQAQE NPGYPYSDSS SILGENPHIG IDMIDNDQGS SSPSNDEAAM AVIMSLLEAD AGLGGPVDFS DLPWPL 626
BMALlc N 181
BMAL1d - 271
BMALle 258
BMAL1f —— 113

FIG. 3. Predicted amino acid sequences of BMALL1. A) Predicted
Arnt (hArnt) and mouse Arnt2 (mArnt2) sequences (11, 23) in the
amino acid sequences for BMAL1 cDNA isoforms.

amino acid sequence of BMAL1a and sequence alignment with human
bHLH motif and PAS domain. B) Sequence alignment of the deduced

of the exon-exon junction (Fig. 2). The other isoform
clone, NC001 (BMAL1c), exhibited no 79-bp exon down-
stream of the PAS-A domain coding sequence (Fig. 1B).
The full-length cDNA BMAL1b and BMAL1c contained

open reading frames encoding 626 and 181 amino acids,
and their calculated molecular weights were 69 and 21
kd, respectively (Fig. 1B, 3B). The predicted amino acid
sequence encoded by BMAL1c exhibited no PAS-B do-
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FIG. 4. Expression pattern of BMALL. 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
N329 (BMAL1d) and N0O04 (BMAL1e) have not yet
been identified, however, the predicted proteins en-
coded by N329 and NO0O04 contain no PAS-B domain
(Fig. 1B, 3B). Three isoforms of the proteins that lack
a PAS-B domain, encoded by BMAL1c, BMAL1d and
BMAL1le, may have different properties from the
BMAL1la protein.

Following Northern blot analysis of human multiple
tissues (Fig. 4A), BMAL1 mRNA was detected only in
the brain, skeletal muscle and heart. The expression
pattern of BMAL1 mRNA was different from that of
Arnt (24) and Arnt2 (23). The length of the BMAL1
transcript(s) was estimated to be about 2.9 kb, which is
almost same as that of the isolated cDNA. To examine
BMALL1 expression in the brain, Northern blots from
several CNS regions (Fig. 4B) were hybridized with a
BMAL1 cDNA. BMAL1 mRNAs were expressed in all
of the regions that were tested, and particularly high
levels of expression were observed in the hippocampus,
caudate-putamen and amygdala. Several alternatively
spliced isoforms were isolated from human whole brain
cDNA. Of these isoforms, the majority were 2.9-kb
transcripts.

Using RT-PCR to selectively amplify the 5’ untrans-
lated region (5’ UTR) and the translation initiation
region of the BMAL1 mRNA, multiple bands were gen-
erated from human brain mRNA (Fig. 5). As shown in
Fig. 5, products of the expected sizes of 221 bp and 150

bp, representing BMALla and BMAL1b, respectively,
were generated (B; lane 2). The authenticity of these
PCR products was confirmed by subcloning of the prod-
ucts into the plasmid pCRII vector. Two partial cDNA
clones, named clone NNO11 and NNO13, were isolated.
The transcript of the BMAL1b form was the most abun-
dantly expressed in brain tissue.

DISCUSSION

In the study presented here, we isolated a novel hu-
man bHLH/PAS factor (BMAL1) and several of its al-
ternatively spliced isoforms from a library of adaptor-
ligated double-stranded (ds) cDNAs of whole brain. We
determined that its sequence is similar to, but distinct
from that of Arnt and Arnt2. The most characteristic
region of sequence homology found in BMAL1 and
bHLH/PAS proteins has been termed the PAS domain,
since it is highly conserved in Per, Arnt, AhR and dSim
(13). Although a large number of bHLH proteins have
been described to date, the presence of the PAS domain
is rare and has been observed in only eight eukaryotic
proteins: Per (9,10); Trh (25, 26); AhR (27, 28); Arnt
(11); Arnt2 (23); Sim1 (29); Sim2 (30-33), (dSim) (10),
and Hif- « (20, 34). The sequences of the PAS domain
of this family contain two copies of an approximately
50-amino-acid repeat, referred to as the PAS-A and
PAS-B repeats. The BMALla and BMAL1b sequences
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 BMALL1 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 BMALL1 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 NN0O11

plasmid; lane 4, positive control using clone N329.

and BMAL1e have no PAS-B domain (Fig. 1, 3B). The
PAS domains appear to be important for protein-pro-
tein interactions (17). The deletion of either the A or B
segments of the PAS region of Arnt slightly reduces
dimerization with AhR (35), suggesting alternative
properties of those BMALL proteins that lack a PAS-
B domain in the interactions with their partners.

BMAL1 cDNAs differ in their 5’ untranslated region
and usage of the AUG initiation codon, suggesting that
they are generated by alternative splicing of the pri-
mary transcript (Fig. 5). The alternative exons predict
two isoforms with different initiation codons and
lengths. The existence of two isoforms with different
initiation codons may be important for protein pro-
cessing or function.

It is reported that AhR and Arnt form a functional
heterodimer in liver cells. The intrinsic partner of the
BMALL1 protein is not known. The bHLH/PAS tran-
scription factors are classified into two groups. Group
1, the Arnt group, includes Arnt, Arnt2, BMALla and
Per. Group 2, the Ahr group, consists of AhR, dSim,
Siml, Sim2, Trh and Hif- « (23). It has been reported
that the members of group 1 form homodimers with
themselves, as well as heterodimers with group 2 mole-
cules. BMALla may be a partner of AhR group proteins
such as AhR or Sim2.

BMAL1 is expressed dominantly in the adult brain,
skeletal muscle and cardiac muscle. It has been re-
ported that AhR (24) and Sim2 (31) mRNAs are not
detectable in adult rat and mouse brains, respectively.

263



Vol. 233, No. 1, 1997

It is not clear what the natural partners of BMAL1 are
in the brain. One possible partner molecule of BMAL1
in skeletal muscle is Sim2, since the mRNA of both of
these proteins is expressed in that tissue. Investiga-
tions toward the elucidation of the interaction between
the BMAL1 and bHLH/PAS transcription factors, and
finding a natural partner molecule for BMALL are in
progress.
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