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Abstract. Basic helix-loop-helix (bHLH) transcription factors are widely distributed in eukaryotic
organisms ranging from yeast to mammals and are thought to be one of the largest families of
regulatory proteins. They possess crucial functions in the control of a variety of developmental
processes, such as cell proliferation and differentiation, cell lineage determination, myogenesis,
neurogenesis, hematopoiesis, sex determination, gut development, as well as other essential
processes. Lampreys are representatives of an ancient jawless vertebrates that diverged from our
own ~500 million years ago and therefore are important for the study of vertebrate evolution. In this
study, we conducted a genome-wide survey using the Japanese lamprey genomic database and
identified 102 putative bHLH genes. Based on phylogenetic analysis, these Japanese lamprey
genes were classified into 43 families, the identified LipHLH genes were classified into 40 bHLH
families with 42, 24, 18, 2, 13, and 0 member(s) in group A, B, C, D, E and F respectively, and 3
members categorized as “orphans”.
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1. Introduction

The basic helix-loop-helix (bHLH) domain is a highly conserved peptide sequence that is an
essential part of many transcription factors involved in a myriad of regulatory processes across
Eukaryotic life, from neurogenesis in mammals[1-4], environmental response in plants [5] to
metabolism in fungi [6]. This motif provides two of the crucial molecular roles for transcription
factors, DNA binding and transcriptional regulation.

The tripartite bHLH domain is approximately 60 amino acids in length, with two highly
conserved and functionally distinct segments, the basic region and the HLH region. The first 13
amino acid residues at the N-terminal of this motif comprise the basic domain, which generally
contains five to six basic residues that facilitate DNA binding [4] . Many bHLH domains bind to the
hexanucleotide sequence known as the E-box (CANNTG) or its degenerate forms in most bHLH
proteins [4]. The HLH region at the C-terminal of bHLH motif facilitates dimerization and
formation of homo- or heterodimeric complexes between different family members, consists of two
amphipathic a-helices separated by a flexible loop structure [4].

Numerous bHLH proteins had been identified in animals, plants and fungi in succession since
the first characterization of bHLH transcription factors was reported on the murine factors E12 and
E47[4]. Phylogenetic analyses have classified the diversity of bHLH proteins into a number of
distinct groups. Over 50 bHLH proteins are encoded in the genomes of most animals (metazoans)
and are typically classified into six major groups (A—F), based on their ability to bind DNA and 45
bHLH families based on their different functions in the regulation of gene expression [3,7,8]. Group
A consisted of 22 subfamilies that bind to CACCTG or CAGCTG core sequences of E boxes, and
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their functions were the regulation of sex determination, trophoblast cell development and
mesoderm formation. Group B contains 12 subfamilies and many ancient, highly conserved
members such as Myc, Mad, Hairy, and Pho 4 that bind to CACGTG or CATGTTG core sequences
of E boxes. They mainly controlled the expression of glucose-responsive genes and regulated the
sterol metabolism. Plant and fungal bHLH proteins have been found to be most closely related to
animal group B members, and are classified into 26-33 and 12 subgroups, respectively [6,9-14].
Group C had seven subfamilies, with one or two PAS domains following the bHLH motif, tend to
bind the core sequence of ACGTG or GCGTG. They are responsible for the regulation of midline
and tracheal development, circadian rhythms, and for the activation of gene transcription in
response to environmental toxins. Group D had only one subfamily and act as an antagonist of
group A bHLH proteins by forming inactive heterodimers which are incapable of binding target
DNA. Group E contained two subfamilies and two characteristic domains in addition to the bHLH
named “Orange” and “WRPW” peptide in the carboxyl terminus. They bind preferentially to
sequences referred to as N boxes (CACGCG or CACGAG) and mainly regulate embryonic
segmentation, somitogenesis and organogenesis. Group F consists of COE-bHLH proteins, which
has an additional domain involved in both dimerization and DNA binding. The protein functions of
this group were mainly regulation of head development and formation of olfactory sensory neurons
[7.8,15].

Japanese lamprey (Lethenteron japonicum) are Northern hemisphere lampreys (subfamily
Petromyzontidae) that diverged about 30-10 Mya [16]. Abstract Lampreys are eel-like jawless
fishes evolutionarily positioned between invertebrates and vertebrates, and have been used as model
organisms to explore vertebrate evolution.

2. Materials and Methods

2.1 Search of bHLH Sequences

For the purpose of obtaining candidate genomic sequences encoding bHLH motifs in the
Japanese lamprey, Amino acids of the 45 representative bHLH motifs and the 114 mouse bHLH
motifs obtained from the additional files of previous reports were used as queries to perform tBlastn
searches against the integrated databases of the Japanese lamprey.

2.2 Phylogenetic analysis

Evolutionary relationships among all identified bHLH motifs were examined using BioNJ, MP
(maximum parsimony), and ML ( maximum likelihood ) methods. ML tree using PhyML program
online with LG amino acid substitution model and other parameters optimized by ProtTest was
constructed firstly with all the NvbHLHs and 59 DmbHLH motifs, so that we could know to which
higher-order group a candidate bHLH sequence belonged. Then, in-group phylogenetic analysis
was generated to identify homologs with ML method and two additional algorithms.
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3. Result and discussion

3.1 Identifiation of bHLH proteins in the Japanese lamprey

Our search for bHLH-domain containing proteins identified 102 distinct bHLH transcription
factors encoded in the Japanese lamprey is shown in Fig. 1 as described in Materials and methods.
Most of the bHLH domains we obtained had more than 10 conserved amino acids among the 19
residues.

Basic I Hel ix1 I Loop | Helix2
T11111111122222222223333333333444444 4444555 55555556666666666777
Name Family  123456789012345678901234567890123456789012345678901234567890123456789012  Group
* % * * * * * *
LjAsh2a  ASCa SVARRNERENIVRLTNMGF AR -ERJJP6————AGAA-——KKMSJVE TIR———SAVEY[IRA—L0 A
LjAshZb  ASCa AVARRNERE ;N VRL/NMGF AATR-ER [P ————AGAS——RRVS \VE T IR-———ARVEY[|RA—L0 A
LjAshZe  ASCa GTARRNARE SN VAL NRGFAARR-DRPAAL GP—SAGSSGP—TRLS VET IR———ARAEY[IRA—LO A
L jAsh4 ASCa FIRKRNERE:Q:VKC{NEGYAR| —DHEPD————EFSD———KRLS ETER-———AAIRY KH—LQ A
LiMyoD  MyoD RRKAATHRESRLL RKNEAFE TIK-ROTSS————NPSQ——RLP VEI TR-—- NAIRY{IEG—La A
LjTF12  E12/E47  RRMANNARELL {VRDINEAFKERG-RIJOL H-——— LNSEK——-PQT 4 LVIH-——-QAVAV]|LS—LE A
LjE2A1 E12/E47  RRLANNAREI ;VRD[NEAFKEG-RLCQTY LRSDK———APT{LGI QAVNV(ITS—LE A
LJE2A2  E12/E47  RRKANNVREJI \VRDINETFKERG-RLOOTH———LRTDR———APT} 61 T———aavav{iTs—LE A
LiTCF4  E12/E47  RRMANNAREL ;VRD[NEAFKENG-RMJOLH-—— LKSDK———PQT}UIH————GAVA LS--LE A
LjAthda  Negn RRI KANDRE N MHNINDAL DARR-RYIp————— AGGDA——SKLT I ETIR-————FAYNY[WA—LT A
LjAthdb  Nen RRUKANDRE N MHN "NDAL DATR-GY p——— TLPDD——ARLT 41 ETIR———FAYNY[WV—LT A
LiNDFla  NeuroD  RRMKANARE;N;MHGINAALDNER-KV/P———— CYSKT——QKLS | ETIR-——-LAKNY{WA—LS A
LiNDF1b  NeuroD  RRVKANARELNIMHGINAALDNIR-KVUP———CYSKT—QKLS{IETIR——L AKNY(WA—LS A
LjNDFlc  NeuroD  RRMKANARE;H;MHDINAALDGIR-RVG——————— GGE}——MRLsaIET‘R————LAGN A—LT A
LjAth3  NeuroD  RRLKANAREZN:MHGINAALDGIR-RVP-———— CHSRTQ——OKLS {| ETHR-——-LARNY(|6A—LS A
LiAthl  Atonal  RRLAANAREGRMHGINHAFDRIR-NV[PS————FAGD—KKLS {YET Jo——-WAQI Y{fGA—LA A
LikthSa  Atonal  RRLAANAREGRGMOGENVAFERR QW/PO———WGaD——RKLSJYET 0 —WALSY[IA—Ls A
LjAthSb  Atonal  RRAAANARE;RMRGINEAFELIR-GV/PR———AGGGGSCGRKLS HETlo——VALLY{Is—LS A
LiMisti  Mist RRLESNEREQ;MHG INDAF QG IR-EA|IP——————HVRRG-—RKLS ALET IT————LAKNY|EA—LT A
LjBete3a Beta3  LRLSINARE[R;MHDINDALDETR-A PY———--AHSPSV——RKLS*IAT‘L ----- LAKNY{ILM—0A A
LjBetadb Betad  LRLSINARER;MHDINDALDDIR-AV[|PY—————AHSPSV-—RKLS {IATIL-——-LAKNY[ILH—0A A
Li0lig2a Olig LRLK INSREK ;MHDINL ANDGIR-EV PY————AHGPSV—RKLS {1 ATIL———LARNY{JLH—LS A
Li0ligZb Olig LRLK INSREKZMODENVAMDG Ev:PY————AHsPsv——RKLs |ATIL———LARNY{ILM—LN A
LjAthé  Net —————————alRFPOJPC—-——- YSYa--QKLS JLATIR-——— 1 ACSYJLA—LA A
Basic |  Helixi | Loop Hel ix2
T11111111122222222223333333333444444444455555555556666666666777
Name Family  123456789012345678901234567890123456789012345678901234567890123456789012  Group
* % ¥ * * * % *

1651



Advances in Engineering Technology Research

BEMSIC 2025

ISSN:2790-1688
L jMesp1
LjTwist1
LjTwist2
LjTwist3
L jDermo1
LjParaxis
LjSclerax1
LjSclerax2
L jMyoR1
L jMyoR2
L jMyoRb1a
L jMyoRb1b
L jdHand
L jPTFa1l
L jPTFa2
LjPTFb
LjTal1
LjLyl1

LjSRC1a
LjSRC1b
LjSRC1c
L jSRC2a
L jSRC2b
L jSRC2c
L jSRC2d
L jC-Myc
L jN—Myc1
L jN—-Myc2
LjL-Myc1
LjL-Myc2
L jMnt1

L jMnt2

L jMax1

L jMax2

L jMax3

L jUSF2a
LjTFEb

L jSREBP1a
L jSREBP1b
L jAP4
LjMIx
LjTF4

L jNPAS2a
L jNPAS2b
LjARNT1a
L jARNT1b
LjBmal1

L jAHR1a

L jAHR1b
L jAHR1c
L jAHR1d

L jAHR1e
LjSim2

L jNPAS3a
L jNPAS3b
L jNPAS3c
L jNPAS3d
LjHif3a

L jEPAS1a
L jEPAS1b

Ljld1
Ljld2

L jHerp1
L jDecla
L jDec1b
L jDeclc
L jHes1a
L jHes1b
L jHes1c
L jHes2a
L jHes2b
L jHes3

L jHes5a
L jHes5b
L jHesé

L jSosf2
L jMga
L jbHLH9

Mesp
Twist
Twist
Twist
Twist
Paraxis
Paraxis
Paraxis
MyoRa
MyoRa
MyoRa
MyoRa
Hand
PTFa
PTFa
PTFb
SCL

SCL

SRC
SRC
SRC
SRC
SRC
SRC
SRC
Myc
Myc
Myc
Myc
Myc
Mnt
Mnt
Max
Max
Max
USF
MITF
SREBP
SREBP
AP4
MIx
TF4

Clock
Clock
ARNT
ARNT
Bmal
AHR
AHR
AHR
AHR
AHR
Sim
Trh
Trh
Trh
Trh
HIF
HIF
HIF

Emc
Emc

Hey

H/E (spl)
H/E(spl)
H/E(spl)
H/E(spl)
H/E (spl)
H/E(spl)
H/E(spl)
H/E(spl)
H/E(spl)
H/E(spl)
H/E(spl)
H/E(spl)

RRARKNEREZIL EMRK|
QRFVANVRE QiTOS
QRFVANVREQ3TQS
QRF I ANVREQ3TQS
QRVLANVREQ3TQS

QRRAANARE SAFT. ——EPADR———KLS
QRQAANARE DI THS|INSAFS ——EPADR———KLS
QRQAANARESD I THS|INTAFT ——EPADR————KLS‘
QRNAANARE A MRV ESKAF SREK—TTEPW——————VPADT———KLS
ORGAANARER‘iMR SSAFSREK-HT EPW—————- VPPDT———KLS
KESSGANRE ;'S ;VRA|RAAFL. ——VPPDT———KLS

PAVANAARERSiVRT
LRGLGERAER:TQS
LROAANQRERREMOS
HROAANORERR&MES
QRTAANVRE;RMLS
RRIFTNSRE
RRIFTNSRE}

Q—LS
DF—LY
DF—LY
DF—LY
DF—LY

H—LG
SH—LG
SH—LG
GH—LR

H—LR

H—LS

H—LT
SY—LM
SF—LG

F—LG

L—LR
TF—LD
DF—LV

QURQ—IK
QURQ—IK
RQ—IK
SH—IV
RH—VWV
GH—IV
GH—IV

—EL{JSAN | SD————IDNLN--VKPD SCA |
—ELSAN | SD————1DSLN-—VKPD{CA
A—EL{|SANMGD——— | DGLG—VKPDSCA!
C—AV[ILK-MRA———AN-LK——FKPQCH
R-VVFSR-VRD———AN-LK——FKPQCH
R—-AVFLK-MRA-———DN-LK——FKPQCH|
R-SLFSQ-VRD———AN-LK—FKPQCY]

PSSVKCTPE QWREQENKY | EE

IRSAKCTAESLFREQENKY | EE]
GNRLGWPAE{REREQTSRY | EE|

KRRTHN | LEQRND| ——ELAHN-——DKAA {VQ —KAMEYSRT—LQ
RRRNHNFLE;QRED R-DE|/P—————— ELAGN——EKAA SVV | ER———— KAAESAVA——SA
RRRTHNIL RQiRDG R-DS{jP——————- ELRAN———ERAASVL | ER————| KAAELARS—LG
RRRTHNILE;Q3RDG ——ELSRN-—DKAA VM| ER—————KAGEYAKR—LV

——ELAS————RAA{VH| BE————| RAAETARE—LG

RRRAHN I LER 3RDD

—————*RAQ VG-I -

KRAHHNALEZKRDH ——A1QGEKVCHRASFAL |
KRAHHNALE 3K ;RDH|IKDSFHS #R-DS|/P—————— SLQGEKVCSHASAQI
LGERRNDQER;RDS||KKGFQWER-GG|IP-—————] ELAHD———GKAA{AQII
RRAQHNEVE;RRDK! DCAND! HT 4SVQSKGGVLSKACEY[JGE—LR
SSDPDTR———— WNGTIBK————— ASVDY|IRR——MQ
GSEGK LNJSS! KAIEY[IRY—LQ
LL—-
RREIANSNERREMOS s—HE
RRVTH I SAEQK;RFN! TK—LQ
RRQAHTQAEQK;:RDA[IKKGYEDHQ-A1\/PTCTQQDL | GSQK—————MS JATVEQ————1 RSIDY/IHF—LH
PRASRNKSEKFRDQFNGL | KEBS-SMBPQQ———————————Q-—RKMDAS TVQ————ST I DFJIHK——HK
CSAQR | RSEAK:RKQFNEL | SEG-AL BPDG—————————— Q——SRMD PTVEQ————1 RTLHFFSS—HH
RRENHSE | EZRRNKTAY | TEHS-DMPT——————— CSALA-—RKPD R-————- MAVSHIKS—LR
PRENHSE | E3R;RNK/, TAY | TEC-DM/PT-———————CSALA——RKPD —~MAVSHKS—LR
RREVHSQ | EZRZRLKNHY | DEJE-QM/PS————————CRGMQ-—RKLD —~MAVQHRA——LR
VEGAKSNPS {RHRER ENAEL ERHA-GL EPF ——————— QQDV | ——SRLD (LS| ER—————| LSVSFERA-—KS
GPAVKTNPSRHRDRENSEMER JA-GM EPF ———————| PQDVV——AKLD 4L S | ER—————| LSVSYHRA——KT
VVPKKTNPS {RHRDR ENAEMER HA—GM EPF———————PPDV | ——SKLD, —LSVSFIRT—-KS
CEGLKSNPSRHRER[EINAELEK JA-QL BPF————————PDEVR-—AKLD ——LCVSY|IRA——KS
GEG | HNNASARHRDR ENSEMED #A-AABPL ———————PPAA | ——AKLD —LSVGYIRA——RA
MKDKTKNAA:TZREKENGEFYEBA-KL BPL——————-PSA | T--SQLD —LTTSYEKM-—RS
RKEKSRDAA:S:RGKENFEFYEHA-KL BPL ————————PGA | T-—SQLD —LS1SYIRM—-RD
RKEKSRDAA;'S:RGKENFEFYEHA-KMEPL ———————| PGA | T-—SQLD{AS I |lR—————| LTISY KM——RD
RKEKSRDAA;'S:RGKENFEFYEHA-KL BPL——————1 PGA | T-—SQLD{AS I\/R—————1 LTISYEKI——RN
RKEKSRDAAS iRGKENLEFYEHG-KMEPL——————-PGA | T-—GQLD, —LTISHERM——RD
RKEKSRDAAGC {RGWETEVFAQRA-RERPL——————PPAAS—AALD —LAISYHRL—RQ
RKEKSRDAASC{RSNETEVFYE RA-NERPL —————] PHSVT-—SHLD{AS | |R—————| LAISYERM——RK
RKEKSRNAA;CRSKETEVFCEJA-RE BPL ———————1 PQSVS——ASLD RM-—RK
————————— siLsu VPTLATTG RKASEMEIES—————HVID LD—LQ
————————— SULKE[EVPS IPQ-G RKVSQME | E—————HVIDY{ILD—-LQ
CGRSPQ | | EGRERDR[INSSLAEBR-RL|/PSALEKQ—————— GS—AKLE
YKLPHRL | EXKZRORINEC | AQEK-DL BPEHLKLS————-TL——GHLE
YKLPHRL | EXK:RDR[INEC | SQ EK—EL BPDHLKQT—————-TL——GHLE
YKLPHRL | EKZRDR{NEC | VQEK—EL EPENLKL A————— TL——GHLE
RKSTKP | MER:RAR|INDSLNQ #K—AL || ETLRKD-——SSRH-—SKLE
LQSTKPVMER;:RAR[INDSLNQ #K—AL ' |L EALKKD————SSRH-—SKLE
FQSSKP IMER {RAR|INESL GHEK-TLI|L DALKKD-———SSRH-—SKLE
LQTLKPLMER:RAR[INESLNQEK—GL{/L EAPRKD———-VS
LQTLKPLMER:RAR[INESLNQK—-GL{/LLEAPRKD-——-VS
RKVRKPLVE{Q;RDR{INNLLEHEK—S I [{LDSSQHE-——HAST——SKLE
LQVRKPLVE

TOVRKPLVEiQiRDR NLLEHEK-S 1 JLDSSQHEQ——HAST——SKLE

Q;RDRUNNLLEHEK-S 1)/ DSSQHEVSSQHAST——SKLE
VQLRKALVE[D;RHR ESFHELKQLM!PEOQAQTCVSQOQQD——RRLE

AVRPAAVCSPLCRER[INESCNE EQ-RL EPA———————— CRGL———RSD3{I C1 EE——— MATDLUAY—TK
KASLHTVNERZRSEERDLFKN/IK-NLEGF— —QVRSG|GW—QH
RRRAANVRE ;K ;VSDYNEAFNAER——VSLR—————— HDLSSK——R-LS{I ATER————| RATHRIJAS—LS

Volume-14-(2025)

00 00 U 00 00 CU 00 00 00 00 U 00 00 0D 00 0 00 0 0 00 0 0 0 ™ >>>>>>>>>>>>>>>>>>

[sEeNrNoRoNoNoNoNoNoNoNoNoNeoNoNoNeo N el

oo

mmmmmmmmmmmmm

Orphan
Orphan
Orphan

Fig. 1 Multiple alignment of the 102 Japanese lamprey basic helix-loop-helix motifs.
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3.2 Orthologous Relationships with Mouse Proteins

Orthologous genes in two or more species are those that have evolved by vertical descent from a
common ancestor [17]. Orthologue identification is conducive to further studies on structural and
functional comparison with other organisms.

BLAST searching and in-group phylogenetic analysis revealed that 26, 22, §, 1, 8,0, and 2
LjbHLH sequences could be assigned to their correspondent mouse bHLH homologs with sufficient
bootstrap support (all NJ, MP, and ML bootstrap values =50 %) in groups A, B, C, D, E, F, and
Orphan, respectively.

3.3 Identification of LjbHLH protein sequences

Protein sequences correspondent to 63 of the 102 identified LjbHLH motifs have been deposited
in GenBank and those of the rest 40 are not available .

It has been reported that certain conserved domains or motifs are often present within related
bHLH protein groups although amino acid sequences flanking the bHLH region are generally
divergent, even in closely related proteins from the same species. In order to determine whether our
classification to LjbHLH sequences is reliable, a separate phylogenetic tree was constructed based
on an alignment of all LjbHLH motifs. Domains and motifs in AcbHLH protein sequences were
then predicted using the online program SMART .

3.4 Intron/exon distribution within bHLH motif coding regions

Multiple introns interrupt the coding sequences in the great majority of genes in animals and
plants, whereas intron densities in fungi and unicellular eukaryotes are highly variable. The coding
regions, intron location and length of all 102 LjbHLH motifs are only 21 LjbHLH members with
introns in their bHLH motifs.

4. Summary

The highly conserved bHLH proteins comprise a large superfamily of transcription factors. They
are commonly distributed in large numbers within animal, plant, and fungal species. In this study,
the Japanese lamprey (Lethenteron japonicum) genome was found to encode 102 bHLH genes.
Phylogenetic analysis of 102 identified bHLH motifs permitted classification of these members into
43 families, with 42, 24, 18, 2, 13, and 0 member(s) in groups A, B, C, D, E, and F, respectively,
with the remaining three members categorized as “orphans” .
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