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Appetite control systems in fish
- Identification of fish leptin and agouti-family genes -

Tadahide Kurokawa *

Abstract To understand the regulation systems of appetite in fish, we identified cDNA coding for leptin

and agouti family proteins in pufferfish (7akifugu rubripes). The Takifugu leptin was found using genomic

synteny around the human leptin gene as a first non—-mammalian leptin gene. The Takifugu leptin mRNA was

expressed in the liver that contained abundant lipids. In addition, the homologues to Takifugu leptin for some

fish and amphibians were found in the databanks. The phylogenetic analysis shows rapid rates of molecular

divergence among leptins from different vertebrate classes. 7akifugu has four types of agouti—family genes
(AGRPI, AGRP2, ASIP! and ASIPZ). The Takifugu ASIPIexpression level was about five times higher in the
white ventral skin than in the black dorsal skin. This indicates that the 7a4ifugu ASIP1 functions to retain
the dorsal-ventral pigmentation pattern like to mammalian ASIP. On the other hand, AS/P2, AGRPI and

AGKPZ mRNA expression were detected in various organs in 7a4ifugu. Therefore, the physiological functions

of melanocortins and agouti—family proteins seem to be more complex in fish than in mammals.

Key words : leptin, agouti, AGRP, Takifugu

ERHEICB VT, B POERE W I SN
DESPD, BEEIEOS FHEICE L o
TATND, ZORKEEOSFHEBIZEL TRy
TA=F T Ehhole®OB, LIFr NS HENT
VORRETHDH, TORAE, ThLE TR ALF—
D& EEZ SN TWIIBIEMIEDS, SLE L%
A - SWT OIS WERE TLHY, Fiz, IBIHM
BELT D P — VT 5EERTFRED LV L
SF A RRIE Lz, FNLE, IBIFER, D
T FARR I F oo x VX —RPICES T3
i AR E M3 R Z T2 (Scherer e a/.
1995), LV FF 0%, Zhang & (1994) 12 & » TEEME
e (ob/ob) = 0 A DFRBEETF & LTHEE S
I OEREATEDIL. WO EA S & IR
fEBEAL, Y U ¥ED “leptos” (0F) WHAi

AT “L7F 7 (leptin) &% Ehi-,

VTR, BEIEVR» DS E, HOR
RTHENZ & D BB (Arcuate nucleus) IZ{EAT 5 Z
ik, BRI EEMSE, BERFHMARIZR
TARBELEEZ BT LTHEALETHD (Figl), B
FIR T, VIFURVTFURRERENLT, B
B D R #9428 < neuropeptide Y (NPY) = = —m
v & MEIH91Z48) < o —melanocyte—stimulating hormone
(@ -MSH) =2 —wa VIZ/EH LTV % (Horvath et al.
2001; Wynne et a/. 2005), NPY = = — 1 {2 1%. «
-MSH OREMET v &Z 2= FTh D Agouti related
protein (AGRP) 23FFE L. BAK{EERFIZIZNPY == —
o OFEM E REFICAGRPIZLE D o -MSH = = —
o OIME BTN D EE X BTV 5 (Broberger of
al. 1998), K& THH L TV AL D agouti-signaling
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protein (ASIP) I, 0% Y BARMEAEH (vellow agouti) =
U ZADFRBIEF & LTRES LTS Miller et al.
1993), — 5. a -MSH = = — & /|Z|Z cocain— and
amphetamine—regulated transcript (CART) 23377 L., &
BRINBNCHERE L TV D EE X b AL TV 5 (Blias et al.
1998), & BT, VIF U IR RBE 2RoS
VIV EWIBRLEVYRERINTWS, RHIZ7 LY
E, BOL AW S D EERVE CGWRIE ARV E
v & LT Kojima & (1999) I &K Y [RE & iz, D,
LY VTIEEFRREFER L H D Z LR LMNTR 5
Too RMIIV 7V Y UHRBERPWIZEBWNT, LY %
Z1& (GHS-R) ZMLTNPY =a—a U ZfEALT
W3 EEZ B T3 (Tamura et a/. 2002; Wang et al.
2002), DFE YV, EIMEANLGWSND LT TF UM,

FEOZANF—OFERRBEHRRIEBALIETEL
T, FEBLLHWEIND 7 VY UNMEOZEEKES
MWRRMEZDEFE L THRELTWADOTH S,

v H AR T AR O/ TILRETREICKY
BRERM 2 EMMEHEh22H Y, 2D X 5 Ek
FRECITAERIRE & 0 BEHRA SV HA S B h T
. LML ZOXIRIBENED LS RBIEFITE-
THRELINTVENEHLRIZENTVRY, 7L
UL, AN AT o Tav=r NRRBEND
KR T, T CILEFEOMIEN G RE STz (Kaiya
et al. 2003; Kaiya et a/. 2003; Kaiya et a/. 2003), L 7>
L. U7 F U RIEHBEUS OFHEI D BIXRE S 1L
TWiehote, BREMTH HRHEHIT. BRERPTRV
XF—OEHEHBHENITHHEE TR L TRENDZ &
b, RIEICBT 5 L 7T R0 Agouti 72 £ DRBKHI
R TFOAEFEEEZ A LT D Z Lk, BIEAEHEE
MOBMELICEETHD LB X BN,

Activation of

oMSH neuron ~

1 Leptin
Decrease appetite recepto

A

Obesity
Leptin

Adipocyte

Brain

Arcuate nucleus
in Hypothalamus

uMSH NPY
CART AGRP

LFFy

BRI TY, VS TF U OFEEEZTRET H8MED
W< D22 EFR TV (Johnson et a/. 2000; Muruzabal
et al. 2002; Vegusdal et a/. 2003), ZHHixWThud,
WILIE L 7 F AT A hUEE VT, b FEric
FELRRC LY P SIE RS 2 R TR F A Lc b
DTHolz, LrL, FicETaHFEHRITE<ELN
TWihoTz,

T, EMOBETFIEROZENEL, AEICBD
TY T 7 7 (Takitugu rubripes) & #¥ & L TEFED
27 ) LADOBERIIOWREN 2SN TE, TDOXD
RBEFEREFAL, Z OFEIN—T0, BJE
DVTFUBIEFEIFEHAFEO L 7F BB T & O
PELBR/FELEL D ERATZN, VTR IEL VST
Wighote, TOZlnb, BEICVTFURFET
5L LTH, FHEOLVTF U EITHERAMENRE DD T
BneEx b,

ZZTHAIX, £ bNOLVTFURGBTFRIOT ) A
FOBEBETOWORFICHEAMEEFF- 725/ LFEIER,
N7 ) A EICHEETONE I T LT, t
FDOVTF BB FIRTERAKD GBLIZT vy TSR,
Z DJE Y 1Zi% RBM28, LRRC4, Pax4 7¢ & OBA{E T 434y
HALTWD, Zhb L7 FUEDOBEFITHYET S
BEFE 777 ) A ETHERLIZEZA, UL
BT OIS % LTV DA 2 HFT (scaffold 12
and 866, JGI Ver.3) RWiZ&h7z (Fig.2a), ZD X9
ICBETNEE L TEFEET 201E. EHEEOE LD
BETY ) ABEMLIZZ EICHET B EHESR
7= (Amores et al. 1998; Taylor et a/. 2003), L7=73-> T,
VIFURBBTR NI 7TV DETHE, 20

Activation of

NPY neuron
/'

GHS R Increase apptite

Hungry
Ghlerin
Appetite control hormones

Fig. 1. The model of central regulation of daily energy homeostasis and their
relationship to peripheral and putative hypothalamic ghrelin and leptin (review

in Horvath et a/., 2001).
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(a)
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Chromosome 7q31 (900k bp)
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Pax4 p100  NAG14

O1k)\
x2

LOC402591 IMPDH1

—— = =

I 1 Il I 1

L= - L
(b)

Human leptin

’? - -
T —
. Pufferleptin

Fig. 2. Comparison of leptin gene characterization between human and 7akifugu. (a) The gene arrangement and the
cDNA structure of leptin gene. Arrows indicate the direction of transcription of the genes. Shaded areas indicate
open reading frame. GenBank accession nos. : Pax4, NM_006193; SND1, NM_014390; NAGS8, NP_055226; LRRC4,
NM_022143; RBM28, NP_060547; LOC401339, XP_379517; IMPDH1, NP_000874 . (b) Ribbon diagram showing the
tertiary structure of human and puffer leptin. Secondary and tertiary protein structures were modeled using the
ProModIl program at the SWISS-MODEL automated protein modeling server, based upon human leptin (1AX8.pdb)
Protein Data Bank structure file. (Modified from Kurokawa et a/., 2005).

J LEBICTFEET DA REMERE W EE 2 b,
ZIT, ZOF ) AEBRICEET DRAEDE
{6+ % . Genscan 7" 1 7 Z A (http://genes.mit.edu/
GENSCAN.html) (ZX 0 Pl L7z, ZDFEHE, Scaffold
866 ¢ RBM28 #inT DiLfFIc, V7 F o SFHEIL 72
B FHEEZ R OBGTF R TR S, Thds, EE
WIZHBF L TOWBBEETHENEHRT 120, 205
J AERETINCTTA~—%HFT L. NT T THAD
4D cDNA %5 > 7 L— k & L7- RT-PCR %#1T»
7o FHEEY O PCREMBELNZZ EnD, 3 B
£ U'5” RACE PCREZAWT, T DEEF D cDNA
2ROW|EEF|EFRE LTZ, TOBEEBFIE, 1527 2
J W a— R RN Z &1 T91bp ORI 15
o Tz, F£72, b 75 AERNS, ZOE
BEFide b7 FUBEBETFERBRIZI DO Vv
MOBEREINTWND Z ENHALNIR o7 (Fig.2a),

ZDONT T TOBBFNI—RFTHT I BREYIX
E LTl LT 13.2% OARREME LR wen
oz, LozL, EHEL7F U OMTREEINT
W5 SSHEGEFERTDTZOD 2 AFDYATA D
MLEITRF SN TV, S bIT, & VX7 BEONLRE
& % SWISS-MODEL (http://swissmodel.expasy.org//
SWISS-MODEL.html) IZ X > TFREL/Z& A, 4K
DT NT 7~y 7 AEEEFOE LT FUIHE
T L P EEZ O Z &AL N2 - 72 (Fig.
2b)y TNHDZEMND, BLAIXIZOBEBEFHNZ 7
TOVTF U BIETFTHD EfEm) 72 (Kurokawa et
al. 2005),
%777vi%yLﬁ%®ﬁﬁ%ﬁﬂ&*y%%ﬁ
Lo, TRV IR D bivic (Fig. 3),
HELTF UL, IR LTZEDICE ;hﬁﬂmf%
BHLTWAEEFTHD, LrL., 77 BHEIEITHE
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RN A R IR O K & FFICER LT
% (Akiyoshi and Inoue 2004), 7 7 O AFHIRIX.
NP KRB D WiE % B X /- 8540 LB U %
BoTwWa, SEELNZERTE, 7 7 OFMaD
MIE CHREMIZRBA L TV &b, i3 5l
MR EEELTWA EHESNT,
NI TTVTF 0T X ) BB EEIL, BET
—H - R 2R LUERER, SRV TS AA
B, RBEYFREOVTF U ERFERETHE L
BiZ, YrvavudRe T 7l AV AT E
OWMEREO LV 7F U BETETRET A LR TE
7= (Figd), b0 end, VIFUBEFITA
CHEHEEFMICEEEINTVWABELITHLZ ERHL
Wieote, VIFUrOT I ) BEAEEICY TR
BMEERTRE, BRI 77EI RV 77RITYH
48% OFEREME L@ Shvd, AIER (18-48% DOFH(FE
ﬁ)f FHIER (80% Ll LotEREIM) I ~CIHEE
WHBREIVEDMEN T E BB Mo T2, — 5. FR
REERES SNAVTHEAEOLVTF U DERLD
FAEO L7 F EVERR R b, ZhbDZ
L, VTFURAREOELOBBETIERICKELE
Ebf%t FFTHHIEERLTWAEEZ BN
o (FFRFEOFICEBEOLVTF U ETEHEL TV
5#\7ﬁzvf%yaﬁ%v&wfgmuimmﬁ
MERTZER, =T b Y AFIZHEYS T BESI0
DOLNRNE Y, BEOHRENGMEBE IS
DT (Doyon ef a/. 2001), HIMEE TR L7.)

Fex OER., a7 Boswell er al. 2006)
oA (Huising et al. 2006) O L7 F B4 AHEN
RENTWD, aAIZRWTIHE., EFICHEEEORN
2HEOL TS UV EETHAREEN TN, 24 T
I TRBEOATRIRGE ev7%/Lh%®%ﬁ&®%
HEIZOWTHEN 2R &N, leptin BRF OFFRIZ

Té%ﬁi%@ RHEERREICH LTHAL

D LTV,

&a% BEICBITA L 7F o OATBRELIES -
W, WHERR ERBELE R U ARG VT U

FErI/u—= T Ui, =V A BT, B
BT TRFETH VLT F UVBRTORANRED L
iz GRERT—#), BB FRCEiER
TR T a—F o2 ERBT 284 7ORETHD
W, 77 ERBICFIRCOBEFREEABRD N,
aA LRBOBEN RSN TEY ., AE TR
BT L7 F U BEFRERLTNDLEEIOND,
U A% 2AMBRSE, VT UVBETOREE
DOFEACERYT LT2A, HERICHE D FREREITRD S
nigmoiz,

A@& A, EIZB A L TF O A FREEREIT

LM EN TV, BERHL4E, =V 2D

mEKV7%/&/A&E@¢%k%E TR DER %
o, BB LTF DoV A~DREERD, &
fEE M V7T o LV O BRR E RAT T D EBR A kT
LTwW3a,

Fig. 3. Expression of Takrfugu leptin mRNA in adult tissues and genomic DNA. The B —actin
fragment of 7akifugu was also amplified to confirm the steady state level of expression of
the housekeeping gene. (Modified from Kurokawa et a/., 2005).
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chik
93 I Avians
100 turkey
56 mouse
90 human
cat Mammals
100 bovin
50
48 pig
98 dunnart
100 | Tiger Salamandar
Axolotl
83 Amphibians
100 |: Xenopus tropicalis
99 Xenopus laevis
| — Atlantic salmon
100 l rainbow trout
zebrafish
93 carp2 Teleosts
medaka
100 Takifugu
93 Tetracdon
P

0.2 canges

Fig. 4. Phylogenetic relationships among vertebrate leptins were inferred using the neighbor-
joining method in Clustal W (http://www.ebi.ac.uk/Tools/clustalw2/) and MEGA3(http://www.
megasoftware.net/). Scale bar indicates the substitution rate per residue. Numbers at nodes
indicate the bootstrap value, as percentages, obtained for 1000 replicates. Avian leptins were
shaded due to the uncertainty of the existence of a valid leptin homologue.

Agouti

FEHEI B W, EETHRIR L TV 5 agouti-
signaling protein (ASIP) & ##8R CTHIL L TV 5 agouti-
related protein (AGRP) & v\ 9 2 TE¥EH D agouti B8 & o
NI ENH Y. melanocortin ZAEAE (MCIR - MC5HR)
% 4 L T melanocortin peptides (melanocyte stimulating
hormones/MSHs X ACTH) DAREMET & = b &
L THERE L TS (Lu er a/. 1994; Ollmann et a/. 1997),
ASIP 1%, BIEIZHB VT MCIRIZH YT % a -MSH DT
YEA=ZZARELTHERL, v U ATIEEEES R
DIERENE — BRI BEREE ARSI L PML

TV 2 (Vrieling ef a/. 1994), —7J5, AGRP {ZB4A D
MC3RMCARIZHK B o ~MSHD T & T = K
ELTIERA L, BEBIEICEBERESZF-> T3
(Graham ef a/. 1997; Chen et a/. 2000; Chen et a/. 2000),

FEIFFHIE D agowti BBE ¥ X7 H L LTk, =
U~ U D AGRP P iz #1 D #%5 T & o 7= (Tachibana et
al. 2001), BFEIZBWTH, AGRP I = 32 L ¥F — &
BIZEEREEERF> TVWA ZEWREENTVD
(Tachibana e a/. 2001; Boswell and Takeuchi 2005), £
D agouti BE X T BIZOWTIL, THEWVLSD
MOMENR SN, ¥ X 3 (Carassivs auratus) I
BOTHE, ASPAEEIZB N Ta-MSHDT ¥
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ASIP1
ASIP2
AGRP1
AGRP2

ASIP1
ASIP2
AGRP1
AGRP2

signal peptidg
MEMHAFLFLSCEVIAVIEYLFG-ARHMV---PEERLSSNRVAVSG-ALSPSFEAAPPPVVIVALPKSGKKFNKTKR~~—~

MKLLFLGLFFLHVAFVT LFRRDDAKK——-ERGSVTGSRTLLQQNAGFWSPGRNRPLFARRKLYERHRVLMQTPRERAA 77

MFESVLVCLLS
MRKATGKHVLC

HVSS5 VHGGIQLNDGEAAGRHADPLFLLHRDRNQALDAMHEPTPPHADSVEDSFMVDDDS————
S LEFPLSWEEDAKKD---ARK--SDNKVCCQG

-——-PKKNKYG PPPANCLPLGGSCKSEGTECEDFCAFC
PPSVPLPSPTAKVEDSPAEASCSQLTQSC-VE ‘

——————— YDELQGRAMRSLRRCIPHQQOSCLGYPLPCCDPEDTCYCRFENATCYCRQVGHNESPRRT 135
———————————— LKVLTPIRRCSRIMESC-SPYTPC 2

l | Ll
L_____4____

Fig. 5. Alignment of the deduced amino acid sequences of 7atifugu agouti—family genes with identified
¢DNA in this study. Deletions are indicated by dashes and shaded areas indicate residues shared among
2 T0% of sequences. Conserved cysteine residues involved in the formation of disulfide bonds are shown
by bridges. Asterisks show that the 5th and 10th cysteine are lacking in pASIP2. The cleavage site
was estimated using the SignalP program (http://www.cbs.dtu.dk/services/SignalP/). The amino acid
sequences of ASIP1, AGRP1, AGRP2, and ASIP2 (C—terminal) were consistent with Klovins” data (Klovins
et al., 2004; 2005). (Modified from Kurokawa et a/., 2006).

_ AsIP2
| AGRP1
| AGRP2

R-actin

D
& c
(b) & (c)
0.4
. *
| ASIP1 03+ {
| AsIP2
0.2 ‘[
| AGRP1 .
f 0.1 I
; T
| AGRP2 ) ’T[ H .
O“E%% T = : T L
| R-actin DV vV D V
. ASP1 ASP2 AGRP1 AGRP2

Fig. 6. Expression of Takifugu agouti-family genes in the peripheral organs (a) and in the brain and
pituitary (b) analyzed using RT-PCR and in the skin (c) analyzed using real-time PCR. Asterisks show a
significantly higher (P < 0.05) expression level of agouti—family genes in the ventral skin (V) than in the
dorsal skin (D) as indicated by real~time PCR analysis. The B —actin fragment of Takifugu was also amplified
to confirm the steady-state level of expression of the housekeeping gene. (Modified from Kurokawa et
al., 2006).
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T=A M LCOEREZFEZ EAREINTVD
(Cerda—Reverter ef a/. 2005), E£7=. BN AGRP 73—
FAF—RBEZEE L THWDA 2 ERF o F a0 T
Z 7 4 v 3 = (Danio rerio) THE XT3 (Cerda-
Reverter and Peter 2003; Song et a/. 2003), /=, +F
7 7RI R Y 7 (Tetraodon nigroviridis) \Z 8T,
WL & B 0 3 FEEE O agouti BIE & L8 7 B R
Lxn Tz (Klovins ef 4/ 2004; Klovins and Schioth
2005),

FITEHAE, CET T 7 HMATEIED agouti B8
EEEFEFOOPERLNCTS720, VT TTT
J AT —H N R LT agouti BE X NI HE
AN LT, Agouti # VNP EL. CRIRIZ
agouti-related motifs (5 % SS A EHMT A 720D
VATA CERENREEND) LTINS RFEOE
R DH D, ZOFTF—TEEIHBBLIZEZA B
T 7 TN A FEIE O agouti BEBEMRF A O &N
B & 23278 o 7= (Kurokawa ef a/. 2006), CRgD 7T I
JBELFI DR ENS, EREN MT 7 7 ASIPL,
ASIP2, AGRP1, AGRP2 & L 7o, Z 45 4 DD agouti
M R BOCRBDI AT A UHERIT L R
FERTHZN, ASIP2 i34 BHDOY AT A V5%
b R Tz (Fig. 5). B FHEEE Y/ L7 —
ER—ZAMBHEE LT L A, ASIPl & AGRPL i 4
DOIZT Y b, ASIP2 & AGRP2 (X3 oDy Y
CINBHERR STV,

NT 7 71T D agouti BIEE R T OAERE RN
4 — 1 %, RT-PCR & & U realtime-PCR k12 & 0 fif
#r L7z (Fig. 6), ASIP1{3, BF§ THRb M IFH L T
BO, B (BEE) ICHTEMA (BAE) T
SELLEBC BB L T, ZOZ &b, AEICEB
Wb ASIPL 23 M O R 8F — T A BE
HBLTWD EHESNT, SbIT, ASIPLIZFHEMRE,
R, DIRTHERVWEAIBD LN, —FH. AGRPL B
L TVAGRP2 1Z, & BITHET T £ < DM TR
WRWH 5N, Z DL H I, melanocortin peptides
OWNRMET 7 =R N Th B agouti BEF /37
B 4 BEFEE L, TOMBRIR Y — Y
EEZLTWEREEZONDZEND, BEIZBITD
melanocortin peptides OB EAITIHATEOZN LY
LHEHTHHZ EBTREINE,

BFhYiz
AT L > T, BEICBOWTRREIETChH LT

FoRagouti BEX VRV EERIETHIENTE,
BAREENCEETARFPEEIIBVL T L 2L HE

WHEIC R~ eEZBNRD,

B, 7597 4 v 2B\ T, AGRP %@ %%
BRIEDLEBHEEOBMBALND LI RENZE
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