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ABSTRACT—Melatonin synthesis in the retina as well as in the pineal gland exhibits daily variations with
higher levels during the dark phase of light-dark cycles. To analyze the molecular mechanism of melatonin
synthesis in the retina, we have cloned, sequenced and characterized a putative cDNA for arylalkylamine A-
acetyltransferase (AANAT; EC 2.3.1.87), a rate-limiting enzyme in melatonin production, from the retina of
the rainbow trout (Oncorhynchus mykiss). The trout AANAT cDNA (1,585 bp) contains an open reading
frame encoding 240 amino acid protein {predicted molecular weight, 27,420) that is 51-65% identical to avian
and mammalian AANAT. The trout retinal AANAT protein contains motifs A and B that are conserved among
the N-acetyltransferase superfamily and eight potential phosphorylation sites. Southern blot analysis dem-
onstrated that the protein is expressed by a single copy gene. A single AANAT transcript (1.6 kb) was
detected in the retina but not in the liver by Northern blot analysis. The levels of AANAT mRNA in the retina
exhibited day-night changes with 3.3-fold increase at night. These results indicate that in the rainbow trout
retina, the activity of AANAT and thus melatonin synthesis are regulated at least in part at the transcriptional

level.

INTRODUCTION

In almost all vertebrates, melatonin production in the pi-
neal gland and retina is controlled by both light and a circa-
dian clock as revealed by in vivo and in vitro experiments (Yu
and Reiter, 1992; ligo et al., 1994, 1997; Cahill and Besharse,
1995; Tosini and Menaker, 1996). Melatonin production in the
pineal gland of mammals is regulated by a circadian clock
located in the suprachiasmatic nucleus which is entrained to
environmental light-dark (LD) cycles via a multi-synaptic path-
way from the retina (Yu and Reiter, 1992), while in a large
number of nonmammalian vertebrates, the pineal gland itself
contains both a circadian clock and the light input pathway
responsible for entrainment of the clock (ligo et al,, 1994, 1997).
Melatonin production in the retina, on the other hand, is gov-
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erned by an ocular circadian clock entrained to LD cycles via
its Jocal photoreceptors in some vertebrate species (Cahill and
Besharse, 1995; Tosini and Menaker, 1996; ligo et a/., 1997).

In the rainbow trout (Oncorhynchus mykiss), melatonin
is known to be produced in both the pineal gland and retina
(Gern and Ralph, 1979; Morton and Forbes, 1988; Gern et
al, 1992; Max and Menaker, 1992; Meissl and Brandstétter,
1992). However, the circadian regulation of melatonin syn-
thesis is lacking, i.e. only light and darkness regulate melato-
nin production (Gern et al., 1992; Max and Menaker, 1992;
Meiss| and Brandstatter, 1992). Thus, the rainbow trout is an
useful model to investigate the photic regulation of melatonin
production. Comparison of the regulatory mechanisms of
melatonin production in the rainbow trout with the clock-regu-
lated one might be a possible way to reveal the circadian clock
mechanism.

A rate limiting step in melatonin synthesis is N-acetyla-
tion of serotonin by arylalkylamine N-acetyltransferase
(AANAT; EC 2.3.1.87) (Yu and Reiter, 1992). Thus, it is im-
portant to investigate the regulatory mechanism of AANAT
for a better understanding of the cyclic synthesis of melato-
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nin. Recent cloning of cDNAs encoding AANAT in the pineal
glands of rat and sheep (Borjigin et al., 1995; Coon et al.,
1995) opened a way to study the regulation of AANAT ex-
pression at the molecular level. Since then cDNAs encoding
AANAT were also cloned in human and chicken (Coon et al.,
1996; Bernard et al., 1997). However, to our knowledge, the
structure of AANAT in ectothermic vertebrates has not been
published.

Toward the molecular analysis of melatonin production
in the rainbow trout, in the present study, we have isolated
and characterized a putative cDNA encoding AANAT from the
retina and examined day-night changes in its mMRNA levels by
Northern blot analysis.

MATERIALS AND METHODS

RNA preparation

The rainbow trout (130 + 20 g in body weight) purchased from a
local dealer were maintained under LD cycles of 14 hr:10 hr (LD 14;
10; light on 08:00 — 20:00) at 14°C for at least a week. Fish were
anesthetized with 0.06% 2-phenoxyethanol and sacrificed by decapi-
tation at mid-day (12:30 - 13:30) or mid-night (00:30 — 01:30). After
dissection, the retina was used for total RNA extraction immediately,
while the liver was frozen in liquid nitrogen and stored at —80°C until
RNA preparation. Total RNA was extracted with an RNA extraction
solution, Isogen (Nippongene, Toyama, Japan) according to the
manufacture’s protocol. Poly(A)" RNA was prepared from total RNA
using Oligotex dT30<Super> (Takara, Tokyo, Japan) according to
instructions of the manufacture.

Primers

The following oligonuclectide primers were chemically synthe-
sized: primer 1, 5-TG(C/T)CCIGA(A/G)(C/T)TI(T/A)(C/G)I(C/T)
TIGGITGG-3'; primer 2, 5'-GGIACIA(A/G)IGC(A/G)T(C/T)(C/MTC(A/
G)CACAT-3’; primer 3, 5-CTCACACATGAGCACTGCAC-3'; primer
4, 5-CATCAGGATAGGGCCCTTG-3";, primer 5, 5-TTGAGGA-
GGGGAGACTAGTAGC-3'; primer 8, 5-CCAAGAGAGAAGACTTGT-
GC-3'; primer 7, 5-GGTGTGCACTTTAGACTACC-3'; anchor primer,
5'-CUACUACUACUAGGCCACGCGTCGACTAGTACGGGIIGGG
IIGGGIIG-3'; AUAP primer, 5-GGCCACGCGTCGACTAGTAC-3'; Not
1 d(T) primer, 5-"AACTGGAAGAATTCGCGGCCGCAGGAAT 4-3';
RTG primer, 5-AACTGGAAGAATTCGCGG-3'.

Polymerase chain reaction (PCR)

Each PCR amplification was performed by using GeneAmp PCR
System 2400 (Perkin Elmer, Norwalk, CT, USA) in a total volume of
20 pl with Taq DNA polymerase (Takara) and primers (250 nM each).

Amplification of a trout AANAT cDNA fragment by PCR

PCR was first performed with degenerated primers (the primers
1 and 2) deduced from the conserved amino acid sequences of AANAT
of rat (GenBank Accession number U40803), ovine (U29663) and
human (U40347). The primers 1 and 2 correspond to the amino acid
positions 75-82 (CPELSLGW) and 157-164 (MCENALVP) of the rat
AANAT, respectively. First strand cDNA was synthesized from the
retinal total RNA of the rainbow trout collected at mid-night with Ready-
To-Go™ T primed first strand cDNA synthesis kit (Pharmacia Biotech,
Tokyo, Japan) and subjected to 30 cycles of PCR amplification with
the primers 1 and 2. Each reaction cycle consisted of incubations at
94°C for 1 min, 50°C for 1 min and 72°C for 1 min. The final elonga-
tion step was carried out at 72°C for 7 min.

5'-Rapid amplifications of cDNA ends (RACE)
First strand cDNA was synthesized from the retinal total RNA of

the rainbow trout coliected at mid-night using 5'-RACE PCR kit
(GIBCO/BRL, Gaitherburg, MD, USA) according to the manufacture’s
instructions. The primer 3 was used to prime cDNA synthesis. Sub-
sequently, a dC tail was added to the 3'-end of the synthesized single-
stranded cDNA and PCR amplification for 35 cycles was performed
with the primer 4 and 5'-anchor primer (GIBCO/BRL). Each reaction
cycle consisted of incubations at 94°C for 30 sec, 55°C for 30 sec
and 72°C for 1 min. The final elongation step was carried out at 72°C
for 7 min.

3'-RACE

First strand cDNA was synthesized with Ready-To-Go™ T primed
first strand cDNA synthesis kit as described above and used as a
template for 30 cycles of PCR amplification with the primer 5 and
RTG primer containing the complementary sequence to the Not 1 d(T)
primer for 3-RACE. Each reaction cycle consisted of incubations at
94°C for 30 sec, 55°C for 30 sec and 72°C for 2 min. The final elonga-
tion step was carried out at 72°C for 7 min.

Confirmation of the obtained sequence by PCR

The obtained nucleotide sequence by 5'- and 3'-RACE over the
coding region (nucleotide position 29-915 of the trout AANAT se-
quence) was reconfirmed by PCR amplification using the primers 6
and 7.

DNA sequencing

The cDNA fragments amplified by the PCR described above were
separated by agarose gel electrophoresis and purified using Prep-A-
Gene DNA Purification Kit (Bio Rad, Richmond, CA, USA). The puri-
fied cDNA fragments were then subcloned into pBluescript Il SK(-)
vector (Stratagene, La Jolla, CA, USA). Both strands of the plasmid
DNA were sequenced with a Model 373A DNA sequencer using dye
terminator cycle sequencing kits (Applied Biosystems, Foster City,
CA, USA). The nucleotide sequence was determined from two to four
clones obtained by independent reverse transcriptions and amplifica-
tions to avoid PCR errors.

Sequence analysis

Sequence analysis was performed with the GeneWorks 2.45
(IntelliGenetics, Mountain View, CA, USA). A phylogenetic tree of
vertebrate AANAT was constructed by the neighbor-joining method
(Saitou and Nei, 1987) based on the amino acid identities by the
PHYLIP program (Felsenstein, 1989) using Drosophila AANAT
(Hintermann et al., 1996) as an outgroup.

Isolation of genomic DNA and Southern blot analysis

Genomic BDNA (10 pg) isolated from the trout liver was digested
with the restriction enzymes (EcoR |, Pst |, or Xba 1) and used for
Southern blot analysis according to the method as described (Kikuchi
etal., 1995). A partial AANAT cDNA (nucleotide position 9-570 of the
trout sequence) labeled with [a-2P]dCTP (Amersham Japan, Tokyo,
Japan) by Random primer DNA labeling kit ver. 2 (Takara) was used
as a probe (5 x 10° cpm/ml).

Northern blot analysis

Poly(A)” RNA (5 ng) prepared from the pooled retina of 10 indi-
viduals and the liver of a individual was separated on a formalde-
hyde-agarose gel and blotted onto a nylon membrane (Hybond-N’,
Amersham Japan). The membrane was UV crosslinked using
Spectrolinker™ XL-1500 (Spectronics Corporation, Westburg, NY,
USA) for 30 sec. The membrane was prehybridized in 6 x SSC con-
taining 50% formamide, 1 x Denhardt’s solution, 0.5% sodium
dodecyisulphate (SDS) and calf thymus DNA (100 ng/ml) at 42°C for
12 hr and then hybridized with the randomly [o-*P]dCTP-labeled probe
(the same cDNA probe as in the Southern blot analysis, 5 x 10° cpm/
ml) in the hybridization buffer (6 x SSC containing 50% formamide, 1
x Denhardt’s solution and 0.5% SDS) at 42°C overnight. The mem-
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brane was washed in 2 x SSC containing 0.5% SDS at room tem-
perature for 10 min, and then washed at 65°C for 10 minin 1 x SSC
containing 0.5% SDS and exposed to Fuji X-ray film (Fuji Film, To-
kyo, Japan) at —80°C for 2 weeks. The hybridized membrane was
also scanned by FUJIX BAS 1000 Mac Bic-Imaging Analyzer (Fuji
Film) to count the hybridization signal. The hybridized probe on the
membrane was washed out in the washing buffer (5 mM Tris-HCI
containing 2 mM EDTA and 0.1 x Denhardt’s solution) at 65°C for 2
hr. Then the membrane was rehybridized with the [¢-*P]dCTP-la-
beled B-actin probe of masu salmon, O. masou, (4,000 cpm/ml; 444
bp; Gen et al., in preparation) corresponding to the nucleotide posi-
tion 499-942 of mouse B-actin (GenBank accession number X03672)
to confirm the integrity of the mRNA loading and transfer efficiency.
The membrane was washed, exposed and scanned as described

347

RESULTS

Molecular cloning of trout AANAT

A trout retinal AANAT cDNA fragment (222 bp) was first
obtained by PCR using degenerate primers (the primers 1
and 2) designed from the conserved amino acid sequences
of mammalian AANAT. This cDNA fragment is 73 and 72%
identical to the corresponding region of the rat sequence at
the nucleotide and amino acid levels, respectively. Based on
this sequence, we designed trout AANAT specific primers (the
primers 3-5) and isolated several clones including 5'- and 3'-
franking regions by RACE methods. A pair of primers (the

above. . . )
primers 6 and 7) was also synthesized and used in reverse
transcription-PCR to amplify a cDNA (888 bp) covering the
entire coding region of the trout AANAT. The overlapping
cDNAs for the trout AANAT spanned 1,585 bp (Fig. 1). The
Primer 6
1 TGTAACAGCCAAGAGAGAAGACTTGTGCAAACAAACAACAATAGAAGGAACAGAAGAATATCGAAGTAATCCAACTGGAGTTATARAAGTTGTAAA 96
*
97 ATG TCT CTA GTG GGC GCT CTG CCT TTC CTG AAA CCG CGC TTC TCC CCT TCT GTT TCT CCT GGG CGC CAA AGA AGA 171
1 M S L v G A L P F L K P R F S P s v S P G R Q R R 25
172 CAC ACA CTG CCA GCA AGC GAG TTC CGA CCG CTC AAC ACG CAA GAC GCT ATC AGC GTG TTC GAA ATC GAG AAA GAG 246
26 H T L P A S E F R P L N T Q D A I S v F E I E K E 50
Primer 1
247 GCC TTT ATC TCT GTG TCA GGA GAC TGC CCG CTC CAC CTT GAT GAG GTG CGT CAT TTC CTC ACG CTG TGT CCA GAG 321
51 A F I s Vv § 6 D ¢ P L H L D E V R H F L T L C P E 15
Primer 5
322 CTG TCC ATG GGC TGG TTT GAG GAG GGG AGA CTA GTA GCC TTC ATC ATT GGG TCC CAA TGG GAC CAG GAC AGA CTC 1396
7 L S M G W F E E G R L VvV A F I I G S © W D @ D R L 100
397 ACC CTA GAC GCC CTA ACT CTT CAC AAG CCC AAA GGT TCC ACA GTT CAT ATC CAT GTG CTG GCG GTC CAC CGG ACC 471
101 T L D A L T L H K P K G S T v H I H v L A v H R T 125
Primer 4
472 TTC CGG CAG CAG GGC AAG GGC CCT ATC CTG ATG TGG CGC TAC CTG CAG TAC CTA CGC TGC CTG CCC TAT GTG CGC 546
126 F R Q Q G K G P I L M W R Y L Q Y L R C L P Y v R 150
- Primer 3 Primer 2
547 CGT GCA GTG.CTC ATG TGC GAG GAC TTC CTG GTT CCC TTC TAC CAG AAG TCT GGC TTC AAG GTG CAG GGC CGC TGT 621
11 R A V L M ¢ E D F L V P F Y Q X S G F K V © G R C 175
622 TCC ATC ACG GTG GCA TCA CTG ACC TTC ACA GAG ATG CAG TAC CCT GTG AGG GGC CAT GCA CTG ATG CGG CGC AAC 696
i76 § 1 T Vv A § L T F T E M ©Q Y P V R G H A L M R R N 200
697 AGT GAA GCT ATT GGT TTT CCT CAG ACT GTG TTA TTA TTG GAG GAA CCG ATT CAG AGG AGT GAG TCT GCA TTG TTA 771
200 S E A I G F P Q T V L L L E E P I Q@ R S E S A L L 225
772 TTG GAG GAA CAG ACT CAG AGG ACT GAG CCT GAG CCT GCT GAT GTG TAA 819
226 L E E Q T Q R T E P E P A D v * 240
820 ATC TTTTT‘I“I‘I;C'}‘CAG';AAGATATTAGAT"TCCTGTTGTACATATC’AACTATGATGTAAAATAAAGTGA’I‘GTAAACATTTACA‘TTTATATCTAAGATGGT 918
rimer
——————
919 AGTCTAAAGTGCACACCATACACGCATGAGCATGACCATGAGTCTTTAAGCTTTATTACAATGTTTTAATTTAACGTTAGTTAATATGTGAATATTTCA 1017
1018 ACGTTAACTAGGTACATGCTAATGAATGTTAGAACARATATTGTGTGACTTCTGTCTGTGTGAGATTATATTTTTACTGCAAATGTTCCCGTTTTATTT 1116
1117 ATTGTAAGTTTTGTCTGAAGGTTTGGGTTGCAAGCCCCCTCCTCTCTGACGGTATATGGACTGACGTCACTGACTACCAGGCTTTAGCAGCTCAACCGT 1215
1216 GCCTCTTTATCTCTATTAGTGGGCATTAGGTATACTGTAAACGTCTGAGGATTTACAAGAGGATCCTTTCATTGGACTGCCAGTAGATCTAGTGACTTA 1314
1315 ACAAGCCCGTTTTCATACGATGAGAAAAGTAGGCTACATCCACACCAATTTGGATTACTGTTTGTCTATTCATTTCCCTTTGGGTCACATGTGCAGAGC 1413
1414 GTTAATCAAACCATGTAATATCTTCTCTTACTCCACCAGAACCTGTCTTACCCTTGAAACCAATCATATATTTAATAAATATGTTTTTGTACTGTTTTT 1512
1513 GTTATTAAARAATATAATAAAGATGATAATGTATTAAAAAARANAARAARALRRAAAAARARAAAARAARA 1585
Fig. 1. The nucleotide and deduced amino acid sequences of the trout retinal AANAT. Nucleotide and amino acid sequences are numbered

from the first and indicated in the left and right of each line. Arrows indicate the regions used as the primers in PCR. The stop codon is indicated
by the asterisk and a consensus sequence for polyadenylation signal is boxed. The sequence has been deposited in DDBJ, EMBL and GenBank
nucleotide databases under accesion number AB007294.
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trout retinal AANAT cDNA contains a 723 bp open reading
frame encoding 240 amino acids with a predicted molecular
weight of 27,420 and an isoelectric point of 7.78. The 5'- and
3'-untranslated regions were 96 and 766 bp long, respectively.

Analysis of deduced protein

The deduced amino acid sequence of the trout AANAT is
aligned with those of the chicken, rat, bovine, ovine and hu-
man {Borjigin et al., 1995; Coon et al., 1995, 1996; Bernard et
al., 1997) (Fig. 2). The sequence of trout retinal AANAT is
very similar in amino acid sequences to those of other verte-
brates (65, 54, 54, 53 and 51% identical to chicken, rat, ovine,
bovine and human AANAT, respectively) but shows lower iden-
tity (14%) to the Drosophila AANAT (Hintermann et a/., 1996).
The carboxy tail of the trout AANAT is 37 amino acid longer
than the avian and mammalian AANAT.

A phylogenetic tree of vertebrate AANAT is shown in Fig.

cnpk ck2  ck2
Trout MSLVGALPFL, KP-----] RES PSVSPGRORR ‘HILPASEFRP INTQDATSVF 45
Chicken  MPVLGAVPFL KPTPL---QG PRNSEGRORR HmPA.SEFR: LSPEDAVSVF 47
Rat ---MLSTHPL. KPEALHLPLG TSEFLGCQRR HTLPASFFRC LTPEDATSAF 47
Bovine ~MSTPSTHCL: KPSPLHLPSG IPGSEGRORR HILPANEFRC LTPKDRAGVF 49
ovine ~MSTPSVHCL, KPSPLHLPSG IPGSPGRORR HTLPANEFRC LTPEDAAGVF 49
Human -MSTQSTHPL, KPEAPRLPEG IPESPSCOORR HTLPASEFRC LTPEDAVSAF 49
Consensus —........ LKP.oiiine eiens ORR HILPA.EFR. L...DA...F
ck2
Trout EIEXEAFISV SGDCPLHLDE VRHFTTICPE LMGWFEEGR LVAFTIGSOW b
Chicken ETEREAFISV SGDCPLHLDE IRHFLTLCPE LSLGAWFEEGR LVAFIIGSIW 97
Rat ETFREAFISV SGTCPLHLDE IRHFLTLCPE LSLGAFERGC LVAFTIGSLW 91
Bovine ETERFAFISV SGNCPLNLDE VRHFLTLCPE LSLGAFVEGR LVAFTIGSLN k2]
Ovine ETFRFAFTISV SGNCPLNLDE VOHFLTLCPE LSLGAFVEGR LVAFTIGSLN °
Human ETERFAFISV LGVCPLYLDE IRHFLTICPE LSLGAFERGC LVAFTIGSIW 9
Consensus EIE.EAFISV .G.CPL.LDE . .HFLTLCPE LS.GAF.EG. LVAFTIGS.W
pke
Trout DODRUTLDAL TIHKPKGSTV HIHVLAVHRT - FRQOGKGPIL MARYLQYLRC 145
Chicken  DODRLSQAAL TLHNPRGTAV HIHVLAVHRT FROQGKGSIL MARYLOYLRC 147
Rat DKERLTQESL TLHRPGGRTA HLHVLAVHRT FROQGKGSVL LWRYLHHLGS 147
Bovine DEERUTQESL, TLHRPGGRTA HIHAI AVHHS FROOGKGSVL LNRYLOHASG 149
Ovine DEERLTQESL ALHRPRGHSA HLHAIAVHRS FROQGKGSVL, LWRYLHHVGA 145
Human DKERIMDESL TLHRSGGHIA HIHVIAVHRA FROOGRGPIL LWRYLHHLGS 149
Consensus D..RL....L .IH...G... H.H.IAVH.. FROOG.G..L .WRYL.....
Motif A
ck2 pke
Trout LPYVRRAVIM CEDFLVPFYQ KSGFKVOGRC SITVASLTFT EMOYPVRGHA 195
Chicken LPCARRAVIM CEDFLVPFYE KOGFVAVGEC QVIVGTLAFT EMOHEVRGHA 197
Rat QPAVRRAVIM CEMNALVPFYE KFGFQAMGEC ATTMSSLTFT -ELOCSLRCHT 197
Bovine QPAVRRAVIM CEDALVPFYD RFGFHPAGPC AVWWGSLIFT BMHCSLRGRA 199
Ovine QPAVRRAVIM CEDALVPFYQ RFGFHPAGEC ATWWGSLTFT EMHCSIRGHA 192
Human QPAVRRAAIM CEDALVPFYE RFSFHAVGPC ATTVGSLTPM ELHCSLRGHP 139
Consensus .P..RRA.IM CE..L¥PFY, ...F...G.C ......L.F. E.....R.H.
Motif B
cnpk pke pke ck2
LMRRNSEATG FRQTVLLLEE PIQRSESALL LEEYTORTEP-EPADV 240
FMRRNSGC -~ —-====-=m= —= - e 205
—-—— - - ———-- 205
-—- - - 207
————————————————————————————————————— 207
————————————————————————————————————— 207

Fig. 2. Alignment of amino acid sequences of AANAT of rainbow
trout, chicken, rat, bovine, ovine and human. The sequences in
chicken, rat, bovine, ovine, and human were obtained from Gen Bank
(accession numbers are U46502, U40803, AD000742 , U29663, and
U40347, respectively). To maximize homologies, gaps represented
by hyphns have been introduced in the sequences. Potential phos-
phorylation sites are shaded: cnpk, cyclic nucleotide-dependent pro-
tein kinase; ck2, casein kinase Il; and pkc, protein kinase C. The con-
sensus sequence contains moieties conserved in all six species. The
two conserved motifs (A and B) for N-acetyltransferase superfamily
(Tercero et al,, 1992; Coleman et al., 1996; Lu et al., 1996) are
underlined.

$ Fruit Fly
. I — Trout
g— 653 — Chicken

53.6 Human
92.25_:331
96.5[ Ovine
Bovine

Fig.3. Aphylogenetic tree of AANAT in vertebrates based on amino
acid identities. The tree was constructed by the neighbor-joining
method (Saitou and Nei, 1987) using PHYLIP software {Felsenstein,
1989). The values at the nodes are bootstrap probabilities (%) esti-

mated by 1,000 times replications, and the length of the horizontal
lines are evolutionary distances.

3. The branching patterns are highly reliable and the tree to-
pology agreed well with phylogeny.

The trout AANAT sequence contains putative motifs for
acetyl coenzyme A binding, motifs A and B (Tercero et al.,
1992; Coleman et al., 1996; Lu et al., 1996), at the amino acid
positions of 117-136 and 161-173, respectively. The trout
AANAT also contains eight putative phosphorylation sites; two
consensus sites for cyclic nucleotide-dependent protein ki-
nase at Thr” and Ser™®", four sites for casein kinase |l at Ser®,
Ser®, Thr'® and Thr*®, and two sites for protein kinase C at
Thr'® and Thr®,

Southern blot analysis

Southern blot analysis was carried out to analyze the
genomic organization of the trout retinal AANAT. Probing the
liver genomic DNA with labeled cDNA probe produced one
band each of 19, 2.9, and 14 kbp after digestion with EcoR |,
Pstl, and Xba |, respectively (Fig. 4). These results suggest
the trout retinal AANAT is encoded by a single copy gene.

Northern blot analysis

Expression of the AANAT gene in the retina and liver was
surveyed by Northern blot analysis (Fig. 5A). A single tran-
script (1.6 kb) was detected in the retina at both mid-day and
mid-night, but not in the liver. The mRNA level of the retinal
AANAT exhibited 3.3-fold increase at night under LD cycles
(Fig. 5B). A similar result was obtained in another experiment.

DISCUSSION

In the present study, we have determined the primary
structure of the retinal AANAT of the rainbow trout. The ob-
tained clone contains an open reading frame that codes a
240 amino acid protein. The overlapping cDNA spanned 1,585
bp (Fig. 1), being consistent with the size of mMRNA (1.6 kb)
estimated by Northern blot analysis (Fig. 5A). The AANAT
seems to be coded by a single copy gene in the trout ge-
nome.

Comparison of the deduced amino acid sequence of trout
AANAT with those from other vertebrate species shows a high
degree of identity (51-65%). There are two motifs termed A
and B (also called regions A and B or domains | and ll) that
are conserved among the N-acetyliransferase superfamily
(Tercero et al., 1992; Borjigin et al., 1995; Coon et al., 1995,
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Fig.4. Southern blot analysis of the trout retinal AANAT gene. When
the trout liver genomic DNA (10 pg) was digested with EcoRl, Pstl, or
Xbal, hybridization with the labeled cDNA probe produced a single
band in each lane (EcoR |, 19 kbp; Pst 1, 2.9 kbp; Xba |, 14 kbp),
indicating that the trout retinal AANAT is encoded by a single copy
gene. Molecular weight markers are EcoT14l digests of lambda ph-
age DNA.

1996; Hintermann et al., 1996; Coleman et al., 1996; Lu et al.,
1996; Bernard et al., 1997). Site directed mutagenesis in yeast
MAKS3 and human spermidine/spermine N-acetyltransferases
revealed that these motifs are important to maintain enzyme
activities as acetyl coenzyme A binding sites (Tercero et al.,
1992; Coleman et al., 1996; Lu et al., 1996). The amino acid
stretch of the trout AANAT at the amino acid position 45-96
might contain the arylalkylamine (substrate) binding domain,
which is highly conserved among AANAT sequences of ver-
tebrates (Coon et al., 1995, 1996; Klein et al., 1996). How-
ever, further site directed mutagenesis studies will be required
to test whether these regions are the binding domains for acetyl
coenzyme A and arylalkylamine substrates in AANAT proteins.

In all known vertebrate AANAT sequences, two potential
phosphorylation sites for cyclic nucleotide-dependent protein
kinase (Thr¥’ and Ser®™ of the trout sequence) and one for
casein kinase Il (Ser®) are conserved, suggesting that phos-
phorylation at these sites is functionally important in the regu-
lation of AANAT activity. This is consistent with the important
roles of CAMP in the induction and maintenance of AANAT
activity (Yu and Reiter, 1992; Thibault et al., 1993; Klein et al.,
1996). The other putative phosphorylation sites, especially two
sites in the carboxyl tail of the trout sequence (Thr** and
Thr**), might be involved in species-specific regulation of
AANAT. Isolation of the trout AANAT cDNA now allows us to
study the functional significance of these phosphorylation sites.

It is widely accepted that cysteine residues mediate the
formation of intramolecular disulphide bridge. In all known

AANAT in vertebrates, four cysteine residues are conserved

A Retina Liver B Retina
> O > B )
o 4 a) Z [} Z
-4 285 3.5 1
3 -
AANAT
-k 18S <0 25
(1.6kb) z2
E> 2
X
- 28S >% 1.5+
' <<t @ 14
(1.5kb) 051
0

Fig. 5. Northern blot analysis for AANAT mRNA in the retina and liver. (A) The rainbow trout reared under LD 14:10 (light on 06:00-20:00) were
sacrificed at mid-day (Day, 13:00) or at mid-night (Night, 01:00). Northern blot analysis was performed on Poly(A)" RNA (5 ug) obtained from the
retina and liver. Arrowheads on the right mark the positions of 28S (top) and 18S (bottom) rRNA bands. Blots were stripped and reprobed with -
actin of masu salmon to allow normalization of lanes. (B) Day-night changes in the AANAT mRNA in the rainbow trout retina. The abundance of
the AANAT transcript has been normalized to B-actin mRNA, to correct for variations in the mRNA loading and transfer efficiency. Data are
expressed relative to the mid-day value. The trout retinal AANAT mRNA increased 3.3-fold at mid-night as compared with the mid-day value.
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at the amino acid positions of 59, 73, 156 and 175 of the trout
sequence. These residues might be involved in the proper
folding of the AANAT protein.

Northern blot analysis revealed the presence of AANAT
mRNA in the retina but not in the liver. This is consistent with
findings in chicken, rat, ovine and human (Borjigin et al., 1995;
Coon et al., 1995, 1996; Bernard et al., 1997). A recent study
in a teleost (the pike Esox lucius) has demonstrated that the
retinal and pineal AANAT enzymes have the significant differ-
ences in the effects of temperature, substrate concentration,
pH and molarity (Falcdn et al., 1996). This suggests the pres-
ence of at least two types of AANAT molecules in a teleost
species. Thus, it is of great interest to see whether the retinal
and pineal AANAT molecules are products of two distinct
genes or variants of the same gene. The retinal AANAT cDNA
isolated in the present study is available as a hopeful probe to
clone the pineal homologues or variants.

In the present study, we investigated day-night changes
in AANAT mRNA levels in the trout retina. The results dem-
onstrated daily variations in steady state levels of AANAT
mRNA in the trout retina with higher values at night under LD
cycle. Similar daily variations have been reported in the pineal
glands of chicken, rat and ovine and in the retina of chicken
(Borjigin et al., 1995; Coon et al., 1995, 1996; Roseboom et
al., 1996; Bernard et al., 1997). This is also consistent with
the ocular melatonin data (high levels at night) in the rainbow
trout {Gern and Karn, 1983; Yamamoto et al., 1992). These
results indicate that melatonin production in the trout retina is
regulated at least in part by transcription of AANAT mRNA.
Since melatonin production in the rainbow trout is regulated
by light and darkness, it is interesting to determine how light
and darkness regulate AANAT transcription. Further analysis
of the promotor region of the AANAT gene and the transcrip-
tion factors involved would help us to identify “light-respon-
sive” element(s), a possible ubiquitous input for light-depen-
dent events such as melatonin syntheis and photic entrain-
ment of the circadian clock.
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NOTE ADDED IN PROOF

Following acceptance of this manuscript, a partial cDNA sequence encoding the trout pineal AANAT was published (GenBank accession
number AF033500; Begay V, Falcén J, Cahill GM, Klein DC, Coon SL (1998) Transcripts encoding two melatonin synthesis enzymes in the
teleost pineal organ: circadian regulation in pike and zebrafish but not in trout, Endocrinology 139: 905-812). The amino acid sequence is only
66% identical with the relevant region of the trout retinal AANAT. In addition, they found that the pineal-type AANAT transcript was not detected
in the retina. Thus, there are two different AANAT genes in the rainbow trout.
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