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ABSTRACT

Understanding the control of piscine fatty acidabelism is important for determining
the nutritional requirements of fish, and hencetffier production of optimal aquaculture diets.
The regulation and expression of carnitine palnfitagsferase 1 (CPT1; EC No 2.3.1.21) are
critical processes in the control fatty acid meteibm, and here we report a cDNA from gilthead
sea breamSJparus aurata) which encodes a protein with high identity totebrate CPT1. This
sea bream CPT1 mRNA is predominantly expressekiiletl and cardiac muscle, with little
expression in other tissues. Phylogenetic anabfsigher vertebrate CPT1 sequences show that
fish genomes contain a single gene related to mdiam@PT1B, and a further two multi-gene
families related to mammalian CPT1A. Genes reladedammalian CPT1C are absent in fish.
Therefore, based on both functional and evolutipathology to mammalian CPT1B, the sea
bream CPT1 reported here is a CPT1B isoform. SeanbiCPT1B mRNA expression
progressively decreases in heart and muscle up hodrs after last feeding, but returns to
initial, non-fasted levels after 72 hours. In castr in liver non-fasted expression is low, but
strongly increases at 24 and 72 hours after |aslifg. In white muscle and liver, CPT1B
MRNA expression is highly correlated with the egien of peroxisomal proliferator-activated
receptor’] (PPART).Thus fatty acid metabolism by CPT1B and its ocalrtty PPARS is similar
in fish and mammals, but multiple genes for CPTik&-proteins in fish also suggest different
and more complex pathways of lipid utilisation thiamammals.

1. INTRODUCTION

Carnitine palmitoyltransferase 1 (CPT1, EC2.3.1&ahg with carnitine palmitoyltransferase 2
(CPT2) forms the mitochondrial carnitine palmittlghsferase system, which mediates the
uptake of long-chain fatty acids to the mitochoadrfVicGarry and Brown, 1997CPT1 is
anchored in the outer mitochondrial membrane atalyzes the transfer of fatty acyl groups
from coenzyme A to carnitine. Acylcarnitine transsas the inner mitochondrial membrane by
means of a specific translocase and fatty acyl-Go#{sn the matrix are regenerated by CPT2.
CPT1, by virtue of its inhibition by malonyl-CoA iee main regulatory point in fatty adid
oxidation with increasing levels of malonyl-CoA tawing fatty acid utilisation in biosynthesis
This process is central in maintaining an effectived “cross talk”, which according to the
energy needs of the organism can lead to eithabolism or biosynthesis of fatty acids in a
variety of tissues such as the liver, heart, aedsiteletal muscleBfitton et al., 1995.
Consequently, the study of CPT1 in mammals hasgadhconsiderable interest as one
potential target for the pharmacological



control of fatty acid oxidation.

In mammals, CPT1 is encoded by three genes, ong b&pressed predominantly in
the liver (CPT1A) and the second (CPT1B) in thdetlé muscle [Esseret al., 1996. The
muscle and liver isoforms are 62% identical in aacid sequence and exhibit different
sensitivity to malonyl-CoA inhibitionT(reberet al., 2003. A third more distantly related
isoform of the enzyme (CPT1C) which is restrictedhte central nervous system and functions
in the control of whole-body glucose homeostasas leen recently described in mammalian
speciesPriceet al., 2002, Gaet al., 2009.

Further to differences in regulation at the catallgvel, the mammalian CPT1 isoforms
are also differentially regulated at the gene IeVaus, CPT1A is primarily hormonally
regulated, while CPT1B is primarily fuel-regulatgtboket al., 2007). It is currently well
established that fatty acids, peroxisome prolifargtas well as physiological conditions such as
feeding and fasting affect the expression of th& CgenesYu et al., 1998, Brandét al .,

1998. Key mediators of these processes are the permeiproliferator-activated receptors,
PPAR @aldanet al., 2004, Gildeet al., 2003, Mescarét al., 1999, which have been described
as transcription factors at the crossroads ofatidthormonal signallingdesvergnest al .,

1998.

The regulation of fatty acid and lipid metabolishitee gene level has been poorly
studied in fish species, despite the fact thatlprab related to fatty acid metabolism are of
primary importance to modern aquaculture practfcesver et al., 2008 Molecular studies
concerning CPT1 expression in fish are presentiitdid to rainbow trout@ncorhynchus
mykiss), i.e. the species in which a CPT1 encoding sexpieras first identified (Gutieres et al.,
2003). Although it was originally proposed thatutrexpressed a single CPT1 gene
corresponding to the mammalian liver isoform (Gut$eet al., 2003), further studies of CPT1
sensitivity for malonyl-CoA, coupled to determiratiof relative mRNA expression levels, in
the tissues of thefish suggested the presencedifamhl isoform(s) (Morash et al.,2008).
Indeed, another three CPT1-like sequences havathebeen identified in trout, and their
expression has subsequently been studied in respomsitritional and hormonal stimuli, and in
relation to the expression of other genes encogliraymes involved in fatty acid metabolism,
including two trout PPAR isotypes (Kolditz et &008; Lansard et al., 2009; Morash et al.,
2009; Plagnes-Juan et al., 2008; Polakof et alQpMHowever, these four trout isoforms have
been arbitrarily termed CPT1a-d (Kolditz et al.02f) a nhomenclature not based on
functional/evolutionary orthology to the mammal@RTlisoforms. Therefore, a more
systematic study of the evolutionary relationsHithe piscine CPT1 isoforms to their
mammalian counterpartsis needed. This, in turd,aidl the further understanding of
CPTZ1function in fish, specifically regarding thedification of factors that are involved in its
regulation, at both the gene and enzyme levels.

Herein, we describe the identification and molecalaracterization of a cDNA from
the muscle tissue of an important aquaculture spegilthead sea breai®pérus aurata, sea
bream hereafter), that encodes a protein with iigiilarity to CPT1 proteins from other
species. By employing phylogenetic and tissue mRMgression analyses we show that the
deduced sea bream protein is likely to be the neuSBIT1 isoform (CPT1B). In addition, by
utilising available fish genome data, we aimedltwidate the evolutionary relationships
amongst fish and the better chracterised mamm@lRinl isoforms. Accordingly, we show that
fish species contain a single CPT1B-like gene aunlfiphe genes for CPT1A-like proteins.
Furthermore, we test the hypothesis that the exme®f sea bream CPT1B is regulated at the
MRNA level depending on the prandial state of tble, fand is related to PPAR mRNA levels.



2. MATERIAL AND METHODS

2.1 Animals

Sea bream (S. aurata, Sparidae, Percomorpha,olveti@ed from farmed stock
(Interfish, Larimna, Greece). The fish were maiméai in recirculating sea water in the indoor
facility of the Fisheries Research Institute unaiural photoperiod and constant water
temperature (19—20 °C) conditions for approximaggjht months. Prior to use, fish were fed a
commercial diet (Excel 1°, Skretting) containing20
fat, 48% protein. Sea bream is a protandrous specidergoing sex reversal after the second
year of their lives. The fish used in this studg@d 0 months and therefore were all male.
Before sampling, fish were anaesthetized and killedecapitation. Unless otherwise noted,
fish were sampled at 24 h following last feeding.

2.2 RNA isolation and synthesis of cDNA

Total RNA from sea bream tissues, i.e. brain, |igestinal (proximal to cecum), gills,
heart, red muscle, white muscle, and mesentenabaeditissue, was extracted with the RNeasy
tissue kit (Qiagen) according to the manufactuirgsuctions. One microgram of total red
muscle RNA was used for reverse transcription wWithExpand Reverse Transcriptase (Roche
Applied Science) and an oligo-dT primer. Two miirek of the cDNA thus obtained were
used as template for PCR with the forward primef &P and the reverse primer CPT5'R1
(0.25uM, final concentration). Both of these primers &vdesigned according to a rainbow
trout CPT1 cDNA sequence (GenBank access. no. AF)7 In addition to the above, PCR
conditions included 1.5 units of Pfusion DNA polyiage (Finnzymes) and dNTPs (@4,
final concentration) in a final volume of 5 The cycler program and primer sequences are
given in Table 1. The resulting 1350 bp fragmeriticlv encoded the 450 amino-terminal
residues including the initiation methionine of 8ea bream CPT1, was ligated into the PCR4-
TOPO vector (Invitrogen) and was propagated assnmbl insert for further analyses.

2.3 Rapid amplification of the 3' cDNA end (3'-RACE

The sequences encoding the carboxy-terminus of @#Té& obtained through 3’-rapid
amplification of cDNA ends PCR (3’-RACE) using anmmercial kit (5’, 3' RACE kit, Roche
Applied Science) on cDNA synthesized with the oldjoanchor primer provided by the kit
and the gene-specific primer CPTF3'3. The primgusaces and thermocycling program are
given in Table 1. The resulting 1124 bp amplifioatproduct, encoding the 363 carboxy-
terminal residues of the protein, was inserted héopCR-Script Amp SK(+) vector
(Stratagene) for further analyses.

2.4 Deduced protein sequence and phylogenetic anség

Hydrophobicity regions and/or potential transmembrhelices within the deduced
protein sequence of the sea bream CPT1 were cedduldth the algorithms available in the
OMIGA 2.0 software package (Accelerys). Functiamalifs were identified by a PROSITE
search Ifttp://au.expasy.org/prosjte-or phylogenetic tree construction, the aminid ac
sequences of the sea bream protein along with FIeL@Goforms from other species were
aligned using the OMIGA 2.0 software package. Anaoa sequences for pufferfish
(Tetraodon nigroviridus) and zebrafish CPT1 proteins were obtained fronegequences
predicted from Ensembl/Genbank genome databasesaligmment file was used to construct
neighboring-joining trees using the MEGARumaret al., 2000 and/or the PAUP 4b




(Swofford, 2000 software packages. The trees were tested foistobss by “bootstrapping”
through 1000 iterations.

Table 1. Primer sequences and PCR conditions foraing and expression analysis

Primer L Amplification
Pairs Gene Sequence Application Conditions
94°C-4 min [(94C-30
sec / 56C-30 sec / 7x-
CPTSF 5-GATGGCAGAGGCACATCAGG ) 1 “gi“) 10 CYC'esé
cptsr1 | CPT | 5.TGGAGCACATAGGAACGGTCC RT-PCR™ | (94°C-30 sec/ 5%-30
sec / 72C-1 min + 5 sec
/ cycle) 25 cycles] /
72°C-7 min
94°C-4 min (94C-30 sec
CPTF3'3 11 5-TGCCATTGAGTCAGCTGCCTTCTTC race | /56°C30 sec] 700
Anchor? 5'- GACCACGCGTATCGATGTCGAC sec) 35 cycles / P2-7
min
QSaCPT1BF 5-CAAGCCCCGACACAGACTCATACC ) 95 C-lgcmin (93C-30
QsacPTiBR "' | 5.CCCATTTCCCAGCTGCGTTATTTT Q-PCR i;gl é :d) -1 min) 45
5’_
QSaPPARaF CTGAATGATCAGGTGACTCTCTTGAAG
osappARaR PPAR! | 5. Q-PCR Idem
CCTGGGCGATCTCCGCAGCAGATAATG
QSaPPARDF 5-TGCGGTCAAGTTCAATGCTCT
0saPPARbR ' TAR | 5 cacTCTGCTCCACCTGCTTCA Q-PCR Idem
QSaPPARgF 5-ATGATGGCACCTCTGATGAACAA
0SaPPARGR TR | 5 TGAGATAATGACAGCCAGAAACA Q-PCR dem
QSaEF1aF 5-CATGGTTGTGGAGCCCTTCT
0saEF1ar | F 1 | 5.TCCTGCACGACCATTCATTTC Q-PCR Idem

? Reverse transcription followed by PCR

®) 5'/3' RACE kit (Roche Applied Science) Anchor pem

° Quantitative real-time PCR

9 Followed by generation of a melt curve by measufingrescence during heating from°g5
to 95C

2.5 Riboprobes and RNase protection assay

The presence of CPT1B transcripts in differenttgeam tissues was examined by the
RNase protection assay using a commercial kit (RNastection kit, Roche Applied Science).
For the CPT1 riboprobe, the 5’-end fragment of @I 1 cDNA in the PCR4-TOPOQO vector
(see above) was digested with e HI andEco RI restriction endonucleases and the
resulting 260 bp fragment (positions 1091-135thef¢dDNA) was inserted into the
corresponding sites of pBluescript Il KS (Stratag)eihe recombinant plasmid was digested
with Not | and the antisense riboprobe was synthesizedljyolymerase transcription
(Promega). The synthesis of the sea brgaatin riboprobe has been previously described



(Leaveret al., 2009. Riboprobes were labeled witt-{’P]CTP (800 Ci/mmol, Amersham
Biosciences Europe) and the RNase protection agaayerformed as previously described
(Boukouvaleaet al., 2004, Leaveet al., 2005 on 8 ug of total RNA from each tissue sample.
The protected fragments were separated on a 6%grglgmide gel containing 7M urea.
Signals were visualized by autoradiography.

2.6 Quantitative real-time PCR (Q-PCR)

Extraction of total RNA from fish tissues and fisstand cDNA synthesis were
performed as described above. The cDNA syntheaioms were diluted to 200ul in water. Q-
PCR reactions (20 pl) contained 10pul of the BrililiSYBR Green QPCR Master Mix
(Stratagene), 2 ul of cDNA, and 75 nM of each priro-template control reactions were
included for each target gene. PCR was perform@é-well plates in a Stratagene (Agilent)
Mx3000P thermocycler. The 133 bp fragment of CPTDBIA (positions 2208-2348 of cDNA,
GenBank DQ866821) was amplified with primers QSallBH and QSaCPT1BR; the 265 bp
fragment of sea bream PPARDNA (positions 1028-1293 of cDNA, GenBank AY59029
was amplified with primers QSaPPARaF and QSaPPAR®R119 bp fragment of sea bream
PPAR3 cDNA (positions 1393-1511 of cDNA, GenBank AY59Q3@vas amplified with
primers QSaPPARDF and QSaPPARDR; the 195 bp fragrhera bream PPARCDNA
(positions 1387-1582 of cDNA, GenBank AY590304) wawlified using primers
QSaPPARgF and QSaPPARgR. The relative expressiBRAR and CPT1B genes was
calculated with the “delta-delta Ct” meth{fefaffl, 2007), where elongation factor 1a (EF1a)
was used as a reference gene. The 166 bp fragrised dream EF1la cDNA (positions 1234-
1407 of cDNA, GenBank AF184170) was amplified witimers QSaEFlaF and QSaEF1l1aR.
The thermocycling program and primer sequences insthis analysis are given in Table 1. All
reactions were performed in duplicates and eacttiogawas verified to contain a single
product of the correct size by agarose gel elebtvmgsis. Amplification of the correct targets
was further confirmed by DNA sequencing. Stat@tdifferences between samples were
determined by one-way ANOVA, followed by the Tukmgst test, using the STATISTICA 7
(StatSoft) software package.

2.7 Post-prandial experiments

Fish aged 10 months and of average weight 200g\B6re kept unfed for a 24 h
period, at the end of which they were allowed &xfféo satiation. One hour after feeding five
fish were removed and tissues (heart, red mustlgewnuscle, and liver) were excised for
RNA extraction, as described above. The same puoeetas followed for fish that were
removed from the tank at 3, 5, 8, 12, 24, and &&dr feeding. The progression of food through
the digestive tract (stomach, intestine, and rertuas recorded at each sampling time point
and was used to select fish for the mRNA expressmatysis. Under the conditions of this
experiment, food evacuation started as early ap@hfeeding (presence of digested material
in the rectum) and it was completed between thar2472 h time points (digestive tract was
completely empty).

3. RESULTS

3.1 Cloning of the CPT1 cDNA and analysis of the deiced protein sequence.

The previous identification of a partial cDNA enaoglithe amino-terminus of a CPT1
protein from rainbow troutGutiereset al., 2003 demonstrated a high degree of sequence
conservation between mammalian and teleost CPBathithe nucleotide and amino acid



levels. Thus, oligonucleotide primers were designild sequences corresponding to regions of
high identity between the reported trout and mamanatDNA sequences. At the time that this
work was initiated the complete coding sequendb®trout CPT1 was not known. Therefore,
we initially performed reverse transcription coupte PCR (RT-PCR) on total RNA isolated
from sea bream red muscle with a forward primeoepgassing the presumed initiation codon
along with a reverse primer corresponding to nuides 1546-1566 of the trout cDNA.
Through this approach, a 1350 bp amplicon was éthiwhich upon sequence analysis was
found to encode the 450 amino-terminal residuehetea bream CPT1. To identify the
sequences encoding the carboxy-terminus of theipr@ gene-specific primer was designed
(nt positions 1224-1248 of the sea bream cDNA)was used in 3-RACE PCR. This
approach resulted in the amplification of an 11@4ragment that included the sequences
encoding the 367 carboxy-terminal residues of tio¢emn, as well as 16 bp of 3’-untranslated
sequence.

The complete deduced amino acid sequence of theream CPTL1 is shown in Fig. 1.
The protein contains 776 residues and exhibitsnebee sequence homology with CPT1
proteins from other species. Within this proteiypditophobicity analysis predicts the presence
of two transmembrane helices spanning residues®8r& 100-136. Further, a functional
motifs search predicts the presence of two camdiyltransferase sites within residues 171-
186 and 449-476, two potential asparagine glyctisylaites at residues 312 and 367, as well
as a potential tyrosine phosphorylation site atltess191. Most of these residues are conserved
in the proteins from other species (Fig. 1).

3.2 Phylogenetic analysis of the sea bream CPT1.

In mammals, the liver and the heart/skeletal muS&t&1 isoforms share 62% identical
residues. The alignment of Fig. 1 shows that tlagbseam CPT1 shares almost equal levels of
identity with the human liver and muscle isofori®g,and 66%, respectively, while it shares
80% identical residues with the previously repottedt protein Gutiereset al., 2003.

Although this information provides strong evideticat the sea bream protein is homologous to
that of trout, it does not allow conclusions on titeg, in either species, it represents the liver or
the muscle isoform. We addressed this questiorohgtoucting phylogenetic trees where the
sea bream protein sequence was compared with GRjlLiesces from a variety of species.
Attempts were made to include only apparent fulbté polypeptides in these comparisons and,
thus, sequences were derived initially from BLA®&rshes of GenBank against sea bream
CPT1, followed by prediction of full length sequesdromDanio rerio (zebrafish) and

Takifugu rubripes (pufferfish) genomic data. The consensus neighbgyoining tree depicted

in Fig. 2 demonstrates that the sea bream sequalioog, with the originally reported trout
sequence (GenBank:AF3270%8,tiereset al., 2003, clusters robustly with the mammalian
CPT1B sequences. Similarly, the robust bootstréyevat the node of the CPT cluster
containing human CPT1A, which includes two zebhafisquences (GenBank:AL929208 and
XM_683391), one trout sequence (GenBank:AJ6917%68),a pufferfish polypeptide derived
from genomic sequence, along with ¥anopus and chick sequences, show that fish also
possess representatives of the CPT1A family, distiom CPT1B. This tree also demonstrates
that the mammalian CPT1C isoform is distantly esdab either the A or B isoforms and forms
a distinct clade. No fish sequences were positiaviddn the CPT1C clade. It is also clear from
this phylogeny that fish possess a further CPTlilfaishown by the distinct clustering of two
genes predicted from each of the zebrafish ancedidgih genomes and a trout cDNA
(GenBank:AJ620356). There are no mammalian genissifiamily and its position in the
phylogenetic tree indicates that it may be a subjaoi CPT1A.



Sa CPT MAEAHQAVGFQFTVRPDGVDLKLSQEVI KNI YLSGVTAVKKRAI QFKNGVLAGVYPASPS 60

|
On CPT | MAEAHQAVGFQFTVTIPDA DLHLSRE. . .. ................. NG LTGVYPASPS
Hs CPT | A MAEAHQAVAFQFTVTPDG DLRLSHEALRQ YLSGLHSWKKKFI RFKNG | TGVYPASPS
Hs CPT | B MAEAHQAVAFQFTVTPDGVDFRLSREALKHVYLSG NSVKKRLI RI KNG LRGVYPGSPT
Sa CPT |  SWLI WI AMVBSLYI RVDPSLGM DAl KENLPHRDYLSA. . QTRAVLSAI LFATGAW.FL 118
Om CPT | SLLI'WI Tl M5TI YARI DPSLGM DTl KRTMSVSGYMIV. . QTQTVLSAI LESTGLW.SL
Hs CPT | A SW.| VWVGYMITMYAKI DPSLG | AKI NRTLETANCMSS. . QTKNVVSGVLFGTGLWAL
Hs CPT | B SW.WI MATVGSSFCNVDI SLGLVSCI QRCLPQGCGPYQTPQTRALLSMVAI ESTGWWTG
Sa CPT | | YLLRYTLKALLSYHGW FESHCKMSTSTKLW. SLVKMFSGRRPLLYSFQASLPRLPVPS 178
Om CPT | | LMLRYI LKALLSYHAW FESHGKI SFCTKLW.SLVKM_SGRRPLLYSFQTSLPRLPVPS

Hs CPT | A | VTMRYSLKVLLSYHGWETEHGKMSRATKI WWGWKI FSGRKPM. YSFQT SL PRLPVPA
Hs CPT | B | FFFRQTLKLLLCYHGWFEMHGKTSNLTRI WAMCI RLL SSRHPM. YSFQTSLPKLPVPR

Sa CPT | VDDTI QRYLESVRPLLDTKQYNQVEI LANDFKESKAAQLQRYLI LKSWAATNYVSDWAEE 238
Om CPT | VDDTI TRYLESVRPL L DDEQYNQVEVVANDFKKDQAPKLQKYL | LKSWAATNYVSDWAEE
Hs CPT | A VKDTVNRYLQSVRPL MKEEDFKRMIALAQDFAVGL GPRL QAYL KL KSWAATNYVSDWAEE
Hs CPT | B VSATI QRYLESVRPLLDDEEYYRVELLAKEFQDKTAPRL QKYL VLKSWAASNYVSDWAEE

Sa CPT | Yl YLRSRSPI MVNSNFYI MDLLYMIPTHRQAARAGNVVHAML QYRRKLERGEHAPLRALG 298
Om CPT | YFYLRGRSPI MVNSNFYSMDLL YVTPTHRQAARAGNVVHAM. QYRRKL ERGEHAPL RALG
Hs CPT | A Yl YLRGRGPLMVNSNYYAMDLLYI LPTHI QAARAGNAI HAI LLYRRKLDREE! KPI RLLG
Hs CPT | B Yl YLRGRSPLMVNSNYYVMVDLVLI KNTDVQAARLGNI | HAM MYRRKLDREEI KPVVALG

Sa CPT | . TVPMCSTQVERVENTTRI PG ETDVVQHL TDRKHL LVYHKGRFFQUWILYTGGRHLLPGE 357
Om CPT | . WPMCSYQVERVENTTRI PG ETDFVQHL SDRKHL VVYHKGCFFKVWL Y YGGRHLWPSE
Hs CPT | A STI PLCSAQAERVFNTSRI PGEETDTI QHVRDSKHI VWYHRGRYFKVW\L YHDGRL LKPRE
Hs CPT I B .| VPMCSYQVERVENTTRI PGKDTDVL QHL SDSRHVAVYHKGRFFKLW. YEGARL LKPQD
Sa CPT | LETQFQRI LNDTSEPQPGELKLAALTAGSRVPVARARI KYFGQGVNKASLDAI ESAAFFL 417
Om CPT | LETQFQRI LDDTTKPQPGEL KLAAHTAGKRVPWARARL KYFSQGVNKASLEAI ETSAFFL
Hs CPT | A MEQQMQRI LDNTSEPQPGEARLAAL TAGDRVPWARCRQAYFGRGKNKQSL DAVEKAAFFY
Hs CPT | B LEMQFQRI LDDPSPPQPGEEKLAAL TAGGRVEWAQARQAFFSSGKNKAAL EAl ERAAFFV

Sa CPT | TLDDEPQGYDP. AKTRSLDSYAKSL L HGKCYDRWFDKSFENLI SYPNGKMGI NAEHSWADA 476
On CPT |  SLDDEAHGYDP. DKLRSLDL YAKSL L HGKCYDRWFDKSFTLI AYKNGKL GVNAEHSWADA
Hs CPT | A TLDETEEGYRSEDPDTSMDSYAKSL L HGRCYDRWFDKSFTFVVFKNGKMGL NAEHSWADA
Hs CPT | B ALDEESYSYDPED. EASLSLYGKALLHGNCYNRWFDKSFTLI SFKNGQLGLNAEHAWADA

Sa CPT | Pl VGAIMWEYVLATDCFHLGYTEEGHCKGDVNKGLPCPSRLQM) PAECQEAI EKSYLSGK 536
On CPT | Pl I GAIMAEYVLATDCFLLGYTEEGHCKGDI NKGLPLPTKLQWDI PLECQEVI EESYMVAK
Hs CPT | A Q VAHLMEYVMSI DSLQLGYAEDGHCKGDI NPNI PYPTRLOADI PGECQEVI ETSLNTAN
Hs CPT I B Pl | GHLMEFVLGIDSFHLGYTETGHCL GKPNPALAPPTRLOADI PKQCQAVI ESSYQVAK
Sa CPT | Q ADDVDFHGCLFTEFCGKGLI KKCRTSPDAFI QLALQLAQFRDQGVFCLTYESSMIRMFR 596
On CPT | VI ADDVDFHGCLFDEFGKG.I KKSRTSPDAFI QLAL QL AQFRDKCEFCL TYEASMIRVER
Hs CPT | A LLANDVDFHSFPFVAFGKG | KKCRTSPDTFVQLAL QL AHYKDMGKFCLTYEASMIRLFR
Hs CPT | B ALADDVELYCFQFLPFGKCLI KKCRTSPDAFVQ ALQLAHFRDRGKFCLTYEASMIRMVER
Sa CPT | DCRTETVRSCTSEAEAFVRAVEDAGATKAQRLAL FRKAADKHONMYRLAMIGSG DRHLE 656
On CPT |  EGRTETVRSCTSESTAFVRAMEDKNTASAQKL DL FRKAADKHONMYRLAMIGSG DRHLF
Hs CPT | A EGRTETVRSCI TESCDFVRAMVDPAQTVEQRL KL FKLASEKHOHMYRLAMIGSG DRHLF
Hs CPT | B EGRTETVRSCTSESTAFVQAMVEGSHTKADL RDL FOKAAKKHONMYRLAMIGAG DRHLF

Sa CPT |  CLYI VSKYLGVDSPFLKKVLSEPWKLSTSQTPQQQLNLVDI NKFPKYVGAGGGFGPVADD 716
On CPT | CLYI MSKYLSI HSPFLKQVLSEPWRL STSOTPQQQL NMVDI KKFPRYVGAGGGFGPVADD
Hs CPT | A CLYVVSKYLAVESPFLKEVLSEPWRLSTSQTPQQQVEL FDL ENNPEYVSSGGG-GPVADD
Hs CPT | B CLYLVSKYLGVSSPFLAEVLSEPWRLSTSQ PQSQ RVFDPEQHPNHL GAGGG-GPVADD

Sa CPT | GYGVSYI | VGENLI TFHI SCKFSSPDTDSYRFGCQH WKAWDI QALFKPENNKKI VEHAK 776
On CPT | GYGVSYI || GENLI TFHI SSKFSSPETDSYRFGONI RQAMLDI RAL FDQKDKKEM

Hs CPT | A GYGVSYI LVGENLI NFHI SSKFSCPETDSHRFGRHLKEAMIDI | TLEGLSSNSKK

Hs CPT | B GYGVSYM AGENTI FFHI SSKFSSSETNAQRFGNHI RKALLDI ADLFQVPKAYS

Fig. 1. Alignment of the deduced amino acid sequence ®ista bream (Sa) and trout (Om) CPT1 (GenBank
:AF327058) with those of the human (Hs) liver (I3¢nBank:L39211) and muscle (1B, GenBank:NM_004377)
CPT1 isoforms. Residues identical in at least thfébeosequences are shaded. Numbering on theaighé
sequence corresponds to the sea bream residues.
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Fig. 2. Neighboring-joining tree (P-distance) for the pintsequence of CPT1 from sea bream and other vatteb
species. The tree was rooted to the human CPT2 (G&r®d_000098) protein sequence. Where available,
GenBank accession numbers for the non-human secgiased to construct the tree are given followirggsecies
common name. Pufferfish (Puffer) sequences and getmafish sequences were derived by homology Isesuaf
the respective genomes (ENSEMBAnio rerio Zv6; Takafugu rubripes FUGUA4.0; www.ensembl.org/) against the
sea bream CPT1 using TBLASTN. Proteins encoded tasaregenomic sequence with high homology to searbr
CPT1 were then derived using Wise2 (www.ebi.ac.ukA®j. CHR or SCAF indicates the zebrafish chromosome
number or pufferfish genomic scaffold for sequertesved this way. Distinct clades of the treesrewn to
indicate the clustering of non-human sequencesaiftter human CPT1A (GenBank:L39211), CPT1B
(GenBank:NM_004377) or to show a fish-specific clé@tis-rel). Values at branch-points represent percentage
frequencies for tree topology after 1000 iterations

3.3 Tissue mRNA expression of the sea bream CPT1.

In order to examine the tissue MRNA expressiotefsea bream CPT1 we initially
performed the RNase protection assay on total Ridhaied from a variety of sea bream
tissues.As shown in Figure 3A, the CPT1 transcapésabundant in the red and white muscle
tissues, as well as in the heart of sea breamCHIEL mRNA was also detected, albeit at lower
level, in the fish brain. Weak CPT1 signals, atliimét of detection of the method, were
observed in tissues such as kidney and liver, widleignal was detected in spleen, intestine,
gills, and adipose tissue. Quantitative real-t{{QePCR) confirmed the results of RNase
protection, with the mRNA expression of CPT1 benngh in skeletal and cardiac muscle and
low or very low in all other tissues tested (Fi§).3Thus, in accordance with the phylogenetic



analysis the tissue mMRNA expression analysis stgtjest the identified sea bream cDNA
encodes for a muscle-specific CPT1 isoform (CPT1B).
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Figure 3. CPT1B mRNA expression in the tissues of sea brédarRNase protection analysis in the liver (L), kidney
(K), intestine (1), gills (G), heart (H), spleen)(®hite muscle (W), red muscle (R), brain (B), angsanteral adipose
(A). Each lane contains the RNase-protected fragsrfenitn 8ug of total RNA from each tissue incubated with 3
fmoles of the radiolabeled CPT1B afwdctin riboprobes. A 1/8 fraction (ig) of the input total RNA used in the
RNase protection assay is also shown and the nimeamal RNAs (28 and 18S) are indica@dQuantitative real
time-PCR (Q-PCR) analysis for the expression of CPT1&UES are as in panel A. Data represent the me@B)

of independent experiments on tissues of at lbasétdifferent fish. Values, normalized to the eggion of the

EFla gene, are relative to the expression of CHm1Be heart (H) of sea bream, which was arbilyasdt as one
(H=1).

3.4 CPT1B mRNA expression is regulated by the feadj status.

To examine the possibility that CPT1 expressicalss feeding status-dependent and
PPAR-mediated in sea bream, we monitored the mRipession of CPT1 and of the three
PPAR isotypes in muscle, heart, and liver tissuepd@s obtained at different time points
following the feeding of fish. CPT1 mRNA expressiwas high in red muscle at 1 h post-
feeding and dropped significantly at 5 and 8 hist{ieeding (Fig. 4). At 12 h post-feeding,
CPT1 mRNA expression increased and reached ifetrals at the 72 h time point. In this
tissue, PPAR mRNA expression was significantly increased atgost-feeding but decreased
at later time points (Fig. 4). Red muscle PRAtRd PPAR mRNA expression was not affected
during the course of the experiment, with the ekoepof a significant increase in PPAR
transcript level at 72 h post-feeding (Fig. 4).

In white muscle, CPT1 mRNA expression decreasedugily during the first 12 h
post-feeding. At later time points, the expresgibthis gene increased significantly exceeding
the 1 h value at the 72 h time point (Fig. 4).His tissue, PPARMRNA expression was
extremely low as compared to that of the CPT1Bdafrttle other two PPAR isotypes and



exhibited a decreasing trend through the courskeoéxperiment (Fig. 4). At 1 hr post feeding
PPARB was the most highly expressed gene, among thestodred, in the white muscle of sea
bream. Similar to CPT1B, its expression decreaseihgl the first 12 h post feeding but
increased significantly at the 24 and 72 h timentso{Fig. 4). White muscle PPARNRNA
expression did not vary significantly during theucse of the experiment, with the exception of
elevated transcript levels observed at the 12 & point (Fig. 4).

As was the case in red muscle, CPT1B mRNA in searbtheart was also relatively
highly expressed and exhibited a similar trencegponse to short-term fasting, i.e. its
expression was decreased during the first 12 Hterdgradually increased to equal or higher
values of the initial time point (Fig. 4). Heart AR mRNA expression decreased significantly
at 12 and 24 h, as compared to its levels at @& .8 h following feeding (Fig. 4). No
significant changes in PPARexpression were observed in the sea bream haangdbe
course of the experiment, while the expressionFRARY, albeit at relatively low levels,
exhibited a significant increasing trend after 8ie time point (Fig. 4). Finally, expression of
CPT1B in the liver was very low during the first A®ost-feeding but increased significantly at
the 24 and 72 h time points (5 and 10 fold, respelg). PPAR/ expression followed an
opposite trend, with increased values during tfet fiours and decreased expression at later
times (Fig. 4).

From the above it is evident that the expressiomXBPand of the three PPAR isotypes
Is significantly regulated at the gene level in tissues of sea bream in response to feeding and
fasting. Furthermore, our results demonstratettieat is a positive and highly significant
correlation between the expression of CPT1B andRPHA the white muscle (0.93p,<
0.005) and liver (0.91% < 0.005) of sea bream. In contrast, the expregsattern of either
PPARx or PPAR does not appear to follow the trend of CPT1B in afithe tissues tested
(correlation coefficient<0.7, p>0.05, Supplementaaple 1).

4. DISCUSSION

In this report, we have identified and chracteriaatDNA from the muscle tissue of sea
bream that encodes a protein with significant sirity to CPT1 proteins from mammalian and
fish species. In contrast to the trout protein, ielee21 residue deletion has been observed at its
amino-terminal regionGutiereset al., 2003, the sea bream protein aligns perfectly with the
mammalian sequences in the corresponding regiams, the residues of the amino-terminal
region established to be important for malonyl-G@hsitivity in the liver (CPT1A) and muscle
(CPT1B) isoforms of mammalian CPT3Hjiet al., 1999, Shet al., 2000 are conserved in the
sea bream protein. Furthermore, the N-terminal doifnasidues 1-150) of mammalian CPT1
has been implicated in the insertion of the proteithe outer mitochondrial membrar@ohen
et al., 1999. The high identity between the sea bream and na&immsequences in this region
suggests that the elements responsible for memimaerion are also conserved in the sea
bream CPT1. In support of this, Von Heijne hydrdghbity analysis {on Heijne, 1992
predicts the presence of two transmembrane haljgasning residues 50-80 and 100-136 in the
sea bream sequence in good agreement with thecfgediocation of the transmembrane helices
in the trout proteinGutiereset al., 2003.
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Of the functional motifs identified in the sea breprotein, both of the predicted
carnitine acyltransferase sites (within residues-186 and 449-476, see also Fig. 1) are also
found in corresponding positions in the mammalieerland muscle isoforms. In contrast, from
the two potential asparagine glycosylation sitegsitlues 312 and 367, only the first is
conserved in the protein from other species. Istergly, the potential tyrosine phosphorylation
site at residue 191 is conserved only in the mamam&PT1B. This site is also present in the
originally reported trout protein (Gutiéres et aD03). Importantly, all of the above residues are
located on the part of the protein exposed to yesol, according to the topology suggested for
the mammalian CPT1 (Fraser et al., 1997).

In mammalian CPT1, extensive mutagenesis studies idantified a number of
residues in the C-terminal domain of the proteat tire important for malonyl-CoA sensitivity
and catalytic activity. Thus, in the rat liver enay, residues Glu-590, Arg-601, Glu-603, and
Arg-606 are involved both in catalysis and maloBglA sensitivity as mutations on these sites
affect both propertiesi(eberet al., 2003, Napaét al., 2003. The above residues are conserved
in the sea bream CPT1 (Glu-588, Arg-599, Glu-60t, Arg-604, respectively in Fig. 1),
suggesting a common function in the propertiehefdrotein. Furthermore, the residues
proposed to form the catalytic triad of the mamaralinuscle CPT1 isoform (CPT1B), i.e. Cys-
305, Asp-454, His-473(u et al., 2009, are also conserved in the sea bream enzyme3@3;s-
Asp-453, His 471, respectively in Fig. 1).

Very few previous reports have addressed CPT1 gariesh species, despite their
potential importance in determining utilisationlipid in aquaculture diets. In an early study of
a trout CPT1 cDNA it was suggested that a singl@Cgfene is present in trout, due to the
ubiquitous presence of its transcripts in the gssof the fish (Gutiéres et al., 2003). However,
more recent evidence, including the catalytic exatidn of CPT1 activity in trout tissues, has
indicated the presence of multiple CPT1 proteinsrédh et al., 2008). The sequence data
available now supports the presence of multiple C&dnes in trout and several other studies
have reported the measurement of various trout GRRIAs (Kolditz et al., 2008; Lansard et
al., 2009; Morash et al., 2009; Plagnes-Juan €2@0D8; Polakof et al., 2010). The inclusion in
the phylogenetic analysis performed in the presemk of all know trout sequences, along with
CPT1-like sequences from pufferfish and zebrassiggests that the sea bream protein is more
closely related to the mammalian muscle CPT1 isof@PT1B. Furthermore, it reveals the
potential complexity of the CPT1 system in fish iethit may be even more accentuated in
species such as trout with a recently duplicatewige (Allendorf and Thorgaard, 1984). Thus
we show that fish species possess multiple CPTégyéncluding a homlogue of mammalian
CPT1B and up to four genes similar to mammalian R Moreover, we show that two of the
four known rainbow trout genes (GenBank: AF327088 AJ606076, termed CPT1A and
CPTL1B, respectively in Kolditz et al., 2008) aleely to be duplicated CPT1B genes. In
zebrafish at least two distinct genes appear todeach for a CPT1A-like isoform. In
addition, zebrafish, pufferfish, and trout harbwutheir genomes genes encoding a family of
CPTL1 proteins (CPT1A-rel in Fig. 2) that are distiftom the three known mammalian CPT1
isoforms. The complexity of the system increasestatrally if one considers the possibility of
different splice variants of the above mRNAs arglrthorresponding proteins with potentially
distinct functional roles and/or cellular targetimg has been previously suggested (Yu et al.,
1998b; Van der Leij et al., 2002).

In accordance with the phylogenetic analysis, igge mMRNA expression results
indicate that the identified sea bream CPT1 is@medantly expressed in the muscle and heart
tissues of sea bream with little or no expressiotihé other tissues tested. These results are very
similar to those reported for the mRNA expressiba ttout CPT1 (Morash et al., 2008).



Therefore, we conclude that the identified cONAaes for a muscle-specific isoform of
CPT1 and is therefore orthologous to the mammaliam1B.

We have also demonstrated that the expressiorecfeth bream CPT1B isoform is
regulated at the gene level according to feediatyist In general, our observations suggest that
feeding results in a rapid post-prandial decreagxpression of CPT1B in white and red
muscle and heart, followed by a return to pre-piarevels at or after 24 h post-feeding. This
pattern of expression/activity of CPT1B mRNA isdlik to reflect the enzyme concentration
required by the tissue to meet its energy needss,[8ynthesis of new enzyme/increased
activity 24 hours after last feeding appears todggiired when the substrates, i.e. fatty acyl-
CoAs, are not available from dietary sources beitt@rived from the mobilization of the fat
reserves of the fish. This mobilization is relatedhe large increase of CPT1B mRNA in liver
after 24 h, reflecting the role of this tissue mardinating the response to fasting. Measurement
of a trout CPT1B-like mRNA (GenBank: AF606076) slealxa decrease in hepatic expression
following refeeding after 5 days fasting (Lansar@dle2010), and this CPT1B-like and another
closely related trout CPT1B- like mRNA (GenBank:32+7058) were both reduced after insulin
treatment of fish which were not fed for 48 hoursvously (Plagnes-Juan, et al., 2008). These
effects are generally in agreement with our regaltsea bream, and indicate that fish hepatic
CPT1B is increased as food supply is reduced, anctdsed post-prandially. These dwon-
regulating effects may be mediated by rises inlinsiaused by feeding. Down-regulation of
CPT1B-like mRNA in trout muscle after chronic ougeinsulin treatment has also been
recently demonstrated (Polakof et al., 2010).

Although insulin is a clear candidate for mediatinguced CPT1B expression, PPARs
have been shown to up-regulate CPT1 gene exprassimammalsBaldanet al., 2004, Gilde
et al., 2003, Mescarét al., 1999. The parallel examination of the expression efttiree
PPAR isotypes in this post-prandial experiment aae a positive and strong correlation
between the expression pattern of CPT1B and theP&fR3 in the white muscle and also the
liver of sea bream. Thus, in liver the mRNA expies®f PPAR] was as previously reported
(Leaveret al., 2005; Diaz et al., 200yi.e. its expression decreased during the fitgts5post
feeding, then gradually increased to reach or sgrgiee initial values at the 24 and 72 h time
points. The same pattern was also observed for BPAtRe sea bream white muscle,
following closely the expression of CPT1B. In cast; the expression pattern of CPT1B was
not related to that of either PPARr PPAR in any of the sea bream tissues tested. These
results suggest that PPARbut not PPAR or PPAR;, is involved in the regulation of
expression of CPT1B in sea bream tissues in respgorfeeding and fasting. Relevant to this,
PPAR3 has been shown to up-regulate lipid oxidatiohamuscle of fasting mammals, a
process that also involves the increased expres$iGRPT1B(de Langest al., 2009.

To our knowledge, this is the first report that mi@es the post-prandial CPT1 mRNA
expression in a fish species in a timedependenharaand it complements our previous
observations on the post-prandial expression oftttee PPAR isotypes in sea bream (Leaver et
al., 2005; Diez et al., 2007). Most studies onrttiRNA expression and/or activity of CPT1
isoforms in fish concern the response to eithemadyeor hormonal treatments (Kolditz et al.,
2008; Lansard et al., 2009; Leaver et al., 2006rado et al., 2009; Plagnes-Juan et al., 2008;
Polakof et al., 2010). In the few studies wheredkgression of PPAR isotypeswas studied in
parallel to that of CPT1, no clear association leetwthe expression of the CPT1 and PPAR
genes was observed (Kolditz et al., 2008; Leavat.e2006; Morash et al., 2009).

Clearly, mRNA expression data alone are not sufficto indicate changes in CPT1
catalytic activity or to exclude the involvementRPARx and/or PPAR in the regulation of
this gene in the tissues of sea bream. Enhancamespression of PPAR isotype expression is



not a necessary prerequisite for correspondingcitimhu'repression of their target genes. The
transcriptional activity of these receptors is asbject to the tissue-specific availability of
coactivators or corepressors and on phosphorylatate Desvergne and Wahli, 1999, Xt

al., 1999. Definite conclusions concerning the involvemehparticular, if any, PPAR isotypes
in the transcriptional regulation and activity dPTCl in sea bream, or other fish speciesmust
await the characterization of other identified CRjEhes, the promoter structures of thesegenes
and the catalytic activities of their products
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