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ABSTRACT

The multigene family of intracellular lipid-binding proteins (iLBP) comprises at
least sixteen members that include ten different fatty acid-binding proteins (FABP), four
cellular retinol-binding proteins (CRBP) and two cellular retinoic acid-binding proteins
(CRABP). All the members of this multigene family are believed to have originated
from a single ancestral gene as a result of duplication events. Although the iLBP genes
have been intensively investigated in mammals, the physiological functions of their
products still remains to be clearly defined and the mechanism of their evolution remains
a mystery. I have characterized four members of the iLBP multigene family namely, the
intestinal fatty acid-binding protein (I-FABP), basic liver-FABP (Lb-FABP), liver-FABP
(L-FABP) and cellular retinoic acid-binding protein II (CRABPII) in zebrafish. The I-
FABP, Lb-FABP and CRABPII genes consist of four exons-three introns, similar to that
of mammalian iLBPs. The zebrafish L-FABP gene structure is composed of five exons-
four introns owing to insertion of an intron in the 5’ UTR. All four genes were mapped to
zebrafish linkage groups (LG) by radiation hybrid mapping. The I-FABP gene was
mapped to LG 1, the Lb-FABP and CRABPII genes to LG 16 and the L-FABP gene to
LG 5. Comparative genomic analysis revealed that zebrafish LG 1 has syntenic
relationship to human chromosome 4, zebrafish LG 16 to human chromosome 1 and
zebrafish LG 5 to human chromosome 2. The dispersal of the iLBP multigene family
members in the zebrafish and the human genome suggests that tandem duplication did
not play a major role in evolution of the iLBP multigene family. The pattern of
expression of the iLBP genes seems to have diverged as compared to their mammalian
orthologs. Whole mount in sifu hybridization detected I-FABP mRNA in the embryonic
zebrafish liver, pancreas and intestine. In adult zebrafish, [-FABP mRNA was detected
in the intestine, liver, brain, muscle and testes by RT-PCR analysis. The Lb-FABP
mRNA was detected only in the embryonic zebrafish liver but in the adult zebrafish, Lb-
FABP mRNA expression was also found in the testes and intestine. The zebrafish L-
FABP transcript was not detected during embryonic development and in the adult
zebrafish L-FABP mRNA expression was restricted to the intestine. The zebrafish
CRABPII mRNA was widely distributed during embryonic development and in adult
tissues. The finned-fish lineage is believed to have undergone a whole genome
duplication after divergence from the lobe finned-fish lineage. Therefore, zebrafish may
have two genes for each of the mammalian orthologs. Database searches at the National
Centre for Biotechnology Information and Wellcome Trust Sanger Institute identified
putative duplicated copies of L-FABP (L-FABPDb) and CRABPI (CRABPIIb) but not of
I-FABP or Lb-FABP genes. Preliminary mRNA expression analysis suggests that
subfunctionalization may be responsible for the retention of the duplicated genes in the
zebrafish genome.

Xiv
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Chapter 1:  General Introduction
1.1 Imtracellular lipid-binding proteins

Long-chain fatty acids and retinoic acid contribute to a variety of biological
processes. Long-chain fatty acids serve as metabolic energy sources, are constituents of
biological membranes, play essential roles in certain signal transduction pathways and are
thought to mediate gene expression (reviewed in McArthur ef al., 1999). Retinoic acid is
important for normal vertebrate development, cell growth and differentiation (reviewed
in Lohnes ef al., 1992; Lampron et al., 1995). The intracellular transport of the highly
hydrophobic fatty acids and retinoic acid is facilitated by a group of low molecular mass
(~15 kDa) proteins encoded by a multigene family of fatty acid (FABP), retinol (CRBP)
and retinoic acid (CRABP) binding proteins, collectively referred to as intracellular lipid-
binding proteins (iLBP) (Schaap et al., 2002).

At least sixteen members of the iLBP multigene family, believed to have formed
from a single ancestral gene by multiple duplication events (Schleicher ez al., 1995),
have been described (Schaap et al., 2002). Schaap and co-workers (2002) estimated that
the first iLBP gene duplication occurred approximately 930 million years ago (mya).
Subsequent duplications gave rise to the sixteen distinct iLBP genes currently described.
The liver, intestinal, ileal clade of FABPs emerged from the brain, heart, myelin P2
FABP lineage approximately 700 mya. The CRBPs and CRABPs appear to have
diverged from the liver/intestinal FABP clade approximately 500 mya (reviewed in
Stewart, 2000). In humans, most iLBP genes are dispersed on different chromosomes.
Only the genes encoding adipocyte-FABP, myelin P2 FABP, testicular lipid-binding

protein (TLBP), and epidermal-FABP located on chromosome 8 (Schaap et al., 2002;



Zimmerman and Veerkamp, 2002) and CRBP I and CRBPII located on chromosome 3
are tightly linked. These two groups of iLBP genes may have arisen by tandem
duplication events (Schaap et al., 2002).

The genomic organization of the iLBP genes has been highly conserved over
hundreds of millions of years. Each iLBP gene contains four exons interrupted by three
introns (Bernlohr et al., 1997). The exceptions to this genomic organization are the
desert locust muscle-type FABP gene and a putative muscle-type FABP gene from
Drosophila, both of which lack intron 2 (Wu et al., 2001).

The proteins encoded by the iLBP multigene family are all small, ranging in size
from 127 to 142 amino acid residues (Zimmerman and Veerkamp, 2002; Sharma et al.,
2003). The amino acid sequence similarities between iLBPs vary from 20-70% but,
based on x-ray crystallography and protein modelling studies, all iLBPs have a similar

tertiary structure. The tertiary structure of iLBPs consists of two short o-helices and ten

antiparallel B-strands. The B-strands are organized into two orthogonal B-sheets, giving
the protein an overall shape of a clam shell (Bernlohr er al., 1997). The hydrophobic
ligand is bound within the cavity of the clam shell-like structure.

Different iLBPs exhibit distinct ligand binding preferences. For example, brain-
FABP (B-FABP) binds docosahexaenoic acid (DHA) with higher affinity than other fatty
acids (Xu et al., 1996). Liver-FABP (L-FABP) binds a broad range of ligands including
heme, steroids, acyl CoA, leukotrienes, peroxisome proliferators, prostaglandins, and
long-chain fatty acids (Raza ef al., 1989; Sorof, 1994; Miller and Cistola, 1993; Richieri
et al., 1994) and can bind two ligands at the same time (Thompson ef al., 1997b;

Haunerland ef al., 1984). CRABP type I and II only bind all-trans-retinoic acid (Ong and



Chytil, 1978; Kleywegt et al., 1994), and CRBP type I and 11 bind all-trans-retinol or
retinal (Levin ef al., 1988; Inagami and Ong, 1992). It has been suggested that the
ancestral iLBP gene encoded a universal hydrophobic ligand-binding protein that
acquired specialized binding affinity during evolution (Schaap et al., 2002).

Some iLBPs are expressed in only one tissue while others are expressed in several
tissues. Adipocyte-FABP is expressed only in adipose tiésue, TLBP is expressed only in
testis, L-FABP is expressed in liver, intestine and kidney and the heart-FABP (H-FABP)
is expressed in heart, skeletal muscle, brain, kidney, stomach, mammary gland, lung,
placenta and ovary (reviewed in Glatz and van der Vusse, 1996; Hertzel and Bernlohr,
2000). The iLBP family members differ with respect to transcriptional regulation and
ligand binding preference, suggesting that individual iLBPs have distinct functions.

Despite more than thirty years of research, the precise biological functions of
these proteins remains uncertain. Proposed generic functions for FABPs can be
summarised as follows: regulation of fatty acid metabolism by transporting long-chain
fatty acids through the aqueous cytoplasm to the sites of B-oxidation or triglyceride
synthesis, modulation of activity of enzymes involved in fatty acid metabolism,
protection of enzymes and membranes from detrimental effects of excess fatty acids, and
regulation of the expression of fatty acid-responsive genes (Borchers and Spener, 1994;
Coe and Bernlohr, 1998; Hertzel and Bernlohr, 2000; Storch and Thumser, 2000;
Besnard et al., 2002). The functions proposed for CRBPs and CRABPs include transport
of retinol/retinoic acid within the cell and to the nucleus, delivery of retinoic acid to the
appropriate nuclear receptor, involvement in retinoic acid metabolism and retinol

esterification (Wolf, 1991, Fiorella and Napoli, 1991, Ghyselinck et al., 1999).



Most of the work describing iLBP structure and function has been performed on
mammalian iLBPs. Few studies have investigated iLBPs in fishes, a large and
evolutionary diverse group of vertebrates. The present study was focused on
characterization of iLBPs in zebrafish, a model system for vertebrate genetics and
development. Studies of zebrafish iLBPs will provide comparative data between the
mammalian (rodent and human) and non-mammalian iLBP homologs and may shed light

on the function of iLBPs. These studies will also provide important clues for

| understanding the evolution of the iLBP multigene family and may enrich our
understanding of the fundamental processes for the genesis and fate of multigene families
that are believed to be the result of duplication events during vertebrate evolution.

In this thesis, I summarize my work on the intestinal fatty-acid binding protein (I-
FABP or fabp2), basic liver fatty acid-binding protein (Lb-FABP or fabp 10), liver fatty
acid-binding protein (L-FABP or fabp) and the cellular retinoic acid-binding protein
type II (CRABPII or crabp2) genes in zebrafish. The determination of developmental
and tissue-specific expression patterns, exon/intron organization, 5' upstream sequence,
transcription start sites, potential cis-regulatory elements and the linkage analysis of these

iLBP genes was performed in zebrafish to gain insight into the evolution of the multigene

family of iLBPs.



Chapter 2:  Sequence, expression and linkage mapping of the intestinal-type fatty

acid-binding protein gene from zebrafish (Danio rerio).
2.1  Introduction

The intestinal fatty acid-binding protein (I-FABP) was first isolated from the
intestinal mucosa (Ockner et al., 1972) and its expression was thought to be restricted to
the intestine and stomach in mammals (Veerkamp and Maatman, 1995). It has been
proposed that I-FABP is involved in uptake of dietary fatty acids (Levy et al., 2001) and
intracellular fatty acid transport (Baier et al, 1996). An alanine-to-threonine
polymorphism of codon 54 (A54T) initially found in the I-FABP/FABP2 gene of Pima
Indians was linked to a predisposition to type 2 diabetes (Tataranni et al., 1996). The
mutated threonine®* I-FABP has two-fold greater affinity for long-chain fatty acids than
the alanine™* I-FABP (Baier ef al., 1996). The A54T polymorphism is associated with a
high plasma triglyceride level, insulin resistance (Baier ef al., 1996), and an increase in
the body mass index (Hegele et al., 1996), but not diabetes mellitus in Japanese men
(Yamada et al., 1997), aboriginal Canadians (Hegele er al., 1996) and the Guadeloupe
Indian population (Boullu-Sanchis et al., 1999). I-FABP gene knockout experiments
showed that I-FABP deficiency does not decrease the capacity of mice to absorb dietary
fat (Vassileva et al., 2000). André ef al. (2000) correlated the expression of I-FABP in
the intestine to the intracellular storage of lipid droplets and synthesis of very low-
density lipoproteins in zebrafish larvae. Although the I-FABP gene has been intensively
investigated, its physiological function remains to be clearly defined.

In this study, I present the exon/intron structure, linkage analysis, 5’ upstream

sequence, transcription start site and the potential cis-regulatory elements of the zebrafish



I-FABP (fabp2) gene. The mRNA expression in a number of adult zebrafish tissues
using RT-PCR and quantification of [-FABP specific message using quantitative RT-
PCR is presented. Onset of I-FABP gene expression during zebrafish embryogenesis is
analyzed by both RT-PCR and whole-mount in situ hybridization.

2.2 Materials and methods

2.2.1  Fish Stocks

Zebrafish (Darnio rerio) were purchased from a local aquarium store and
maintained at 28.5 °C in 35 litre aquaria. Fish were fed with dry fish feed, TetraMin
Flakes (TetraWerke, Melle, Germany) in the morning and hatched brine shrimp (4rtemia
cysts from INVE, Grantsvillle, UT, USA) in the afternoon. Fish were maintained on a 14
h light and 10 h dark cycle. Fish Breeding and embryo manipulation were conducted

according to Westerfield (1995).

2.2.2 Sequence of the [-FABP gene

The sequence of a zebrafish I-FABP ¢cDNA (Pierce et al., 2000) was used to
search the zebrafish genome sequence database at The Wellcome Trust Sanger Institute
(http://www.ensembl.org/Danio_rerio/). Traces containing different exons and introns of
the zebrafish I-FABP gene were retrieved and extended using overlapping traces. The
complete sequence of intron 2, not present in the zebrafish genome sequence database,
was amplified by PCR with a sense primer specific to exon 2 (5 CACCTTTGACTATT
CTCTGGCA 3’°; nt 311 to 332, Fig. 1) and an antisense primer specific to exon 3 (5' CA
CCATTAACGATAGTCCTGAC 3'; nt 2598 to 2577, Fig. 1) of the zebrafish I-FABP

gene. The PCR product was size fractionated by 1% agarose gel-electrophoresis and the



single band was excised from the gel. The excised band was purified using QIAquick
Gel Extraction kit (QIAGEN Inc.), cloned into the plasmid vector using TOPO®XL PCR
Cloning Kit (Invitrogen Corporation) and sequenced. The sequencing was performed

using LI-COR® 4000 sequencer at National Research Centre, Halifax, Canada.

2.2.3 1-FABP promoter cloning

To clone the core promoter and the 5’ upstream sequence of the zebrafish I-FABP
gene, linker-mediated polymerase chain reaction (LM-PCR) was employed. Genomic
DNA was isolated from adult zebrafish and purified according to standard protocols
(Sambrook et al., 1989). Two pg samples of genomic DNA were digested separately
with the restriction enzymes, Bg/ Il and Eco RI, and T4 DNA ligase (Promega) was used
to ligate 0.5 pg Bgl 11 digested genomic DNA to the double-standard DNA linker,

5" GTACATATTGTCGTTAGAACGCGTAATACGACTCACTATAGGGA 3’
3" CATGTATAACAGCAATCTTGCGCATTATGCTGAGTGATATCCCTCTAG 5/,

and 0.5 pg of Eco RI digested genomic DNA to the double-standard DNA linker,

5" GTACATATTGTCGTTAGAACGCGTAATACGACTCACTATAGGGAGAG 3’
3" CATGTATAACAGCAATCTTGCGCATTATGCTGAGTGATATCCCTCTCTTAA 5'.

Following ethanol precipitation, the DNA was re-suspended in 15 pL of sterile, double
distilled water. Two partially overlapping sense primers (Cy, C,) were synthesized based
on the linker sequence (C;: 5" GTACATATTGTCGTTAGAACGCGTAATACGAC
TCA 3", Cy: 5" CGTTAGAACGCGTAATACGACTCACTATAGGGAGA 3"). The first
round of PCR was performed using primer C; and an external [-FABP gene-specific
antisense primer (5’ CTTCTCGTAGTTCTCATTGCGG 3'; nucleotides 84 to 63,

GenBank accession number AY266452) that would anneal to a sequence within the first



exon of the zebrafish I-FABP gene. The 50 pL reaction contained 1xPCR buffer, 1.25 U
of Tag DNA polymerase (MBI Fermentas), 1.5 mM MgCl,, 0.2 mM of each dNTP, 0.2
uM of each primer and 1 pL of linker-ligated genomic DNA. Following an initial
denaturation at 94°C for 2 min, the reaction was subjected to 35 cycles of amplification at
94°C for 30s, 63°C for 40s, and 72°C for 2.5 min, and a final extension for 5 min. One
pL of the primary PCR product was used as template for a second round of PCR (nested
PCR) with primers C, and an internal [-FABP gene-specific antisense primer (5’
CCAGGTCCCGTTGAAGGTCA 3'; nucleotides 54 to 35, GenBank accession number
AY266452). The conditions for the secondary PCR were similar to those of the primary
PCR with the exception that the reaction was subjected to 24 cycles of amplification.

The product from the secondary PCR was size fractionated by 1% agarose gel-
electrophoresis. A single band of ~1000 bp was obtained from genomic DNA digested
with Bg/ Il and a single band of ~450 bp was obtained from genomic DNA digested with
Eco RI. These bands were excised from the agarose gel and purified according to
standard protocol (Sambrook ef al., 1989). The purified DNA fragments were cloned
into plasmid using pGEM-T Easy vector system (Promega), and a single clone was
sequenced from both directions for each promoter fragment. Potential cis-acting
regulatory elements for the I-FABP promoter were identified by computer-assisted
analysis performed using MatInspector professional at http://transfac.gbf.de/cgi-

bin/matSearch/matsearch.pl (Quandt et al., 1995).

2.2.4 Linkage analysis by radiation hybrid mapping

LLN54 radiation hybrid panel (zebrafish DNA in a mouse background) (Hukriede

et al., 1999) was used to localize the I-FABP gene to a zebrafish linkage group. Sense



(5" GCTGCCCATGACAACCTGAAG 3'; nucleotides 224 to 204, GenBank accession
number AY266452) and antisense (5' AAGGTGACGCCCAGAGTAAAG 3';
nucleotides 316 to 296, GenBank accession number AY266452) primers were used to
PCR-amplify exon 2 of the zebrafish I-FABP gene. Each 25 pL reaction contained
1xPCR buffer (MBI Fermentas), 1.5 mM MgCl,, 0.4 uM each of sense and antisense
primers, 0.2 mM dNTP, 1.25 U of Tag DNA polymerase and 100 ng of hybrid-cell DNA.
The three control reactions contained 100 ng of DNA from each of the parental cell lines
(AB9 or B78 DNA and a 1:10 mixture of zebrafish AB9 DNA and mouse B78 DNA).
PCR conditions were: 94°C for 4 min, 32 cycles of 94°C for 30s, 59°C for 30s and 72°C
for 30s followed by 72°C for 7 min. Fifteen uL of the PCR product was subjected to 2%
agarose gel electrophoresis. The radiation hybrid panel was scored based on the absence
(0) or presence (1) of the expected 307 bp DNA fragment, or an ambiguous. result (2) to
generate the RH vector and analyzed according to the directions at

http://mgchd1.nichd.nih.gov:8000/zfrh/beta.cgi (Hukriede ef al., 1999).

2.2.5 Mapping the transcription start site of the zebrafish I-FABP gene

To map the transcription start site of the zebrafish I-FABP gene, 5" RNA ligase-
mediated rapid amplification of cDNA ends (5 RLM-RACE) was employed. Total RNA
was extracted from adult zebrafish using Trizol® (Gibco BRL). The RLM-RACE kit
(Ambion) was used to prepare cDNA following the manufacturer’s instructions. Briefly,
total RNA was treated with calf intestinal phosphatase (CIP) to remove the 5'-phosphate
groups from unprocessed or degraded mRNA, structural RNAs or contaminating

genomic DNA. In this treatment, the "methyl G cap structure (cap) on the intact 5’ ends
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of mRNA is not cleaved by CIP. The RNA was divided into two aliquots. One aliquot
was treated with tobacco acid pyrophosphatase (TAP) to remove the cap structure from
full-length mRNA and the other aliquot was not treated with TAP. The two preparations
of RNA (plus and minus TAP treatment) were incubated with a 45 base RNA adapter (5
GCUGAUGGCGAUGAAUGAACACUGCGUUUGCUGGCUUUGAUGAAA 3') and
T4 RNA ligase. The RNA adapter was ligated to the full-length mRNA and not to the
dephosphorylated RNA that lacked 5' phosphate groups necessary for ligation. A random
primed reverse transcription was performed to synthesize cDNA from both plus and
minus TAP RNA preparations. Nested PCR using two sense adapter primers (outer: 5'
GCTGATGGCGATGAATGAACACTG 3’ and inner: 5’ CGCGGATCCGAACACTGC
GTTTGCTGGCTTTGATG 3") and two antisense primers specific to -lFABP mRNA
(outer: 5' AAGGTGACGCCCAGAGTAAAG 3’; nucleotides 316 to 296, GenBank
accession number AY266452 and inner: 5’ CTTCTCGTAGTTCTCATTGCGG 3';
nucleotides 84 to 63, GenBank accession number AY266452) was performed to amplify
the 5' end of the I-FABP mRNA. The 10 pL reaction of the first round of PCR contained
I1xPCR buffer (ClonTech), 1.25xcDNA polymerase mix (ClonTech), 0.5 mM of each
dNTP, 0.5 uM of each outer primer and 0.5 pL of cDNA from reverse transcription
reactions. Following an initial denaturation at 94°C for 1 min, the reaction was subjected
to 35 cycles of amplification at 94°C for 30 s, 60°C for 30 s, 72°C for 30s, and a final
extension at 72°C for 10 min. Half a pL of the primary PCR product from the plus and
minus TAP reactions was used as template for a second round of PCR (nested PCR) with
1xPCR buffer (ClonTech), 0.625xcDNA polymerase mix (ClonTech), 0.5 mM of each

dNTP, 0.25 pM of each inner primer in a total volume of 20 uL.. The conditions for the
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secondary PCR were identical to those of the primary PCR. The product from the
secondary PCR was size fractionated by 1% agarose gel-electrophoresis and a single
band representing abundant transcript specific for the I-FABP gene was excised from the
gel. The excised band was purified using QIAquick Gel Extraction Kit (QIAGEN),
cloned into plasmid using pGEM Easy vector system (Promega) and sequenced to

determine the I-FABP transcription start site.

2.2.6 Developmental and tissue-speciﬁc expression of I-FABP mRNA in zebrafish
To determine the tissue-specific expression of the zebrafish I-FABP, total RNA
was extracted from adult zebrafish heart, brain, muscle, testis, liver, ovary, skin, intestine
and brain. For studies of the temporal expression of the I-FABP gene during
embryogenesis, total RNA was extracted from 1, 3, 12, 24, 60 hour post-fertilization
(hpf) embryos and adult zebrafish. All RNA extractions were performed using Trizol®
(Gibco BRL). First strand cDNA was synthesized by reverse transcriptase-Superscript 11
(Gibco BRL) using 1 pg of total RNA from each sample as template. The cDNA
generated was used as template in PCR with sense (5" AAGTCGACCGCAATGAGAAC
3'; nucleotides 56 to 75, GenBank accession number AY266452) and antisense (5’
GTTTGACATTGGGAGTGCAG 3’; nucleotides 2771 to 2752, GenBank accession
number AY266452) primers specific to -IFABP mRNA. The constitutively expressed
mRNA for the receptor for activated C kinase (RACK1) (Hamilton and Wright, 1999)
was employed as a positive control in RT-PCR. The RACK1 ¢cDNA was amplified in
tandem with experimental samples from all tissue-derived cDNAs assayed using sense (5’

ATCCAACTCCATCCACCTTC 3’; nucleotides 14 to 33, GenBank accession number
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AF025330) and antisense (5' ATCAGGTTGTCAGTGTAGCC 3’; nucleotides 977 to
958, GenBank accession number AF025330) primers. PCR reactions without cDNA
template were used as negative controls in each RT-PCR experiment. The 25 uL. PCR
reactions contained 1xPCR buffer, 1.25 U of Tag DNA polymerase (MBI Fermentas), 1.5
mM MgCl,, 0.2 uM each ANTP, 0.4 uM each of sense and antisense primers, and 1 pL of
¢DNA. PCR conditions involved initial denaturation at 94°C for 2 min, followed by 30
cycles of 94°C for 30s, 53°C for 30s, 72°C for 1 min and final extension at 72°C for 5
min. Fifteen pL of each PCR product was size fractionated by 1% (w/v) agarose gel-
electrophoresis.

Quantitative RT-PCR for I-FABP and B-actin, another constitutively expressed
gene, was performed using the LightCycler thermal cycler system (Roche Diagnostics)
according to the manufacturer’s instructions. The I-FABP-specific primers used for
conventional RT- PCR were also used for quantitative RT- PCR. The B-actin cDNA was
amplified using sense (5 AAGCAGGAGTACGATGAGTCTG 3'; nucleotides 1128 to
1149, GenBank accession number NM_131031) and antisense (5 GGTAAACGCTTC
TGGAATGAC 3'; nucleotides 1405 t01385, GenBank accession number NM_131031)
primers. Serial dilutions of bacteriophage lambda DNA and gel-purified I-FABP and B-
actin RT-PCR products were allowed to bind SYBR® Green I dye and the amount of
bound SYBR® Green I was determined by fluorimetry. The concentration of I-FABP and
B-actin RT-PCR gel-purified products were determined by extrapolation from the
standard curve of concentration-dependent bacteriophage lambda DNA fluorescence and
the copy number per pL was calculated. Dilutions of the [-FABP and B-actin product

ranging from 5 x 10%to 5 x 10 copies per reaction were used in individual quantitative
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PCR reactions to determine the standard curve of the crossing points for the amplification
of I-FABP and B-actin from tissue-specific cDNA samples. Melting curve analysis of the
PCR products was performed after the 45 cycles by continuously measuring the total
fluorescent signal in each PCR reaction while slowly heating the samples from 65°C to
95°C. Melting curve analysis of each standard and experimental sample following PCR
demonstrated that only one product was generated in these reactions (data not shown).
The ratio of I-.FABP/ B-actin PCR product for each experimental sample was calculated.
The PCR reaction to amplify I-FABP contained 1 pL of cDNA, 0.2 pM sense and
antisense primers, 3 mM MgCl,, and 1xLightCycler-DNA FastStart SYBR® Green I Mix
containing nucleotides, buffer, and hot start Tag DNA polymerase. Parallel reactions
were performed simultaneously to analyze multiple cDNA samples. The PCR conditions
involved 15 min at 95°C to activate Tag DNA polymerase, 45 cycles of 95°C for 15 s,
55°C for 5 s and 72°C for 16 s. Fluorescent signal was measured at the end of each
extension phase. For negative controls, cDNA was omitted from the reaction.
Whole-mount in situ hybridization of embryos was performed by A. Degrave, C.
Thisse and B. Thisse using riboprobes based on the I-FABP ¢DNA clone (Pierce et al.,

2000) as described by Thisse and Thisse (http://zfin.org/zf_info/zfbook/chapt9/

9.82.html).

2.3 Results and discussion

2.3.1 Sequence and organization of the zebrafish I-FABP gene

DNA traces with identity to a zebrafish [-FABP cDNA (Pierce et al., 2000) were
retrieved from the Wellcome Trust Sanger Institute (http:/trace.ensembl.org/perl/

ssahaview). Trace Z35723-a1242f09.p1c contained the sequence for exon 1, intron 1 and
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part of exon 2, trace Zfish37251-1064h08.q1c contained the sequence for exon 2, trace
Z35725-a3053h05.plc contained part of intron 2, exon 3, intron 3 and part of exon 4, and
a fourth trace zfish44909-2631a10.q1k contained the sequence for part of intron 2, exon
3, intron 3 and exon 4 of the zebrafish I-FABP gene, respectively. The complete
sequence of intron 2, not present in the zebrafish genome sequence database, was
obtained from genomic DNA by PCR. A 924 bp genomic DNA fragment 5' upstream of
the initiation codon for the I-FABP gene was cloned by linker-mediated PCR following
digestion of genomic DNA with the restriction enzyme Bgl II and sequenced.

The zebrafish I-FABP gene contains four exons of 100 bp, 173 bp, 108 bp and
243 bp interrupted by three introns of 77 bp, 2151 bp, 83 bp, respectively (Fig. 1).
Southern blot and hybidization has previously shown evidence for a single copy of the I-
FABP gene in the zebrafish genome (Pierce ef al., 2000). Each of the intron/exon splice
junctions of the zebrafish I-FABP gene follows the “GT-AG” dinucleotide rule. Similar
exon/intron organization consisting of four exons interrupted by three comparably
positioned introns has been reported for mammalian FABPs (Green et al., 1992;
Sweetser et al., 1987; Bernlohr et al., 1997). The exception to this FABP gene
organization is the muscle-type FABP (M-FABP) gene from the desert locust M-FABP
and the putative Drosophila M-FABP, both of which lack intron 2 (Wu et al., 2001).
Data mining of genome sequence banks showed that intron 2 was present in the zebrafish
and the pufferfish I-FABP genes at a position comparable to mammalian I-FABPs (Fig.
2A). Thus, the loss of intron 2 in the locust and Drosophila M-FABP seems to be
restricted to the insect lineage or probably occurred in the invertebrates after the

divergence from vertebrates.



Figure 1. Nucleotide sequence of the zebrafish I-FABP gene and its 5’ upstream
sequence. Exons are shown in capital letters with the deduced amino acid sequence for
each exon indicated below. Introns are shown in lower case and are italicized. The
arrow indicates the transcription initiation site mapped using 5" RLM-RACE. The
sequence 5" upstream of the transcription start site is in lower case and putative TATA
and GC boxes are outlined. A polyadenylation signal sequence, AATAAA, is italicized

and in bold font. A variation between the genomic sequence and the cDNA sequence is

shown in bold font with the variation indicated above.
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5’tctatgaaataatattggcaggtgcaaattttcattttaataatgtactagtactgtaaatatttgagttagcttcagaactggctttg
aagtatattcactggtagcetgtetgttaagtagaactgecacaaaaaaaaggtacgaggaagaacgaagcattgecatatactgtattotea
attttagetgcaatagctgecacttttgtagtaaaaagttcttcaaagaccetttttatatagtgtgaagaacttttcaataatcttaaaac
atttttctacataaataaaatttttgtgcaatgaaatatttcaaaaagtactttataaaaccaaccattcatgtcaacacagagecttaaa
ataattgttaccagtatttcteaatagecaatgaggeatgecagecaagattgtaaactaatttaactgtaaccattaaatctaaagttttga
cctttgacctttcaccacaattgtttaaaaatcaatacatgtggctagaattcatagetttcaaacactettecatagteccteagtagtta
ctgcaacacaaggcacttactagtataacagacacaccctacacagtttaaacagcaaacaattcaaacaaaageaggactttgttatgag
aacaacagagcgtgtatgtttgaccatcgcagtacaagtgagtgettgttctecaggacttgaaatetecgetectttgeacaatcaatgaat
aagcaaggcatgctgggatgtgtgtaaoatatagcctgt‘tgtgagatttatacttggtgagctttactcggcca catcagcatga

GC BOX ! b
agataatactcagataaggcaacgcttcgccactcgcacaggagtggctcggggtaaagttaggcc CTGTCAGGATCACACA
TATA Box
ACAGTCTGTCATCATC ATG ACC TTC AAC GGG ACC TGG AAA GTC GAC CGC AAT GAG AAC TAC GAG AAG TTC

Met Thr Phe Asn Gly Thr Trp Lys Val Asp Arg Asn Glu Asn Tyr Glu Lys Phe

ATG GAA CAR ATG G gtaagtgatgaataataatcgatgcttgcttgagtgagttgattgattaagtgagatttactgecattecttta
Met Glu Gln Met

acag GC GITC AAC ATG GTG AARA AGG AAA CTG GCT GCC CAT GAC AAC CTG AAG ATC ACC CTG GAG CAG ACC
Gly Val Asn Met Val Lys Arg Lys Leu Ala Ala His Asp Asn Leu Lys Ile Thr Leu Glu Gln Thr

GGA GAC AAG TTC AAC GTG AAG GAA GTC AGC ACT TTC CGC ACA CTG GAA ATT AAC TTT ACT CTG GGC GTC
Gly Asp Lys Phe Asn Val Lys Glu Val Ser Thr Phe Arg Thr Leu Glu Ile Asn Phe Thr Leu Gly Val

ACC TTT GAC TAT TCT CTG GCA GAC GGC ACT GAG CTC ACA gtaagcacagtcattgctgatttcagatgecataagegtyg
Thr Phe Asp Tyr Ser Leu Ala Asp Gly Thr Glu Leu Thr

gttccatagtaageccataacattcaatctgcacaaagggttctttatagtgtgetgactgcactttittttaagaatttttattttaaac
attgttatacaaattgacaaaggtttaatttttecagtttagcaaaaaataaaasatagtaaattaaataaattaaaagaagttaatacaaaa
aacatcaagaataatatagattcaaaataacttaacacactttgagagaaaaaaataaaataacaatattaatgttaaataatacagcaat
aacatatttgtctaatctatatactttecaatgtcagtttaagaaaagagtcaccatcaccatttetccaaaaagecatagaagattttcea
aatagaccaaaataaatgaattttgttttccaaaaaataggtttgctgtetgeacetttactactagtttetttaaatgtttecagttcat
agtctttaacattectotyggtgcacataatgtgectgtgaaagaacaaaaaatgtactaatttataaacactaaagactttattttacttaaa
aaaaaaacacacatttttgaaaaacctgcagcaaatgttgaccacagctggtectotacataggaaaaaaaatggttatttgattatttcaa
attttctgcacactgggttcttataagaactgttcactgaaaggatttttggagaaccaaaaaaaaqgggtaaaaaaatcaagagcaaagg
ttgagaggtattgaatggatgatgtaaccatatcacatagaaatctgacatagtectttgacaatatatgecaaattgcttgtctgagacac
aagttcatatttgtattttgtaaatataaaatataagtcatatatgcagcatecactaccagtcaaaagtttggggtcagtgegattttta
aatgttttaaaataagcttettctgetcaccaaggctgcatttatttaaacaaaaatacagtacaaattgtaaagttgtatataactttte
aaaagtagtttatcatttaatttaatecatttattccactgattttaatggtgaatttttageattactecagtettecagagtcacaggate
cttcagacatccctcttatattaaatattattgttattattattattattgttattattattattattattgttgtigtaataataataat
aataataataataataataattattattattattattattattattattattattattattgataatagtaaaaaaaaacaataattactg
aagtattaatttcatttaaaactacatttaaattttaataattgttttittaattacatttaataaatgctaccttgatgagecagtataat
aacaaatgaaaatacctgaccccaaaattttggtatattttaaatacatatacagtatatttcagectaaacgaaattctaaatatgtaaa
tatatattacaacatattgettatttatatatacttattacttatataacatacatatataatatacttatataacatttatgeatattta
tctaattccaatggtggaaaaaatatacagtatgtatgtggccatatatttcaaaatatgttgeatatatgacatatattgtaggtgaaat
ccaaatatgaacttgtatctcatatttgcaatitgeacatecctgecatgaatcagatttgtaaagaggataccatgaaatagtgtaaaaaa
aaaaaaaactattccacacaatttatgcatgttatacttacacaaatcgatttatttactgtaagtggattaaagataaacaattaagttt
tccaaaaaatctttagaattgtgttgttgcaactcattttaaacaagtagattaaacaaacagcaaaaaacattttctgagtgtcatgttg
tacaatggcttactgactatttttgetgeatcattgtgetttattgataagcaacaaagttcaggetttygagtatagecagagaagaataaa
ttaattacataacacatgtttacaagctttctggagagaaaatcactaaccggtcaactagatctggcgccgcttgaaaatgagcctgacc
tttgactttectgattgecag GGA TCC TGG GTC ATA GAG GGA GAC ACG CTC AAG GGG ACT TTC ACA CGC AAG GAC

Gly Ser Trp Val Ile Glu Gly Asp Thr Leu Lys Gly Thr Phe Thr Arg Lys Asp

AAC GGA AAG GTA CTA ACA ACA GTC AGG ACT ATC GTT AAT GGT GAA CTT GTA CAG gtgaggagttgtttcttat
Asn Gly Lys Val Leu Thr Thr Val Arg Thr Ile Val Asn Gly Glu Leu Val Gln

atattatgacgaatgtttggatttcctgtaaagtagtgttetecactttttgeatttgettacag AGC TAT AGC TAT GAT GGA
Ser Tyr Ser Tyr Asp Gly

GTC GAG GCC AAG AGG ATT TTC AAG AGG GCT TAA ACTGTTATCTGCACTCCCAATGTCAAACTTACAACTGAAGTGGGACA
Val Glu Ala Lys Arg Ile Phe Lys Arg Ala *

ATATGARACTTTATAGTGTTTGAATATTTAACCTGAARATAGCTTTAATGATTGGCAGCCCTARAGT T TACARAACAT TTATGTAAATCGT
t

GTCATTTGCACTGTGAGTTTTGATATTTATGATAATAAAGCTATCTARAGGCCC 3

Figure 1. Nucleotide sequence of the zebrafish [-FABP gene and its 5’ upstream
sequence.
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Exons 1- 4 of the zebrafish I-FABP gene encodes 22, 58, 36 and 16 amino acids,
respectively, as reported for the human and mouse I-FABP genes (Green ef al., 1992;
Sweetser ef al., 1987), but there are large differences in the size of the introns 1-3 among
human, mouse, pufferfish and zebrafish (Fig. 2A). The amino acid sequence for each
of the individual exons of the orthologous I-FABP gene from mouse and human were
aligned with the deduced amino acid sequence of the pufferfish and the zebrafish I-
FABP gene (Fig. 2B). The amino acid sequence encoded by exon 3 was the least
conserved with only 55% identity between zebrafish and human, zebrafish and mouse
and 63% identity between zebrafish and pufferfish. This observation is in agreement
with earlier reports that the NH,-terminal halves of the FABP family members have
been more highly conserved through the course of evolution than their COOH-terminal

halves (Sweetser et al., 1987 and references therein).

2.3.2 Radiation hybrid mapping of the zebrafish I-FABP gene

To localize the I-FABP gene to a zebrafish linkage group, radiation hybrid
mapping using the LN 54 panel of radiation hybrids was performed (Hukriede et al.,
1999). The zebrafish [-FABP gene was assigned to linkage group 1 at a distance of 30.79
centiRay (cR) from the marker Z1463 with a LOD of 16.7.

Comparison of the mapped zebrafish, human and rat I-.FABP genes revealed that
zebrafish linkage group 1 has a syntenic relationship with human chromosome 4 and rat
chromosome 2. The genes for homeo box (H6 family) 1 (HMX1), low-density
lipoprotein receptor-related protein associated protein 1 (LRPAP1), lymphoid enhancer
binding factor 1 (LEF1), fatty acid-binding protein 2, intestinal (I-FABP/FABP2),

fibrinogen, B beta polypeptide (FGB), tolloid-like 1, human (TLL1), and melatonin
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Figure 2. Organization of I-FABP genes in fishes and mammals. (A) Comparison of
the exon/intron organization of the zebrafish I-FABP gene (Zf) with the orthologous
genes from human (Hu), mouse (Mo) and pufferfish (Pf). Coding region of the genes is
shown in boxes as E1-E4 with the number of amino acids encoded by each exon
indicated within the box. Introns (I1-I3) are shown as horizontal lines connecting
adjacent exons and the size of each intron in bp is shown above the line. The sequences
for the I-FABP genes were obtained from: Sweetser ef al. (1987) (human, GenBank
accession number M18079); Green ef al. (1992) (mouse, GenBank accession number
M65033); the pufferfish sequence was retrieved from scaffold 537 by searching the Fugu
rubripes (pufferfish) genome database v.2.0 at http://genome.jgipsf.org/fugu3/fugu3.
home.html. (B) The deduced amino acid sequence encoded by each exon of zebrafish I-
FABP gene (ZfExon 1-4) was aligned with the amino acid sequence encoded by
respective exons from human (HuExon 1-4), mouse (MoExon1-4) and pufferfish (PfExon
1-4) I-FABP genes using CLUSTALW (Thompson ef al., 1994). The percentage identity
for the amino acids encoded by each exon of the zebrafish [-FABP gene with each exon
of the human, mouse and pufferfish [-FABP gene is shown on the right of each exon.

The dots in the alignment indicate amino acid identity.
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(A)
E1l 11 E2 12 E3 I3 E 4
1194 1023 444
Hu 22 58 36 16
1258 1795 421
Mo 22 58 36 16
77 2151 83
Zf 22 58 36 16
205 145 111
Pf 2 58 36 16
ZfExonl MTFNGTWKVDRNENYERFMEQM 100%
HuExonl ADS. ... L. S...D....K. 72%
MoExonl AD. L e e K. 86%
PfExonl ......... E..D..D...... 86%
ZfExon2 GVNMVKRKLAAHDNLKITLEQTGDKFNVKEVSTFRTLEINFTLGVTFDYSLADGTELT 100%
HuExon2 D L.IT.E.N..T...S.A. .NI.VW.E,.... N.N....... R 70%
MoExon2 LIVM. LGl L., L.IT.D.N..T...S.N. . NIDW.E...N.P.......... 65%
PfExon2 P S M.I..S..T.H...H.N..N.D.D.......BE....... Dvs 72%
ZfExon3 GSWVIEGDTLKGTFTREKDNGKVLTTVRTIVNGELVQ 100%
HuExon3 .T.8L. .NK.I.X.R.T...NE.N...E.IGD.... 55%
MoExon3 AT, . NK.I.K,...V,....E.IA, .EVSGN..I. 55%
PfExon3 .L.T... MM, . V.V...... Q... T.VVQGD..I. 63%
ZfExon4d SYSYDGVEAKRIFKRA 100%
HuExond T.V.E......... KD 68%
MoExon4d T TE...... F..KE 62%
Pfexond ....... D....... s 67%

Figure 2. Organization of I-FABP genes in fishes and mammals.
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receptor 1A (MTNR1A) are located on chromosome 4 in humans and linkage group 1 in
zebrafish. In the rat genome, the genes for I-fabp/Fabp2, Lefl and Fgb are located on
chromosome 2 (Table 1). This synteny suggests that a common linkage group was
inherited from the ancestor of fishes and mammals. In mouse, however, the synteny has
not been maintained as the genes for I-fabp, Lefl and Fgb are located on chromosome 3,
Hmx1land Lrpapl on chromosome 5, and T1l and Mtnrla on chromosome 8 (Table 1).
The location of the same set of genes on one linkage group in zebrafish and a single
chromosome in humans, but on three different chromosomes in mouse suggests that
rearrangements or translocations have taken place in this region of the mouse genome

after the divergence of fishes and mammals.

2.3.3 Transcription start site of the zebrafish I-FABP gene

To map the transcription start site of the zebrafish I-FABP gene, we obtained the
5’ ¢DNA end from the capped and complete mRNA using 5" RLM-RACE. One
abundant transcript of approximately 120 bp was detected in the reaction with calf
intestinal phosphatase/tobacco acid pyrophosphatase (TAP) treated RNA amplified in
nested PCR with the primer specific to [-lFABP mRNA and the adapter primer (Fig. 3).
This band, which represents the 5’ end of the mature I-FABP mRNA, contained a 62 bp
sequence corresponding to a portion of exon 1 including the 5’ untranslated region (UTR)
of the zebrafish [.lFABP mRNA. Alignment of the 5' RLM-RACE sequence with the
zebrafish I-FABP gene sequence localized the potential transcription start site 33 bp
upstream of the initiation codon (Fig. 1). A putative TATA box and a GC box are
located 25 bp and 120 bp, respectively, upstream of the transcription start site. A

putative CCAAT box, generally found 80 bp upstream of the transcription start site in
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Figure 3. Determination of the transcription start site of zebrafish I-FABP gene by
5" RLM-RACE. Total RNA from whole zebrafish was treated with calf intestinal
phosphatase. One aliquot was treated with tobacco acid pyrophosphatase and ligated to
an RNA adapter (+TAP, lane 1). A second aliquot was not treated with tobacco acid
pyrophosphatase prior to adapter ligation (~TAP, lane 2). Nested PCR with TAP-treated
and TAP-untreated total RNA was performed with zebrafish I-FABP mRNA-specific
primers and the adapter primer. An abundant transcript of approximately 120 bp
representing the 5’ end of the mature zebrafish I-FABP mRNA was amplified in the
+TAP reaction but not in the ~TAP reaction. The size marker (L) was the 100bp DNA

ladder from MBI Fermentas.
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Figure 3. Determination of the transcription start site of zebrafish
I-FABP gene by 5" RLM-RACE.
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many eukaryotic RNA polymerase II-dependent promoters was located 496 bp upstream
of the transcription start site in the zebrafish I-FABP gene. An element homologous to
the CCAAT box is located 46 bp upstream of the transcription start site in the mouse I-
FABP gene promoter (Green ef al., 1992), but analysis of the human and rat I-FABP
promoters did not reveal conserved CCAAT box elements (Sweetser ef al., 1987). No

CCAAT box element is located at or near this position in the zebrafish I-FABP gene.

2.3.4 Putative 5’ upstream cis-acting regulatory elements of the zebrafish I-FABP

gene

The 891 bp sequence 5’ upstream of the transcription start site in the zebrafish I-
FABP gene was screened for potential cis-acting regulatory elements. A 14 bp repeat
element (consensus: 5 TGAACTTTGAACTT 3') is found in the 5’ upstream sequence
of human, rat and mouse I-FABP genes (Green et al., 1992, Sweetser et al., 1987). In
zebrafish, a 14 bp element composed of two 7 bp direct repeats (5 TGACCTTTGACC
TT 3") was found at nt -428 to -441 in the 5" upstream region of the I-FABP gene (Fig.
1). This sequence matches the consensus sequence for the 14 bp repeat element (Green
et al., 1992; Sweetser et al., 1987) at 12 out of 14 positions. The 14 bp repeat element is
the binding site for the two members of the steroid/thyroid hormone receptor superfamily
of transcription factors, the hepatic nuclear factor-4 (HNF-4) and the apolipoprotein
regulatory protein (ARP-1) (Rottman and Gordon, 1993) and have been referred to as a
putative direct repeat-1 (DR-1) element (Bernlohr et al., 1997). The DR-1 element
(TG*/1CCT in a direct repeat separated by one nucleotide) or the imperfect version of
this element is a peroxisome-proliferator response element (PPRE) to which different

peroxisome proliferator-activated receptors (PPARs) bind. PPARs are members of the
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steroid/thyroid hormone receptor superfamily and are activated by fatty acids and
peroxisome proliferators such as fibrate class of hypolipidemic drugs (Bernlohr ef al.,
1997). PPARs activate gene transcription by cooperatively binding to PPREs as a
heterodimer with the retinoid X receptor (RXR). PPARs and RXRs are both expressed
in the intestine (Ibabe et al., 2002; Ishaq e al., 1998; Bernlohr et al., 1997). PPREs are
also found in the promoter region of other members of the iLBP multigene family
including the murine adipocyte P2 gene (Bernlohr et al., 1997) and rat L-FABP gene
(Simon et al., 1993). Members of the steroid/thyroid hormone receptor superfamily such
as HNF-4, ARP-1, PPAR, retinoic acid receptor (RAR), vitamin Dj receptor (VDR) and
thyroid hormone receptors (TR) may compete for binding to PPRE cis-regulatory
elements (Rottman and Gordon, 1993) and might be involved in regulation of the
zebrafish [-FABP gene.

Further analysis of the sequence 5’ upstream of the transcription start site for
zebrafish I-FABP gene using MatInspector professional (http://transfac.gbf.de/cgi-
bin/matSearch/matsearch.pl; Quandt ef al., 1995) revealed a number of potential cis-
regulatory elements (Table 2) including six copies of CCAAT/enhancer-binding proteins
(C/EBP) binding elements. Lyons et al., (2001) showed that the zebrafish C/EBP are
expressed in intestine, liver and yolk syncytial nuclei. The intestine, liver and the yolk
syncytial layer of teleost fishes are sites of lipid metabolism. The presence of C/EBP
binding elements suggests possible involvement of C/EBP in the transcriptional
regulation of zebrafish I-FABP gene and is consistent with the role of C/EBP in lipid
metabolism. Furthermore, defects in lipid storage have been observed in C/EBP gene

knockout mice (Tanaka ef al., 1997). C/EBP are important in the regulation of many
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genes involved in intermediary lipid metabolism. They are also implicated in the
regulation of a number of iLBP genes including I-FABP, Adipocyte-FABP and L-FABP
(reviewed in Bernlohr et al., 1997).

The transcription factors GATA-4, GATA-5 and GATA-6 interact with DNA cis-
elements containing the consensus sequence “/TGATA”/; and are involved in
transcriptional activation of intestine-specific genes such as the lactase gene in human
Caco-2 cells (Fang et al., 2001) and the gut esterase gene (ges-1) in Caenorhabditis
elegans (Egan et al., 1995). The Xenopus I-FABP gene has been identified as an in vitro
target for GATA-4, -5 and -6 (Gao et al., 1998). Two potential GATA elements are
present in the 5’ upstream sequence of the zebrafish I-FABP gene indicating that the
GATA family of transcription factors may regulate the zebrafish I-FABP gene
transcription in the intestine.

The winged helix transcription factor, hepatic nuclear factor 3 (HNF3), initially
identified as a liver-specific transcription factor plays an important role in gut
development (Ang and Rossant,1994) and is known to activate virtually all genes
expressed in endoderm-derived lineages. Six putative HNF3 binding elements are
present in the 5" upstream sequence of the zebrafish I-FABP. HNF regulates another
member of the iLBP multigene family, the rat L-FABP (Simon ef al., 1993), which is
also expressed in the intestine.

Common promoter elements, including a binding site for AP-1 and two binding
sites for Oct-1 factors, occur in the 5’ upstream sequence of zebrafish I-FABP gene. In
addition, six copies of the binding element for SRY- related HMG box-5 (SOX-5) factor,

expressed in a number of tissues including brain, liver, testis and heart (Wunderle ef al.,
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1996), were present in the zebrafish I-FABP 5’ upstream sequence (data not shown).
Analysis involving footprinting and gel retardation assays would be required to access
the functionality of these transcription factors in the regulation of I-FABP gene

expression in zebrafish.

2.3.5 Tissue-specific expression of the I-FABP mRNA in adult zebrafish

I-FABP mRNA was detected in various tissues of adult zebrafish using RT-PCR.
An I-FABP-specific product was generated by RT-PCR from total RNA extracted from
zebrafish intestine. RT-PCR product was also generated from liver, brain, testis and
muscle (Fig. 4A). No RT-PCR product, however, was detected in cDNA made from
total RNA extracted from heart, skin and ovary. The constitutively expressed RACK1
mRNA was amplified by RT-PCR and was used as a positive control for each tissue (Fig.
4A). To estimate the relative levels of I-.FABP mRNA in different adult zebrafish tissues
and to confirm the tissue distribution of [-FABP mRNA revealed by conventional RT-
PCR, quantitative RT-PCR of I-FABP mRNA was performed with the same tissues using
another constitutively expressed gene, B-actin, as a positive control. Levels of -FABP
mRNA in each cDNA sample ranged between 1.00 copy to 2.22 x 10° copies per pL of

¢DNA. The B-actin RT-PCR product was amplified from each cDNA sample and ranged

from 1.53 x 10°t0 3.53 x 10° copies per uL of cDNA. The ratio of -FFABP mRNA/B-
actin RT-PCR product was calculated for each experimental sample (Fig. 4B). The
analysis demonstrates that the highest levels of [.[FABP mRNA was found in intestine
with diminishing steady-state levels of I-FABP mRNA in brain, muscle, testis, heart,
liver, skin and the least amount in ovary. The amount of I-FABP mRNA in intestine is

~3.5x 10" times higher than in brain and ~16.5 x 10 times higher in the intestine than in
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Figure 4. Detection of I-FABP mRNA in developing zebrafish embryos and in adult
tissues by RT-PCR. (A) Top panel: zebrafish I-FABP-specific primers produced a
product from total RNA extracted from adult zebrafish intestine (I), liver (L), brain (B),
muscle (M) and testis (T). No product was detected in adult zebrafish heart (H), skin (S)
and ovary (O). A negative control (-), lacking cDNA, did not generate any RT-PCR
product. Bottom panel: RT-PCR product was generated from RNA in all samples for the
constitutively expressed RACK1. A negative control (-) lacking cDNA did not generate
any RT-PCR product. (B) In quantitative RT-PCR, zebrafish I-FABP specific primers
detected abundant product in RNA extracted from adult zebrafish intestine (I). The I-
FABP mRNA was also detected in brain (B), muscle (M), testis (T), heart (H), liver (L),
skin (S) and ovary (O). As a negative control, cDNA template was omitted from the RT-
PCR reaction. (C) Top panel: zebrafish I-FABP-specific primers did not generate a
product from total RNA of 1 hpf (1) and 3 hpf (3) embryos. An I-FABP-specific product
was observed from total RNA of 12 hpf (12), 24 hpf (24) and 60 hpf (60) embryos and
adult (A) zebrafish. A negative control (-) lacking cDNA did not generate any RT-PCR
product. Bottom panel: RT-PCR product was generated from RNA in all samples for the

constitutively expressed RACK1. A negative control (-) lacking cDNA did not generate

any RT-PCR product.
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Figure 4. Detection of I-FABP mRNA in developing zebrafish embryos and
in adult tissues by RT-PCR.
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muscle and between 1 x 10°t0 4.2 x 10* times higher in intestine than in testis, heart,
liver, skin and ovary. Both conventional RT-PCR and quantitative RT-PCR using
different controls, RACK1 and B-actin, showed similar tissue distribution where the
zebrafish I-FABP mRNA was abundant. Conventional RT-PCR did not, however, detect
I-FABP mRNA in tissues where the levels were low. Previously, I-FABP mRNA has
been reported to be present in intestine using in situ hybridization analysis to adult
zebrafish tissue sections (Pierce ef al., 2000; Cameron ef al., 2002). As suggested by the
results derived from conventional and quantitative RT-PCR, the levels of -FABP mRNA
may be too low to be detected by in situ hybridization in tissues other than intestine but
was revealed by the more sensitive RT-PCR assay. The highest level of -FABP mRNA
in the intestine could reflect a major role of I-FABP in the intestine but its expression in

brain, liver and other tissues suggests additional functions of I-FABP in these tissues.

2.3.6 Temporal and spatial expression of the I-FABP gene during zebrafish

embryogenesis

Expression of the [-FABP gene during embryogenesis was examined by both RT-
PCR and whole-mount in situ hybridization. RT-PCR did not amplify an I-FABP-
specific product at 1 hpf and 3 hpf, but did detect it at 12 hpf and stages thereafter (Fig.
4C). Previously, André ef al. (2000) reported the expression of zebrafish I-FABP mRNA
during gut morphogenesis (3 days post-fertilization and stages thereafter) but stages
during early embryogenesis were not studied.

Whole-mount in situ hybridization to zebrafish embryos detected [-lFABP mRNA

at the beginning of somitogenesis (11 hpf) in the yolk syncytial layer (YSL) (Fig. 5A).
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Figure 5. Detection of I-FABP mRNA by whole-mount in situ hybridization during
zebrafish embryogenesis. (A) I-FABP mRNA in the yolk syncytial layer (YSL) at the 3
somite stage (11 hpf). (B) 16 somite stage (17 hpf) embryo with I-FABP mRNA
expression in YSL. (C) Expression in YSL at 24 hpf embryo. (D) 36 hpf embryo
showing decreased level of I-FABP mRNA in YSL as compared to panel (C). (E) Dorsal
view of embryo shown in (D) with [[FABP mRNA expression in YSL and the intestinal
bulb (IB). (F) 48 hpf embryo showing [-FABP mRNA expression in liver (L), intestine
(D) and IB. (G) Dorsal view of embryo shown in (F) showing expression in pancreas (P),
L, and IB. (H) Larvae at 5 days of development showing I-FABP mRNA expression

restricted to I and IB. Scale bar 50 uM for A, B, E, G and 100 uM for C, D, F and H.
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Figure 5. Detection of I-FABP mRNA by whole mount in situ
hybridization during zebrafish embryogenesis.
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much before the initiation of gut morphogenesis (André ef al., 2000). The localization of
I-FABP mRNA in YSL implies that I-FABP could be involved in the transfer of nutrients
from the yolk to the blastoderm. I-FABP transcripts became more abundant in YSL at 17
hpf (Fig. 5B). Expression in the YSL decreased after 24 hpf (Fig. 5C) but persisted at
36 hpf (Fig. 5D). At 36 hpf, I-.FABP mRNA was also detected in the intestinal bulb
(Fig. 5E). The intestinal bulb continued to express -FABP mRNA at 48 hpf. At this
stage [-IFABP mRNA was detected in the liver and the pancreas primordium, but not in
the YSL (Fig. 5F, 5G). At 5 days post-fertilization, I-FABP mRNA expression was
detectable only in the intestinal bulb and in the anterior part of the intestine (Fig. 5H).
The whole-mount in situ hybridization demonstrated that, in addition to the
intestine, the I-FABP gene is expressed in the liver and the pancreas during
embryogenesis. In the adult zebrafish, [-FABP mRNA was detected by RT-PCR in a
number of tissues in addition to intestine. Based on their work with gene knockout mice,
Vassileva ef al. (2000) suggest that the I-F ABP is not absolutely required for the fatty
acid absorption in the intestine. The expression of [-FABP much before the initiation of
first feeding in zebrafish (~72 hpf) (Fig. 4C) and expression of I-FABP mRNA in tissues
other than the intestine (Fig. 4 A, 4B, 5F, 5G) indicate a role for [-FABP in functions

other than just the assimilation of dietary fatty acids and their intracellular transport.



Chapter 3: A basic liver fatty acid-binding protein from zebrafish: gene
structure, radiation hybrid mapping and mRNA distribution during
embryonic development and adulthood.

3.1 Imntroduction
Basic liver fatty acid-binding protein (Lb-FABP/fabp10) is a member of the iLBP

multigene family that has been found only in non-mammalian species. The first report

identifying a Lb-FABP was from the chicken liver (Scapin et al., 1988). Ceciliani et al.

(1994) later determined the primary structure of this FABP and found that, when

compared to other known FABPs, it showed highest sequence similarity to ileal FABPs

and not to the mammalian L-FABPs. The chicken L-FABP has an isoelectric point of

9.0, whereas other L-FABPs have an isoelectric point of about 6.0. Lb-FABP has since

been found in the liver of catfish (Rhambia sapo; Di Pietro et al., 1997), toad (Bufo

arenarum; Di Pietro et al., 2003), sea bass (Lateolabrax japonicus; Odani et al., 2001),

iguana (4Anolis pulchellus; GenBank accession number U28756), axolotl (Ambistoma

mexicanum;, Di Pietro et al., 1999), shark (Halaetunus bivius, Cérdoba et al., 1999) and
lungfish (Lepidosiren paradoxa; Di Pietro and Santomé, 2001). Although the presently
accepted name is the basic liver fatty acid binding protein, it is worth mentioning that the
toad and lungfish Lb-FABP has an isoelectric point of approximately 7.0 (Di Pietro and

Santomé, 2001, Di Pietro et al., 2003).

Like L-FABP, the Lb-FABP shows a broad ligand-binding specificity and binds
not only long chain fatty acids but a number of structurally different hydrophobic ligands

(Di Pietro et al., 1999; Cordoba et al., 1999; Di Pietro and Santomé, 2001). Differences

with regard to binding capacity of the Lb-FABPs to the cis- and/or trans-parinaric acid
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have been reported. The catfish Lb-FABP can bind only one cis- or frans-parinaric acid
molecule (Di Pietro et al., 1997), the chicken Lb-FABP binds only one ligand (Schievano
et al., 1994; Beringhelli er al., 2001) and the axolotl, shark and lungfish Lb-FABPs bind
two molecules of cis-parinaric acid, but only one molecule of trans-parinaric acid (Di
Pietro et al., 1999; Cérdoba et al., 1999; Di Pietro and Santomé, 2001).

The isolation of both Lb-FABP and L-FABP from axolotl (Di Pietro et al., 1999)
provided evidence that these two liver FABPs are paralogs. Phylogenetic analysis of
available iLBPs places Lb-FABP as a separate branch of the iLBP subfamily that
includes L-FABP and ileal lipid-binding protein (IILBP) (Schleicher et al., 1995). The
Lb-FABP, L-FABP and IILBP are estimated to have diverged from their last common
ancestral gene approximately 680 mya (Schaap ef al., 2002).

The identification and characterization of the zebrafish Lb-FABP gene is
presented in this chapter.

3.2 Materials and methods

3.2.1 Zebrafish Lb-FABP ¢cDNA sequence analysis

The zebrafish Lb-FABP ¢cDNA sequence available in our laboratory (Denovan-
Wright et al., 2000) was used to deduce the encoded amino acid using Gene Runner V.
3.05 (Hastings Software Inc.). The deduced amino acid sequence was analyzed for
isoelectric point and molecular mass. The Lb-FABP and L-FABP sequences obtained
from GenBank, National Centre for Biotechnology Information (NCBI) were aligned

using CLUSTALW (Thompson et al., 1994).
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3.2.2 Organization of the Lb-FABP gene

Zebrafish Lb-FABP cDNA sequence (Denovan-Wright ef al., 2000) was used to
search the zebrafish genome database as described in section 2.2.2. The sequence of
intron 3, not present in the zebrafish genome sequence database, was amplified by PCR
with a sense primer specific to exon 3 (5" GAGATCAAGGCTGGAGAAATG 3'; nt 316
to 336, GenBank accession number AF254642) and an antisense primer specific to exon
4 (5" AAATAGAGTGATGGTGAAACGC 3'; nt 416 to 395, GenBank accession number
AF254642) of the zebrafish Lb-FABP gene. The PCR product was size fractionated by
1% agarose gel-electrophoresis and the single band was excised from the gel. The
excised band was purified using QIAquick Gel Extraction kit (QIAGEN Inc.), cloned into

the plasmid vector using pGEM-T (Promega) and sequenced.

3.23 Lb-FABP gene promoter cloning

The 5’ upstream sequence of the zebrafish Lb-FABP gene was cloned by
performing LM-PCR as described in section 2.2.3 with the following exceptions. The
first round of PCR was performed with adapter primer C; and an external Lb-FABP
gene-specific antisense primer (5’ GGCTCTGAGAAACTCCTCGT 3'; nucleotides 75 to
56, GenBank accession number AF254642). The second round of PCR (nested PCR)
was performed with adapter primers C, and an internal Lb-FABP gene-specific antisense
primer (5" CTCCTGAGCGTAAACCTGCC 3'; nucleotides 51 to 32, GenBank accession
number AF254642). The annealing temperature used in primary PCR and the secondary
PCR was 61°C and 62°C, respectively. A single product of ~550 bp obtained from

genomic DNA digested with Eco RI was cloned and sequenced.
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3.2.4 Linkage analysis by radiation hybrid mapping

To localize the LLb-FABP gene to a zebrafish linkage group, the LN54 panel of
radiation hybrids (zebrafish DNA in a mouse background) (Hukriede ef al., 1999) was
used. Sense (5’ GCCAGAAGAGGTCATTAAAC 3’; nucleotides 84 to 103, GenBank
accession number AF254642) and antisense (5’ TGGTGGTGATTTCAGCCTC 3’;
nucleotides 232 to 214, GenBank accession number AF254642) primers were used to
PCR-amplify exon 2 of the zebrafish Lb-FABP gene. The PCR conditions were similar

to those described in section 2.2.4 with the exception that the annealing temperature used

in the PCR was 53 °C.

3.2.5 Mapping the transcription start site of the zebrafish Lb-FABP gene

To map the transcription start site of the zebrafish Lb-FABP gene, 5’ RLM-RACE
was employed. The template for 5’ RLM-RACE was prepared as described in section
2.2.5. Nested PCR using two sense adapter primers (section 2.2.5) and two antisense
primers specific to Lb-FABP mRNA (outer: 5’ TGGTGGTGATTTCAGCCTC 3/;
nucleotides 232 to 214, GenBank accession number AF254642 and inner; 5'
GGCTCTGAGAAACTCCTCGT 3'; nucleotides 75 to 56, GenBank accession number
AF254642) was performed. Ten pl of the first round PCR reaction contained 1xPCR
buffer, 0.75 U of Tag DNA polymerase (MBI Fermentas), 1.5 mM MgCl, 0.25 mM each
dNTP, 0.5 uM outer adapter primer, 0.5 uM outer L-FABP mRNA-specific primer and
0.5 pl of cDNA. PCR conditions involved initial denaturation at 94°C for 1 min,
followed by 30 cycles of 94°C for 30s, 57°C for 30s, 72°C for 40 sec and final extension
at 72°C for 10 min. Half a ul of the primary PCR product was used as template for the

second round of PCR. The 20 pl reaction mixture of second round PCR contained
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1xPCR buffer, 1 U of Taq DNA polymerase (MBI Fermentas), 1.5 mM MgCl, 0.25 mM
each ANTP, 0.25 uM inner adapter primer and 0.25 pM inner L-FABP mRNA-specific
primer. The conditions for the secondary PCR were similar to those of the primary PCR
with the exception that the annealing temperature was increased to 60 °C and the reaction
was subjected to 35 cycles of amplification. The product from the secondary PCR was
size fractionated by 1.5 % agarose gel electrophoresis. A single band of ~125 bp in the
+TAP reaction was excised from the agarose gel and purified using QIAquick Gel
Extraction Kit (QIAGEN Inc.), cloned into plasmid, pGEM-T vector system (Promega)

and sequenced.

3.2.6 RNA extraction and northern blotting

Total RNA was extracted from adult zebrafish using Trizol® (Gibco BRL)
according to the manufacturer’s instructions. Fifteen pg of total RNA was size
fractionated by 2% (w/v) agarose gel-electrophoresis in a MOPS buffer (40 mM 3-[N-
morpholino] propanesulfonic acid, 10 mM sodium acetate, | mM EDTA, pH 7.2) and 0.2
M formaldehyde. The resolved RNA was transferred to Hybond-N" membrane according
to the supplier’s recommendations (Amersham Pharmacia Biotech. Inc.). An antisense
oligonucleotide specific to Lb-FABP mRNA (5' ATAGAGTGATGGTGAAA
CGCTTCAGATCTTCTTGC 3'; nucleotides 414 to 379, GenBank accession number
AF254642) was 5' end labelled with y-[>’P]-ATP. Ten uL of labelling reaction contained
1xOne-Phor-All buffer (Amersham Pharmacia Biotech. Inc.), 6 U of T4 Polynucleotide
Kinase (MBI Fermentas), 30 uCi of y-[**P]-ATP (3000 ci/mmol; Amersham Pharmacia
Biotech. Inc.) and I pM antisense oligonucleotide. The 5'-end labelling was performed

at 37 °C for 45 min followed by a 10 min incubation at 68 °C to inactivate T4
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Polynucleotide Kinase. After labelling, the unincorporated radionucleotides were
removed using ProbeQuant™ G-50 micro columns (Amersham Pharmacia Biotech Inc.)
according to the manufacturer’s instructions. The membrane was prehybridized in 10 ml

of hybridization solution (5xSSPE, 5xDenhardt’s solution, 0.5% (w/v) SDS) and 21

pg/ml sonicated salmon sperm DNA. Prehybridization was carried out at 55°C for 3 h
followed by hybridization with the purified probe in 7 ml of fresh hybridization solution
at 57°C overnight. The membrane was washed once at room temperature for 10 min in

2xSSPE, 0.1% SDS and exposed to X-ray film at —70°C for three weeks.

3.2.7 Developmental and tissue-specific expression of Lb-FABP mRNA in

zebrafish

Tissue-specific expression of zebrafish Lb-FABP mRNA was defined by RT-PCR
as described in section 2.2.6. Developmental expression was determined by both RT-
PCR and whole mount in situ hybridization as described in section 2.2.6. The antisense
RNA probe synthesised using Lb-FABP ¢cDNA (GenBank accession number AF254642)
as template was used in whole mount in sifu hybridization. The Lb-FABP mRNA-
specific primers used in the RT-PCR were: sense: 5’ TTACGCTCAGGAGAACTACG 3’
(nt 39 to 58, GenBank accession number AF254642) and antisense: 5' CTTCCTGATCA
TGGTGGTTC 3’ (nt 378 to 358, GenBank accession number AF254642).

33 Results and discussion

3.3.1 ¢DNA sequence analysis

The zebrafish Lb-FABP ¢cDNA sequence (Denovan-Wright ef al., 2000) encodes

a peptide of 126 amino acids with a calculated isoelectric point of 8.8 and a molecular
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weight of 14.0 kDa. The deduced amino acid sequence of Lb-FABP was aligned with the
Lb-FABP and L-FABP sequences from several other species (Fig. 6). Zebrafish Lb-
FABP showed 85% identity to catfish Lb-FABP and between 60% to 69% identity to Lb-
FABP from salamander, chicken, lungfish, iguana, shark and toad. The identity of the
zebrafish Lb-FABP to L-FABPs was in the range of 38% to 42% (Fig. 6). The
alignment revealed that the zebrafish Lb-FABP is most similar to Lb-FABPs and not the

L-FABPs reported from other species.

3.3.2 Organization of the zebrafish Lb-FABP gene

DNA traces with identity to a zebrafish Lb-FABP cDNA (Denovan-Wright ef al.,
2000) were retrieved from the Wellcome Trust Sanger Institute (http://trace.ensembl.org/
perl/ssahaview and http://www.ensembl.org/Danio_rerio/ssahaview). Trace zfishG-
a2428c01.qlca contained the sequence for exon 1 and part of intron 1, trace zfishC-
a924e02.plc contained part of intron 1, exon 2 and part of intron 2, sequence z06s041263
contained part of exon 2 and part of intron 2, trace zfishC-a924¢e02.q1c¢ contained part of
intron 2 and the trace zfishC-a2463a03.p1lc contained the sequence for part of intron 2,
exon 3 and part of intron 3. The sequence of intron 3, not present in the zebrafish
genome sequence database was obtained from genomic DNA by PCR. Comparison of
the genomic and cDNA sequence revealed that zebrafish Lb-FABP gene is organized into
4 exons separated by 3 introns (Fig. 6). The intron/exon splice junctions follow the “GT-
AG” dinucleotide rule of Breathnach and Chambon (1981). The four exon/three intron
organization of the Lb-FABP gene is consistent with the structure of other mammalian

iLBP genes (Bernlohr ef al., 1997) and provides additional evidence that Lb-FABP gene
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Figure 6. Sequence alignment of the zebrafish Lb-FABP with Lb-FABP and L-
FABP from other species. The amino acid sequences of zebrafish Lb-FABP (zf-Lb-
FABP; GenBank accession number AF254642), catfish Lb-FABP (C{-Lb-FABP;
P80856), salamander Lb-FABP (Sa-Lb-FABP; P81400), chicken Lb-FABP (Ch-Lb-
FABP; P80226), iguana Lb-FABP (Ap-Lb-FABP; U28756), shark Lb-FABP (Sh-Lb-
FABP;P81653), toad Lb-FABP (Td-Lb-FABP; P83409), lungfish Lb-FABP (Lf-Lb-
FABP; P82289), pufferfish L-FABP (Pf-L-FABP; AAC60290), salamander L-FABP
(Sa-L-FABP; P81399) pig L-FABP (Pi-L-FABP; P49924), human L-FABP (Hu-L-
FABP; P07148), mouse L-FABP (Mo-L-FABP; Y14660), cow L-FABP (Bo-L-FABP;
P80425) and rat L-FABP (Ra-L-FABP; P02692) were aligned using CLUSTALW
(Thompson et al., 1994). Dots indicate identity and dashes were introduced to maximize
alignment. The percent identity between the zebrafish Lb-FABP and other Lb-FABPs or
L-FABPs are shown at the end of each sequence. The intron positions relative to the

amino acid sequence are indicated by “¥ .
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and L- FABP from other species.
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and other members of the iLBP multigene family originated from a common ancestral

gene as a result of duplication event (s) during the course of evolution.

3.3.3 Radiation hybrid mapping of the zebrafish Lb-FABP gene

The LN54 panel of radiation hybrids (Hukriede er al., 1999) was used to assign
zebrafish Lb-FABP gene to LG 16 at a distance of 8.23 cR from the marker Z10256 with

aLOD of 17.1.

Although no mammalian Lb-FABP orthologs are reported, the comparison of a
number of genes mapped to zebrafish .G 16 and their mammalian orthologs suggest that
the zebrafish LG 16 has syntenic relationship with human chromosomes 1, 3, 6, 17, 19

and 20 (Table 3). The mouse chromosome 3 and rat chromosomes 1 and 2 are syntenic

to zebrafish LG 16 (Table 3).

3.3.4 5 upstream sequence and the transcription start site of the zebrafish Lb-

FABP gene

A 484 bp genomic DNA fragment 5’ upstream of the initiation codon for the Lb-
FABP gene was cloned by LM-PCR following digestion of genomic DNA with the
restriction enzyme Eco RI and sequenced. The transcription start site of the zebrafish Lb-
FABP gene was mapped by amplifying the capped and mature 5’ end of the Lb-FABP
mRNA transcript from adult zebrafish RNA using 5’ RLM-RACE. Nested PCR
produced a single band ~ 125 bp in size (Fig. 7A) that was isolated and purified from the
agarose gel. Sequencing of a randomly selected clone revealed that the cDNA end was
90 bp in length excluding the 38 bp 5" RLM-RACE adapter sequence. Alignment of the

5" RLM-RACE sequence and the 5’ upstream sequence cloned using LM- PCR revealed
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Figure 7. The 5’ end of the mature zebrafish Lb-FABPvaNA and §' upstream
sequence of the zebrafish Lb-FABP gene. (A) Total RNA from whole adult zebrafish
was treated with calf intestinal alkaline phosphatase (CIP), tobacco acid pyrophosphatase
(TAP) and ligated to a designated RNA adapter. A single product of ~125 bp (lane 1)
was amplified by two rounds of nested PCR. The RNA treated with CIP, but not TAP
and ligated to the designated RNA adapter did not generate a product in nested PCR (lane
2). The molecular weight marker (lane M) used was ©X174 RF DNA/Haelll fragment
(Gibco BRL). The sizes of the molecular weight markers in bp are indicated to the left.
(B) A portion of the Lb-FABP 5’ upstream sequence was cloned using LM-PCR. The
internal Lb-FABP-specific primer used in the LM-PCR is underlined and the initiation
codon is in bold font. The transcription start site identified using 5 RLM-RACE is
indicated (*). The sequence 5’ upstream of the transcription start site is in lower case. A

putative TATA box is italicized and underlined.



(A)

(B)

M1 2

57'gaattctacactatctcttttgatacatttaattgatttaaaa
aaagcagttcacccaagaaacatttcectcacactecgagtggttgt
cttgaaaacttttatgaattactttcacaaaacaacgtatttgga
agaatgttggaaaaaagcagccattgacttccatagtaacaacaa
aaaaaatactatggaagtcaatggctgttttttcaccattcggta
tcttcattectggagecagaattttttgggtgatctgtecetttaayg
tcgtcaaatcecctggtgcaatatteccacatgecactgatgagtettt
atttttggtctgectactgctgtgcatgtgggggecatttacctcat
cttctgetggagttgatgaacggtgggttgttcaaacagecageag
gtcattgactgaactcctctecgatataaaagctgecagatctgaag
N TATA box
ctgaccttcACTTTGTGTTGAGCTTCTCCAGAAAGCATGGCCTTC
AGCGGGACGTGGCAGGTTTACGCTCAGGAGAACTACGAGGAGTTT
CTCAGAGCC 37

Figure 7. The 5’ end of the mature zebrafish Lb-FABP mRNA and

the 5’ upstream sequence of the zebrafish Lb-FABP gene.
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that the transcription start site of the zebrafish Lb-FABP was located 27 bp upstream of
the initiation codon (Fig. 7B).

A 435 bp sequence in the Lb-FABP promoter is sufficient for the liver-specific
gene expression (Her et al., 2003b). Based on the transcription start site identified here,
the 435 bp sequence is located between -1482 to -1916 in the 5’ upstream sequence of the

zebrafish Lb-FABP gene.
3.3.5 Northern blot hybridization

The antisense oligonucleotide specific to Lb-FABP mRNA hybridized to a
transcript of approximately 700 nucleotides in the northern blot (Fig. 8). Considering the
average size of a poly(A) tail (150-200 nucleotides) in eukaryotic mRNAs, the difference
in length between the cDNA sequence (442 bp plus a poly(A) tail of at least 91
nucleotides, GenBank accession number AF254642, Denovan-Wright et al., 2000) and
the detected mRNA of 700 nucleotides is likely due to the poly(A) tail. Comparison of
the sequence obtained by 5’ RLM-RACE (section 3.3.4) and the Lb-FABP cDNA
sequence (GenBank accession number AF254642) revealed an additional 15 bp sequence
that was not present in the original cDNA clone. Probing of the northern blot

demonstrated that a single mRNA transcript is encoded by the zebrafish Lb-FABP gene.

3.3.6 Temporal and spatial expression of the Lb-FABP gene during zebrafish
embryonic and larval development
RT-PCR of total RNA extracted from zebrafish embryos at different

postfertilization stages revealed the temporal expression of the Lb-FABP gene during
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Figure 8. Northern blot and hybridization to detect Lb-FABP mRNA. Total RNA
isolated from adult zebrafish was analysed by northern blot analysis. The antisense Lb-
FABP specific oligonucleotide probe (1) hybridized to a mRNA of approximately 700
nucleotides. Following removal of the radiolabelled probe, the blot in 1 was hybridized
to the sense oligonucleotide probe (2) that did not detect any zebrafish RNA under the

hybridization conditions employed.
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Figure 8. Northern blot and hybridization to detect Lb-FABP mRNA.
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embryogenesis. Lb-FABP-specific product was amplified from total RNA extracted
from zebrafish embryos at 60 and 72 hpf (Fig. 9A). No product was detected from
zebrafish embryos between 1, 3, 12 and 24 hpf or in the negative control reactions (Fig.
9A). As a positive control, RT-PCR was performed to amplify the constitutively
expressed zebrafish RACK1 (Hamilton and Wright, 1999).

An antisense RNA probe prepared from the zebrafish Lb-FABP ¢DNA did not
detect a Lb-FABP-specific product in the embryos from the gastrula (approximately 6
hpf) until 36 hpf (data not shown). This suggests that Lb-FABP does not play an
important role in the early stages of liver morphogenesis, at least not for a few hours after
the developing hepatocytes have aggregated (~28 hpf, Ober et al., 2003). The weak
expression of the Lb-FABP mRNA in the ventral endoderm (near the heart chamber) of
the 36 hpf zebrafish embryos (Her et al., 2003a) was not observed in the present
investigation and could represent a strain-specific difference. At 48 hpf, the approximate
time when the liver budding process is complete (Ober ef al., 2003), Lb-FABP transcripts
were detected in the liver of the zebrafish embryos (Fig. 10A, B, C). Lb-FABP mRNA

was also detected in S day old larvae (Fig. 10D, E).

3.3.7 Tissue-specific expression of the Lb-FABP mRNA in adult zebrafish

RT-PCR was used to define the Lb-FABP mRNA expression in various adult
zebrafish tissues. The constitutively expressed RACK1 employed as positive control,
generated a product for each tissue sample analyzed by RT-PCR (Fig. 9B). A Lb-FABP-
specific product was generated from total RNA extracted from liver, intestine and testes
of adult zebrafish (Fig. 9B). The total RNA extracted from brain, muscle, heart, ovary

and skin did not generate a Lb-FABP-specific product in the RT-PCR (Fig. 9B). We
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Figure 9. RT-PCR analysis to determine the temporal and tissue-specific expression
of zebrafish Lb-FABP gene. (A) Zebrafish Lb-FABP mRNA-specific primers did not
generate a product from total RNA extracted from zebrafish embryos at 1 hpf (1), 3hpf
(3), 12 hpf (12) and 24 hpf (24) stages. Lb-FABP specific product was generated from
the total RNA extracted from zebrafish embryos at 60 hpf (60) stage, 72 hpf (72) stage
and the total RNA extracted from whole adult zebrafish (A). No product was detected in
the negative control (-) lacking RNA template in the RT-PCR (upper panel). A product
for constitutively expressed RACK1 mRNA was detected in total RNA extracted from all
embryonic stages (lower panel). (B) RT-PCR generated a Lb-FABP mRNA-specific
product from total RNA extracted from adult zebrafish liver (L), intestine (I) and testes
(T). No Lb-FABP mRNA product was generated from adult zebrafish heart (H), muscle
(M), ovary (O), skin (S), brain (B) or the negative control (-) lacking the total RNA in the
RT-PCR (upper panel). A RACK1 mRNA-specific product was generated from all the

adult zebrafish tissues analyzed (lower panel).
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Figure 9. RT-PCR analysis to determine the temporal and tissue-specific

expression of zebrafish Lb-FABP gene.
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Figure 10. Zebrafish Lb-FABP mRNA detection by whole mount in situ
hybridization during embryonic and larval development. (A) Lb-FABP mRNA in
the liver (L) of the 48 hpf zebrafish embryo. (B) Dorsal view of 48 hpf embryo showing
expression in the liver. (C) Side view of embryo shown in (B). (D) Expression of Lb-
FABP in the liver of 5 day old larvae. (E) Dorsal view of larvae at 5 days of

development showing LLb-FABP mRNA expression in the liver.
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Figure 10. Zebrafish Lb-FABP mRNA detection by whole mount in sifu
hybridization during embryonic and larval development.
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have previously detected Lb-FABP mRNA in the liver of adult zebrafish by tissue-
section in situ hybridization (Denovan-Wright et al., 2000). The highly sensitive RT-
PCR assay, however, also detected Lb-FABP mRNA in the intestine and testes. L-
FABP, a paralogous gene that is phylogenetically closely related to Lb-FABP, is believed
to have duplicated from a common ancestral gene approximately 680 mya (Schaap et al.,
2002) and is expressed in the intestine and liver of adult rats (Sweetser et al., 1986). The
Lb-FABP gene has not been reported for any mammalian species, however, both L-
FABP and Lb-FABP are expressed in a few non-mammalian species including chicken,
salamander and catfish. The expression pattern of the paralogous L-FABP gene in
zebrafish will further help elucidate the division of expression pattern and possible
mechanism of its retention in zebrafish lineage after the duplication event. The zebrafish
L-FABP gene structure, mRNA expression pattern, linkage analysis and potential cis-

acting regulatory elements are described in chapter 4.



Chapter 4: An ortholog of mammalian liver fatty acid-binding protein from
zebrafish: ¢DNA cloning, gene structure, linkage analysis and mRNA
distribution.

4.1 Introduction
Liver fatty acid-binding protein (L-FABP/fabpI) was first isolated from the

cytosol of rat liver (Ockner et al., 1972) and has since been identified in the intestine and

kidney of mammals (Hertzel and Bernlohr, 2000). It has been proposed that L-FABP is
involved in uptake of fatty acids (Hertzel and Bernlohr, 2000), modulation of enzyme
activity by altering lipid levels (Coe and Bernlohr, 1998), protection of cells against the

harmful effects of excess free fatty acids by acting as a buffer (Besnard et al., 2002),

regulation of the expression of specific genes and regulation of cell growth and

differentiation (Veerkamp and Maatman, 1995). In addition to long chain fatty acids, L-

FABP binds lysophospholipids, prostaglandins, phytanic acid, eicosanoids, heme and

acyl-CoAs (reviewed in: Coe and Bernlohr, 1998; Zimmerman and Veerkamp, 2002,

Wolfrum ef al., 1999). Several studies have shoWn that L-FABP binds two fatty acids

per molecule (Thompson ef al., 1997b; Di Piétro et al., 1999; Nemecz et al., 1991)

whereas other iL.BPs have the capacity to bind a single ligand (Richieri et al., 1994;

Nemecz et al., 1991). The exception to this is the basic liver fatty-acid binding proteins

from axolotl (Di Pietro et al., 1999), shark (Cérdoba et al., 1999), lungfish (Di Pietro et

al., 2001) and toad (Di Pietro et al., 2003) that bind two molecules of cis-parinaric acid
but not frans-parinaric acid. The L-FABP binds the broadest range of ligands among

1L.BPs studied.
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Di Pietro and co-workers (1997) were the first to report the presence of L-FABP
in a fish species. In western blot analysis, antibodies to rat L-FABP were used to
demonstrate the restricted expression of the catfish L-FABP in the intestine (Di Pietro et
al., 1997). Recently, a conceptual translation of the pufferfish L-FABP from the genomic
sequence has been submitted to the GenBank (accession number AAC60290). To date,
these are the only two reports available on a piscine L-FABP. In this chapter, I discuss
the cloning of the cDNA for the zebrafish L-FABP and examine L-FABP mRNA
expression during embryogenesis and in a number of adult zebrafish tissues. Sequence
analysis, gene organization and linkage analysis of zebrafish L-FABP are presented. The
putative cis-acting regulatory elements of the zebrafish L-FABP gene are discussed in
light of the observation that L-FABP/fabp! is expressed in adult zebrafish intestine but
not in the liver.

4.2 Materials and methods

4.2.1 5'RLM-RACE and 3' RACE to obtain L-FABP ¢DNA sequence

Database searches at the NCBI (http://www.ncbi.nlm.nih.gov/) identified a
zebrafish EST sequence (GenBank accession number BI846703) described as similar to
human L-FABP. The 3' Rapid Amplification of cDNA Ends (3' RACE) and 5' RLM-
RACE were performed to obtain the zebrafish L-FABP cDNA sequence. One pg of total
RNA from adult zebrafish was used to synthesize first strand cDNA using reverse

transcriptase Superscript II (Gibco BRL) and an oligo dT primer with an adapter (5'

GGCCACGCGTCGACTAGTACTTTTTTITTTTTTTTTTT 3"). Sense primer (5'
GGGATCTCCTGAAGCTGAAC 3'; nt 9 to 28, Fig. 12) specific to L-FABP mRNA was

used in the first round of PCR along with the adapter primer (5' GGCCACGCGTCGACT
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AGTAC 3') to amplify the 3' end of the cDNA. The 25 ul reaction contained 1xPCR
buffer, 1.25 U of Taqg DNA polymerase (MBI Fermentas), 1.5 mM MgCl, 0.2 mM each
dNTP, 0.4 pM each primer and 1 pl of cDNA. PCR conditions involved initial
denaturation at 94°C for 2 min, followed by 32 cycles of 94°C for 30s, 58°C for 30s, 72°C
for 40s and final extension at 72°C for 5 min. Half a pl of the primary PCR product was
used as template for the second round of PCR with a L-FABP mRNA-specific internal
sense primer (5' TGGGAAATATCAGCTGGAGTC 3'; nt 69 to 89, Fig. 12) and the
adapter primer. The conditions for the secondary PCR were similar to those of the
primary PCR with the exception that the reaction was subjected to 30 cycles of
amplification. The product from the secondary PCR was size fractionated by 1% agarose
gel electrophoresis. A single band of ~800 bp was excised from the agarose gel and
purified using QIAquick Gel Extraction Kit (QIAGEN), cloned into plasmid pGEM-T
vector system (Promega) and sequenced.

5' RLM-RACE was performed to amplify the 5’ end of the L-FABP mRNA and to
map the transcription start site of the zebrafish L-FABP gene. The template for 5' RLM-
RACE was prepared as described in section 2.2.5. Nested PCR using two sense adapter
primers (section 2.2.5) and two antisense primers specific to L-FABP mRNA (outer: 5’

CGTCTGCTGATCCTCTTGTAG 3'; nt 431 to 411, Fig. 12 and inner: 5’
CGACCTCATCATCCGGCAC 3'; nt 145 to 127, Fig. 12) was performed. The PCR
conditions were similar to those described in section 3.2.5 with the exception that 58°C
was used as the annealing temperature in both primary and secondary PCR and the
extension time was increased to 1 min. The product from the secondary PCR was size

fractionated by 1.5 % agarose gel electrophoresis. A single major band of ~200 bp in the
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+TAP reaction was excised from the agarose gel and purified using QIAquick Gel
Extraction Kit (QIAGEN), cloned into plasmid pGEM-T vector system (Promega) and
sequenced.

The complete cDNA sequence was determined by aligning the overlapping
sequences obtained from 3' RACE and 5' RLM-RACE using CLUSTALW (Thompson et
al., 1994). A BLASTX search of the cDNA sequence was performed at GenBank
(NCBI). The cDNA sequence was analyzed for the open-reading frames, protein
molecular mass and isoelectric point using Gene Runner V 3.05 (Hastings Software,
Inc.). The deduced amino acid sequence of the open-reading frame was aligned with
other reported sequences using CLUSTALW (Thompson ef al., 1994) and an output of
percentage sequence identity was generated. CLUSTALX (Thompson ef al. 1997a) was
used to generate a bootstrap neighbour-joining phylogenetic tree to test the position of
zebrafish L-FABP among different iLBP sequences obtained from GenBank (NCBI).
Human Von Ebner’s gland protein (LCN1, GenBank accession number NP_002288) that

belongs to the lipocalin family of the calycins was used as outgroup.

4.2.2 Sequence of the L-FABP gene and the 5' upstream sequence

Partial zebrafish L-FABP gene sequence including 1287 bp of 5’ upstream
sequence was obtained from the zebrafish genome database at the Wellcome Trust
Sanger Institute (http://www.sanger.ac.uk/Projects/ D_rerio/). The L-FABP gene
sequence was aligned with the cDNA sequence to determine the intron/exon junctions.
The 1287 bp 5' upstream sequence of the L-FABP gene was analysed for potential cis-
acting regulatory elements by computer-assisted analysis using MatInspector professional

at http://transfac.gbf.de/cgi-bin/matSearch/matsearch.pl (Quandt ef al., 1995).
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4.2.3 Linkage analysis by radiation hybrid mapping

LN54 radiation hybrid panel (Hukriede et al., 1999) was used to localize the L-
FABP gene to a zebrafish linkage group. Radiation hybrid mapping was performed as
described in section 2.2.4 with the following exceptions: Sense (5' AAGCAGGAAGTT
CTCATCGG 3') and antisense (5' AATCCCCTTGACAA ACGCTG 3') primers were

used to amplify part of intron 2, exon 3, intron 3, and part of exon 4 of the zebrafish L-

FABP gene and 55°C was used as annealing temperature in the PCR.

4.2.4 Developmental and tissue-specific expression of L-FABP mRNA in zebrafish

Developmental and tissue-specific expression of the zebrafish L-FABP gene was
performed by RT-PCR and whole-mount in situ hybridization as described in section
2.2.5. RT-PCR was performed as described in section 2.2.6 with the following
exceptions: the L-FABP mRNA-specific sense primer (5' TGGGAAATATCAGCTGGA
GTCT 3'; nucleotides 69 to 90, Fig. 12) and antisense primer (5' CGTCTGCTGATCCT
CTTGTAG 3'; nucleotides 431 to 410, Fig. 12) were used in the PCR and 57 °C was
used as the annealing temperature.

4.3 Results and discussion

4.3.1 L-FABP ¢DNA sequence and analysis

The sequence of the zebrafish L-FABP ¢cDNA was determined by performing 3’
RACE and 5’ RLM-RACE using L-FABP mRNA-specific primers, based on a zebrafish
EST (GenBank accession number BI846703) described as being similar to the human L-

FABP. A single product of ~ 800 bp was obtained in 3' RACE (Fig. 11A) and a single
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Figure 11. 3' RACE and 5' RLM-RACE to clone the zebrafish L-FABP ¢DNA. (A)

Agarose gel electrophoresis of 3' RACE product for zebrafish L-FABP. The single band
~800 bp (lane 1) was excised, cloned and sequenced. The molecular weight markers
(lane L) used were the 100 bp DNA ladder from MBI Fermentas. (B) 5’ RLM-RACE
amplified a single major product of ~200 bp from the mature and capped L-FABP mRNA
treated with calf intestinal phosphatase (CIP) and tobacco acid pyrophosphatase (TAP)
(lane 1). The negative control, total RNA treated with CIP but not TAP, is shown in lane

2. The molecular weight marker (Lane L) used was 100 bp DNA ladder from MBI

Fermentas.
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Figure 11. 3 RACE and 5§ RLM-RACE to clone zebrafish L-FABP cDNA.
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major product of ~200 bp was obtained in 5* RLM-RACE (Fig. 11B). A minor product
possibly from unprocessed or degraded mRNA was generated in the mRNA treated with
CIP but not TAP (Fig. 11B) and was not cloned. Three clones for L-FABP 3’ RACE
product and three clones for L-FABP 5' RACE product were sequenced. Analysis of the
sequences revealed that the L-FABP ¢cDNA was 827 bp (excluding the poly A tail) in
length (Fig. 12). An open reading frame of 384 bp from nucleotide 58 to 441, including
the stop codon, was identified that codes for a polypeptide of 127 amino acids with a
molecular mass of approximately 14.1 kDa and a calculated isoelectric point of 4.97.

The 5" UTR and 3" UTR were 57 bp and 386 bp, respectively. A poly adenylation signal
(AATAAA) was located at nucleotides 809-814. In one of the 5' RLM-RACE clones, the
nucleotide at position 70 was an adenine in place of guanine resulting in a change in the
encoded amino acid from Gly to Arg (Fig. 12). Analysis of the zebrafish L-FABP
cDNA using BLASTX revealed significant sequence similarity to L-FABP sequences
from other species available in the NCBI database. Alignment of the deduced zebrafish
L-FABP amino acid sequence to L-FABP and Lb-FABP sequences from different species
(Fig. 13) using CLUSTALW (Thompson ef al., 1994) revealed 64% identity to human L-
FABP suggesting that the cDNA clone codes for L-FABP in zebrafish. A phylogenetic

analysis using CLUSTALX (Thompson ez al., 1997a) placed the zebrafish L-FABP in the

same clade as L-FABP from other species (Fig. 14).

4.3.2 Organization of L-FABP gene

Searches of the zebrafish genome database (assembly Zv2) at the Wellcome Trust

Sanger Institute (http://www.sanger.ac.uk/Projects/ D_rerio/) using zebrafish L-FABP
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Figure 12. Zebrafish L-FABP ¢DNA sequence and the location of the introns in the
zebrafish L-FABP gene. The 827 bp L-FABP cDNA sequence (excluding the poly A
tail) was determined by cloning and sequencing the 3’ RACE and 5’ RLM-RACE
products. The cDNA sequence contained an open reading frame of 384 nucleotides
coding for a protein of 127 amino acids. A variation between the 5" RLM-RACE
products is shown in bold font with the variation indicated above. The intron positions
obtained by aligning the genomic sequence obtained from contig ctg30243.1 (assembly
Zv2, http://www .sanger.ac.uk/Projects/ D_rerio/) and the cDNA sequence are indicated

by “¥”. A polyadenylation signal sequence, AATAAA, is italicized and in bold font.



5’atttctgcgggatctectgaagetgaacacacacacacacacacacaccacaqg Vgctg

A
ATG GCG TTIC ACT GGG AAA TAT CAG CTG GAG TCT CAC GAG AAC TTT
Met Ala Phe Thr Gly Lys Tyr Gln Leu Glu Ser His Glu Asn Phe

GAG GCA TTC ATG AAG GCA GTC d‘bT GTG CCG GAT GAT GAG GTC GAG
Glu Ala Phe Met Lys Ala Val Gly Val Pro Asp Asp Glu Val Glu

AAA GGC AAAR GAC ATT AAG AGC ATC TCT GAG ATC CAT CAG GAC GGA
Lys Gly Lys Asp Ile Lys Ser Ile Ser Glu Ile His Gln Asp Gly

ARA GAC TTC AAG GTG ACG GTG ACA GCC GGA ACT RAA GTC ATC CTG
Lys Asp Phe Lys Val Thr Val Thr Ala Gly Thr Lys Val Ile Leu

TAC TCC TTC ACT GTG GGC GAG GAG TGT GAG CTG GAG ACG TTC ACT
Tyr Ser Phe Thr Val Gly Glu Glu Cys Glu Leu Glu Thr Phe Thr

GGA GAC AGA GCT AAAVACT GTG GTT CAA ATG GAT GGT AAT AAG CTG
Gly Asp Arg Ala Lys Thr Val Val Gln Met Asp Gly Asn Lys Leu

ACA GCG TTT GTG AAG GGG ATT GAG TCT GTG ACG GAG CTG GAT GGA
Thr Ala Phe Val Lys Gly Ile Glu Ser Val Thr Glu Leu Asp Gly

GAC ACT ATCVWAGT AAC ACT CTC AGC TTT AAT GGT ATC GTC TAC AAG
Asp Thr Ile Ser Asn Thr Leu Ser Phe Asn Gly Ile Val Tyr Lys

AGG ATC AGC AGA CGC ATC TCA TGA tcatcatcatcattttcatctghtgtgt
Arg Ile Ser Arg Arg Ile Ser ~*

ttgtazagcgacgctcatgggtttgetggtgagggeggettcacgecatgetgtgataaa
catgttcgttctgecttgaacatgegeagetccatectetgtetgectecgecategectga
aaacacacacacacaccagcatcacacacactcttttatattcttctgetattgatggg
atcataaacatgattgatagactgtttagttgettcatggtgagacagcaaaggttaaa
tcagtttttcatgcactctatactgtatttcagactagecggagaatgcectgaatagacet
ggatgtgtttgttgttaaatgtttgcatctgtagagttcaatgacaataaatatcttca
gtttgaaaaaaaaaaaaaaaaaaa 3’

Figure 12. Zebrafish L-FABP ¢DNA sequence and the location of the
introns in the L-FABP gene.
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Figure 13. Sequence alignment of zebrafish L-FABP with L-FABP and Lb-FABP
sequences from other species. The amino acid sequences of zebrafish L-FABP (Zf-L-
FABP), human L-FABP (Hu-L-FABP; GenBank accession number P07148), chick L-
FABP(Ch-L-FABP; AAK58095), pig L-FABP (Pi-L-FABP; P49924), salamander L-
FABP (Sa-L-FABP; P81399), rat L-FABP (Ra-L-FABP; P02692), mouse L-FABP (Mo-
L-FABP; Y14660), cow L-FABP (Bo-L-FABP; P80425), pufferfish L-FABP (Pf-L-
FABP; AAC60290), salamander Lb-FABP (Sa-Lb-FABP; P81400), iguana Lb-FABP
(Ap-Lb-FABP; U28756), chick Lb-FABP (Ch-Lb-FABP; P80226), Lb-FABP (Zf-Lb-
FABP; AF254642), lungfish Lb-FABP (Lf-Lb-FABP; P82289), catfish Lb-FABP (Cf-
Lb-FABP; P80856), shark Lb-FABP (Sh-Lb-FABP; P81653) and toad Lb-FABP (Td-Lb-
FABP; P83409) were aligned using CLUSTALW (Thompson ef al., 1994). Dots indicate
identity and dashes were introduced to maximize alignment. The percent identity
between the zebrafish L-FABP and other L-FABPs or Lb-FABPs are shown at the end of

each sequence.



Zf-L-FABP 1 MAFTGKYQLESHENFEAFMKAVGVPDDEVEKGKDIKSISEIHQDGKDFK
Hu-L~-FABP 1 .8.8..... Q.Qv. .. I.L.EELIQ...... GV...V.N..H..
Ch~-L-FABP 1 .5..... E.Q...... P L.L...QIQ. ..ot V.N.NK..
Pi-L~-FABP 1 .N.S.,...VD.Q.sivivinn L..ELIQ...... GT...V.N..H..
Sa-L-FABP 1 -S.A...E.Q.Q......... I.L..ELIQ....... V...Q.N..S..
Ra-L-FABP 1 .N.S....VQ.Q....P....M.L.E.LIQ...... GV...VHE..KV.
Mo-L-FABP 1 .N.S..... Q.9....P I.L.E.LIQ...... GV...VHE..KI.
Bo-L-FABP 1 .N.S...VQTQ. . Y ei e M I1Q...... GV...V.N,.H..
Pf-L~FABP 1 .8.8....Qv.Q0....P....I.L..EVIQQV.EL..T...E.N.N. ..
Sa-Lb~-FABP 1 -P.N.TW.VY.Q..Y...LR...L.E.IINVA...NP.I..Q.N.DN.V
Ap-Lb-FABP 1 ... N.ITW.VY.Q..Y.D.L..IAL...IIKAA..V.PVT..R.T.NT.V
Ch-Lb-FABP 1 -..S.TW.VYAQ..Y.E.L..LAL.E.LIKMAR...P.V..Q.K.D..V
Zf-Lb-FABP 1 LS. TW.VYAQ. .Y.E.LR.ISL.EEVIKLA. .V.PVT, .Q.N.3..T
Lf-Lb~-FABP 1 ~-..8.TW.VYAQ..Y...L.VI..AE.ITPHA.E, .PTI..Q.S.NS.T
Cf~Lb-FABP I -..5.TW,VYAQ..Y.E,LR.ISL.E.VIKLA. .V.PVT, .Q.T.N.,.V
Sh-Lb-FABP 1 -..8.TW.VY.Q..I.D.LR.LSL.EEVIKI.. ... PVID.K.T.EH.V
Td-Lb-FABP 1 -..N.TWNVYAQ..Y.N.LRT..L.E.IIKVA..VNPVI..E.N.NE.V

Zf-L-FABP 50 VIVTAGTRVILYSFTVGEECELETFTGDRAKTVVOMDG-NKLTAFVKGI

Hu-L-FABP 50 F.I...S...QNE........ ... M..EKV..... LE.D...VITF.N.
Ch~L~-FARP 50 I...T.S..MTNE..I..... M.LL..EK..CI.N.E.N...V.NL..L
Pi-L-FABP 50 L.I.T.S..VONE,.L..... M..L..EKV..... LE.D...VITF...
Sa-L-FABP 4% ....T.S..LENE..L...A....L..EKV.SI.KQE.D...VVNL...
Ra-L-FABP 50 L.I.¥Y.S...HNE. . L........ M,.EKV.A..K.E.D. .MVTTF...
Mo-L~FABP 50 L.I.Y.P..VRNE..L........ M..EKV.A. .KLE.D. .MVTTF...
Bo-L-FABP 50 FII...S...QNE..L..... M.FM..EKI.A...QE.D...VTTF...
Pf-L-FABP 50 I.I.T.P..TVNK.. .T.MD.I..EKI...FHL..~...KVSL.

CA.TITSMG.KKT.CT.VLE.-G. .VSKTDQF
LADMT .MD.KKV.CT .NLVD-G. .V.KSDKF
LADIT.MD.KKL.CT.HLAN-G. .VTKSEKF
A.IT.MD.KKL.CI.KL..~-G..VCRTDRF
A.IT.MN.NKLRCTIN.ED~G. .VCKTEKF
LAVIT.MDLURKL.CILKLE. -G. . ISETEKF
A
S

L
I
Sa~Lb-FABP 49 .. SKTPNQSVIN...I
Ap-Lb~FABP 50 ..SKTPN.SVTN...L.
Ch-Lb-FABP 49 ..SKTPRQTVTN...L
Zf~-1Lb-FABP 50 T.SKTPG.TVIN...I
Lf-Lb-FABP 49 . .S..QK.STTNT..I
Cf-Lb-FABP 49 I.SKTPG.SVIN...I
Sh-Lb-FABP 49 IV.KTSQQTVINE....
Td~Lb-FABP 49 . .SKTPKQTHSN.....

.ITSMD.KKL.CT..LED~G. .V.KKLKF
LITSMD.KKI.VT. .LE.~-G..ICKSDKF

Zf-L-FARP 98 ESVTEL-DGDTISNTLSFNGIVYXKRISRRIS 100%
Hu-L-FABP 99 K..... -N..I.T..MTLGD..F....K..~ 64%
Ch~-L-FABP 99 K..... -N....TH.MTKGDLT..... K..- 62%
Pi-L-FABP 99 K..... -N..I.TS.MTLGD..F....K..~- 62%
Sa-L-~FABP 98 T..... -S...LI...QKGDDT..... K..- 61%
Ra-L-FABP 89 K....F-N....T..MTLGD..... V.K..- 59%
Mo-L-FABP 99 K..... ~N....T..MTLGD..... V.K..- 59%
Bo-L-FABP 99 K....F-N...VIS.MTKGDV.F..V.XK. .~ 58%
Pf-L-FABP 97 ..., A.PN..T--MTLGDV...TT.K.M- 52%
Sa-Lb-FABP 97 SHIQ.V-K.NEMVE..TVG.ATLI.R.K.V- 36%
Ap~-Lb-FABP 98 IHEQ.I-V.NEMVE.ITSGSATFT.R.KK.- 34%
Ch~Lb-FABRP 97 SHEQ.V~K.NEMVE.IT.G.VTLI.R.K.V- 34%
Zf-Lb-FABP 98 SHIQ.I-KAGEMVE..TVG.TTMI.K.KK.- 34%
Lf-Lb-FABP 97 SHIQ.V-Q.EEMIE..TSGSATLI.R..KV- 34%
Cf~Lb~FABP 97 SHKQ.I-K.GEMIE..TVA.TTMV.K.KKV- 33%
Sh-Lb-FABP 97 THIQ.V-Q.NEMIEK.TAGNATMI.K...M- 32%
Td-Lb~FARBP 97 SHIQ.V-N..EMVEKITIGSSTLT.K.K.V- 32%

Figure 13. Sequence alignment of zebrafish L-FABP with L-FABP
and Lb-FABP sequences from other species.
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Figure 14. Phylogenetic analysis to test the position of zebrafish L-FABP in the
iL.BP multigene family. The bootstrap neighbour-joining phylogenetic tree was
constructed with CLUSTALX (Thompson et al., 1997a) using human Von Ebner’s gland
protein (LCN1, GenBank acceésion number NP_002288) that belongs to the lipocalin
family of the calycins as outgroup. The bootstrap values supporting the branch points are
shown as number per 1000 duplicates. Branch points supported by boot strap value of at
least 700 are indicated. The inclusion of zebrafish L-FABP (Zf-L-FABP) in the L-FABP
clade is highly supported. The sequences used in the analysis in addition to those
mentioned in figure 13 include cow epidermal-FABP (Bo-E-FABP; P55052), human E-
FABP( Hu-E-FABP; Q01469), cow adipocyte-FABP (Bo-A-FABP; P48035), human A-
FABP(Hu-A-FABP; P15090), human brain-FABP (Hu-B-FABP; 015540), zebrafish B-
FABP (Zf-B-FABP; AF237712), mouse testis-LBP (Mo-TLBP; O08716), rat TLBP (Ra-
TLBP; P55054), human CRABPI (Hu-CRABPI; NM_004378), human CRABPII (Hu-
CRABPIIL; M68867), human CRBPI (Hu-CRBPI; NP _002890), human CRBPII (Hu-
CRBPII; P50120), human intestinal-FABP (Hu-I-FABP; P12104), zebrafish I-FABP (Zf-
[-FABP; AF180921), orange-spotted grouper FABP (Ec-L-FABP; AAM22208), pig
Ileal-LBP (Pi-IILBP; P10289), human IILBP (Hu-IILBP; NP51161), Mouse IILBP (Mo-
IILBP; NP51162)and rat IILBP (Ra-IILBP; P80020). Scale bar = 0.1 substitutions per

site,
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c¢DNA sequence identified a contig, ctg30243.1 containing sequence of the zebrafish L-
FABP gene. Comparison of the genomic sequence from the contig and the cDNA
sequence reveal that the complete sequences of exons 1-4, introns 1-3 and partial
sequence of intron 4 of the zebrafish L-FABP gene were present in the contig. The
sequence of exon 5 not present in the contig sequence was obtained from the zebrafish L-
FABP cDNA sequence. Therefore, it appears that the zebrafish L-FABP gene contains
five exons separated by four introns (Fig. 12). Four of the five exons of the zebrafish L-
FABP gene constitute the coding region while one exon is present in the 5' UTR (Fig.
12). Rat L-FABP is the only other L-FABP for which full cDNA and gene sequence is
available (Sweetser et al., 1986). The exon present in zebrafish L-FABP 5’ UTR (exon 1)
is not present in the rat L-FABP gene. The introns in the coding region of the zebrafish
L-FABP gene are located at a position comparable to the rat L-FABP gene and the exons
in the coding region have the coding capacity similar to the rat L-FABP exons. The
vertebrate iILBP genes generally contain four exons interrupted by three introns (Bernlohr
et al., 1997), and the presence of more than four exons in the zebrafish L-FABP gene is
an exception to common iL.BP gene organizations. The exception to the four exon-three
intron organization of the iLBPs gene has previously been reported for the muscle-type
FABP gene from desert locust and a putative muscle-type FABP gene from Drosophila,
both of which lack intron 2 (Wu et al., 2001) but the five exon-four intron organization
for an iLBP gene has not so far been reported for any other species. The additional intron
in the zebrafish L-FABP gene could be a result of insertional mutation in the finned-fish
lineage after its divergence from the lobe-finned fish lineage. It is also possible that the

insertion occurred in the zebrafish lineage independently of other fish lineages.



72

The presence of two separate genes for L-FABP and Lb-FABP in zebrafish
provide evidence that the two genes are paralogs. Also, the presence of both L-FABP
and Lb-FABP genes in zebrafish suggests that the two liver FABP types diverged much
before the fish-tetrapod split (approximately 400 mya). Therefore, providing additional
support to the estimated divergence time of 680 mya from the last common ancestral

gene (Schaap et al., 2002).

4.3.3 Radiation hybrid mapping of the zebrafish L-FABP gene

The L-FABP gene was assigned to linkage group 5 at a distance of 10.2 centiRay
from marker Z22208 with a LOD of 14.5 using the LN 54 panel of radiation hybrids
(Hukriede et al., 1999) and the primers specific to L-FABP gene (Fig. 15). Comparative
analysis of the genes mapped to zebrafish linkage group 5 and orthologous genes in the
human genome revealed that the zebrafish linkage group 5 has syntenic relationship with
human chromosome 2. The genes for L-FABP, paired box gene 8 (P4AXS) and
minichromosome maintenance deficient 6 (MCM6) are located on zebrafish .G 5 and on
human chromosome 2 (Table 4). In the rat genome, the L-FABP gene is located on
chromosome 4, the Pax8 on chromosome 3 and the mini chromosome maintenance
deficient 6 [S. cerevisiae] (Mcmd6) on chromosome 13 while in the mouse genome the L-
FABP gene is located on chromosome 6, the Pax8 on chromosome 2 and the Mcm6 on
chromosome 1 (Table 4). The observations suggest that rearrangements and linkage
breaks have occurred in these regions of the mouse and the rat genome since they
diverged from the common ancestor of mammals approximately 70-100 mya
(http://www.cbs.dtu.dk/~gorm/modelorganisms.html#mouse). The synteny, is however,

maintained between zebrafish and humans.
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Figure 15. Location of the primers used in radiation hybrid mapping of zebrafish
L-FABP gene. The 517 bp sequence including the part of intron 2, exon 3, intron 3 and
part of exon 4 of the L-FABP gene amplified by using sense (1) and antisense (2) primers
to map the zebrafish L-FABP gene to linkage group 5. The sequences of the introns are
in lower case and italicized. The sequence is obtained from contig, ctg30243.1 (assembly

Zv2, http://www.sanger.ac.uk/ Projects/ D _rerio/).



1

5ﬂaagcaggaagttctcatcgdtatatcagcatgcaggcgtatttcacagcttgggttttc

ccagGTGTGCCGGATGATGAGGTCGAGAAAGGCAAAGACATTAAGAGCATCTCTGAGATCCA
TCAGGACGGAARAGACTTCAAGGTGACGGTGACGGCCGGAACTAAAGTCATTCTGTACTCCT
TCACTGTGGCGCCGAGGAGTGTGCAGCTGGAGACGTTCACTGGAGACAGAGCTAAAgtcagtygta
gtcetgatcatcaactatattactgtagatcaacaacaacataaactcacataacatttactg
taaaaaacaaaccctagtagctgtggttgccagtttttcaccatgaaaaatacagtacaaac
catgcaaatcttttcaaatttacactatacattttttacagtgaggttttgtggaattgate
agtgtgtgtgtgtgtgtgtgtgtgtgtgttttagACTGCTGGTTCAAATGGATGGTAATAAGC

2
TGACAGCGTTTGTCAAGGGGATT| 3’

Figure 15. Location of primers used in radiation hybrid mapping of
zebrafish L-FABP gene.
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4.3.4 Developmental expression of the L-FABP gene during zebrafish

embryogenesis

RT-PCR using total RNA extracted from zebrafish embryos (Fig. 16A) and
whole mount in situ hybridization to zebrafish embryos (data not shown) did not detect
L-FABP mRNA in any of the embryonic stages investigated. The constitutively
expressed RACK1 mRNA was amplified by RT-PCR and was used as a positive control
for each embryonic stage (Fig. 16A). In the rat intestine and liver, L-FABP mRNA is
first detectable at day 17 to 19 of gestation (late fetal life) (Gordon et al., 1985; Borchers
and Spener, 1994). A proximal to distal gradient in the levels of rat L-FABP mRNA is
established in the intestine during the late fetal stage. The mRNA concentration in the
gut sharply increases 3-4 fold within 24 h after birth and increases another 2 fold during
the suckling period. In hepatocytes, the L-FABP mRNA is induced during the first
postnatal day but remains relatively constant during the suckling and weaning period, up
to 35 days postpartum (Gordon et al., 1985). RT-PCR and whole mount in situ
hybridization analyses demonstrated that the zebrafish L-FABP mRNA reported here is
not detected during embryogenesis and therefore may not perform a function equivalent

to the mammalian L-FABP during zebrafish embryogenesis.

4.3.5 Tissue-specific expression of the L-FABP mRNA in adult zebrafish

An L-FABP-specific product was generated by RT-PCR from total RNA
extracted from zebrafish intestine. No RT-PCR product was generated from total RNA
extracted from liver, brain, testis, muscle, heart, skin or ovary (Fig. 16B). The
constitutively expressed RACK1 mRNA was amplified by RT-PCR and was used as a

positive control for each tissue (Fig. 16B). Di Pietro and co-workers (1997) studied the
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Figure 16. Developmental and tissue-specific expression of the zebrafish L-FABP
mRNA analyzed by RT-PCR. (A) Zebrafish L-FABP mRNA-specific primers did not
generate a product from total RNA extracted from zebrafish embryos at 1 hpf (1), 3hpf
(3), 12 hpf (12), 24 hpf (24), 60 hpt (60) or 72 hpf (72) stages. L-FABP specific product
was generated from the total RNA extracted from whole adult zebrafish (A). No product
was detected in the negative control (-) lacking RNA template in the RT-PCR (upper
panel). A product for constitutively expressed RACK1 mRNA was detected in total
RNA extracted from all embryonic stages (lower panel). (B) RT-PCR generated a L-
FABP mRNA-specific product from total RNA extracted from adult zebrafish intestine
(D). No L-FABP mRNA-specific product was generated from adult zebrafish heart (H),
muscle (M), testes (T), liver (L), ovary (O), skin (S), brain (B) or the negative control (-)
lacking the total RNA in the RT-PCR (upper panel). A RACK1 mRNA-specific product

was generated from all the adult zebrafish tissues analyzed (lower panel).



Figure 16. Developmental and tissue-specific expression of the
zebrafish L-FABP mRNA analysed by RT-PCR.
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expression of L-FABP in catfish tissues by western blot analysis using antibodies to rat
L-FABP. Catfish L-FABP expression is restricted to intestine as observed by RT-PCR
analysis in the adult zebrafish. Liver-FABP mRNA is found in adult rat intestine and
liver (Sweetser et al., 1986). In adult zebrafish, however, L-FABP mRNA was not

detected in liver.

4.3.6 Transcription start site of the zebrafish L-FABP gene

The transcription start site of the zebrafish L-FABP gene was determined using 5°
RLM-RACE. One abundant product of approximately 200 bp was detected in the
reaction with CIP/TAP treated RNA amplified in nested PCR with the adapter primer and
the L-FABP mRNA-specific primer (Fig. 11B). Alignment of the 5" RLM-RACE
sequence with the zebrafish L-FABP gene sequence localized the transcription start site
407 bp upstream of the initiation codon (Fig. 17). The analysis also revealed that the 5°
RIM-RACE product had ten “CA” di-nucleotide repeats while the genomic sequence
had only four “CA” di-nucleotide repeats (Fig. 17). The differences in the number of
repeats could represent zebrafish strain-specific or individual differences. Di-nucleotide
repeats are highly polymorphic and are used to detect genetic variation in a number of
fish species (O’Rielly et al., 1996; Carleton et al., 2002). The sequence CAT at location
-1 to +2 was observed in L-FABP gene (Fig. 17). This sequence fits the consensus for
RNA polymerase II promoter start sites where the first nucleotide of the mRNA is an “A”

and the corresponding A in the genomic sequence is flanked by pyrimidines (Lewin,

2000).
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Figure 17. The sequence 5’ upstream of the initiation codon of the zebrafish L-
FABP gene. The 1694 bp sequence 5™ upstream of the initiation codon for the zebrafish
L-FABP gene was obtained from zebrafish genome database at the Wellcome Trust
Sanger Institute (contig: ctg30243.1, assembly Zv2, http://www.sanger. ac.uk /Projects/
D _rerio/). The transcription start site was identified from the capped and mature L-FABP
mRNA by 5" RLM-RACE and is marked by an arrow sign. The initiation codon is
boxed, intron 1 sequence is in lower case and italicized and the 1287 bp sequence 5°
upstream of the transcription start site is in lower case. The six “CA” di-nucleotide
repeats not present in the genomic sequence are inserted based on the 5" RLM-RACE
sequence and are underlined. A single nucleotide variation between the 5° RLM-RACE

sequence and the genomic sequence is in bold font with the variation mentioned over it.



S’'gtttececcceecggtecacegecagggetttagtegaatcaactaaatcagggtttetgea
ggtttctcagagttatatgtaagacttttcagacatttttaagaccttaatgaattaatttt
tagacccataaagggctaaatgcaaaagatttttttaatagececagatggaaaagattttat
ttgccctatcaatttacacttaattataatacttttaataatacaataataatttaataata
caatttttgcattattttagattttatttcttagcaaaatattttgecatattgtgtgazate
aagcaagctctacatgttcceccatacacttttattccaacataaacttaaagaaaaataaaca
aacaaaagttttaaaaactataattaactaaatgtatgcacaacaatcagtccaggtcagta
tcctecagecagtaaatacatggagecacttttaaacaaatgtaatagtaaggaaaattatttat
cttaaaagtaaaatattgcattaatttaaataaaaggtttaatgttttattgagaggattgt
gggtgattgtatgggttttggtcagatttggtagecaatacatgaacaaagaaaaattaagac
ctgtttaaaacagatttaagatctccaacacaatatttcagaacatttaagactttttaagg
cctaaaatttagattttgagatttaagacattttaagaccctgecagaaaccctgtaaactgg
ccgaaatgtacgagtatgtgtgtgattgagtgtgtatgggtgtttcecagtactgggtigea
gctaaaaaggcatccgettagtaaaacgecatgctagaatatttggtggttcactcagetgtyg
gcgatccecctgatgaataaagggactcagetgaaggaatatgaatgaatgaatcettgeaaaac
atctgacataatattacagtatatactgccatacggcataataaatcagttattagaaacaa
gctattaaaaccagtatgtgttgaaaaacatcttctcataaataaacagcacttgggaatta
tttgaaacaaaaaataataattaaaatgaatatacgtgagagtcgtgagaaageggaaacgt
cttgagttgtgtgcaacctttggacatttattecagactggegeattttectcagtggecataa
tcataatctgatctgtetttatataacggtgtattgtgcattgataggtttaaagtetgacg
G

taacaaaccctcaaggagaagaaaaccgcetgtaggagcaaaacgectgcATTTCTGCAGGAT
CTCCTGAAGCTGAACACACACACACACACACACACCACAGgtaagagttcagatttaaaga
gcagtacacctaataatcaaaatatctgtcatcattcagtcttgetttcaagagtttctete
ttectgttgaacactaatgaggatataccgaggaatgctgecatatatatatatatgecacacac
acactaaaaatatctgctaattacaatttccagtattttgcaagtgttttacattcatttgt
ggctgtgaattgcattatggaaagttgatctetgetetgtegacttttgatgetgaaaaaaa
gagacttttataatgtaagaaatcatgttagcagagtaaagtctgagtaataatgtgttgty
tttacctttgattaatcagGCTCGATG
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-1104
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~-794
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-546
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-422
-360
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-112
~50
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323
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411

Figure 17. The sequence 5’ upstream of the initiation codon of the zebrafish

L-FABP gene.
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4.3.7 Putative §' upstream cis-acting regulatory elements of the zebrafish L-FABP

gene

Analysis of the sequence 5" upstream of the transcription start site for zebrafish L-
FABP gene using MatInspector professional (http://transfac.gbf.de/cgi-bin/matSearch/
matsearch.pl; Quandt et al., 1995) revealed a number of potential cis-regulatory elements
(Table 5). The zebrafish L-FABP 5’ upstream sequence does not contain TATA or
CAAT box elements present in the rat L-FABP promoter (Simon ef al., 1993). Four
potential GATA1 binding sites were present in the 5’ upstream sequence of the zebrafish
L-FABP gene. A putative binding site for transcription factor GATA is present in the rat
L-FABP promoter.

Five putative C/EBP binding elements, but no PPREs known to be involved in the
regulation of the rat L-FABP (Bernlohr et al., 1997) were identified in the zebrafish L-
FABP promoter. Binding elements for hepatocyte nuclear factor (HNF)-1a shown to be
involved in expression of L-FABP gene in the mouse liver (Akiyama et al., 2000) were
not present in the zebrafish L-FABP 5' upstream sequence. Akiyama and co-workers
(2000) demonstrated that targeted disruption of HNF-10 eliminates L-FABP expression
in the liver. Simon and co-workers (1993) analyzed the PPRE in the rat L-FABP
promoter and demonstrated that it regulates the L-FABP gene expression in liver but does
not have any significant effect on the regulation of L-FABP in the intestine. The absence
of PPRE and the HNF-10 binding elements in the zebrafish L-FABP promoter may be

responsible for the loss of expression of the L-FABP in the zebrafish liver.
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Chapter 5: The zebrafish cellular retinoic acid-binding protein type II: cDNA

sequence, phylogenetic analysis, mRNA expression and gene linkage analysis.
5.1  Introduction

Retinoic acid, one of the derivatives of vitamin A, is important for normal
vertebrate development, cell growth, and differentiation. Retinoic acid regulates cell
proliferation and differentiation by interacting with nuclear receptors, the retinoic acid
receptors (RARs), which exhibit high affinity for all-trans and 9-cis retinoic acid, and the
retinoid X-receptors (RXRs), which have moderate affinity for 9-cis retinoic acid
(reviewed in Lampron et al., 1995). Knockout RAR or RXR mouse mutants show a wide
range of defects, similar to those reported for vitamin A deficient fetuses, thereby
revealing a pivotal role of RARs and RXRs in the retinoic acid signalling pathway
(Kastner ef al., 1995). RARs and RXRs act as inducible transcriptional trans-regulators
by binding to RAR and RXR response elements (called RARESs and RXREs,
respectively) in the control regions of specific genes. Some RAR targets are the mouse
and human RAR (o, B, y), human class] alcohol dehydrogenase 3, mouse and rat CRBPI,
mouse CRABPII, rat and bovine growth hormone, Xenopus vitellogenin A2, and human
oxytocin dehydrogenase genes (Mangelsdorf ef al., 1994). RXR targets include the rat
CRBPII, chick ovalbumin, rat acyl-CoA oxidase, human apolipoprotein Al, mouse
CRABPII, human hepatitis B virus, and human medium chain acyl-coenzyme A
dehydrogenase genes (Mangelsdorf et al., 1994).

As retinoic acid is hydrophobic, it remains unclear how retinoic acid traverses the
aqueous milieu of the cytoplasm to reach its receptors in the nucleus. In addition to

RARs and RXRs, retinoic acid is bound by two intracellular proteins named CRABPI and

84



85

CRABPIL. CRABPs are low molecular mass (~15 kDa) proteins that belong to the
multigene family of intracellular lipid-binding proteins (iLBP) (reviewed in Bernlohr et
al., 1997).

While the function(s) of CRABPI and II is not well understood, CRABPI and II
bind all frans-retinoic acid. The affinity of CRABPII for retinoic acid is lower than that
of CRABPI (Ong et al., 1994) and both proteins bind 9-cis retinoic acid with much lower
affinity than all-frans retinoic acid (Fogh et al., 1993). Of the two CRABPs, CRABPI is
present in the seminal vesicle, testis, skin, brain and kidney of adult rat while CRABPII is
present in the skin, ovary, brain and uterus (Bucco et al., 1996 and references therein). In
adult humans, CRABPII, but not CRABPI gene expression is induced in skin and in
cultured adult human skin fibroblasts by retinoic acid (Astrom et al., 1991).

In an effort to elucidate the function(s) of CRABPs, knockout mice for CRABPI
and CRABPII, and double knockouts of these genes, have been generated and found to be
normal except for some minor limb deformities (Lampron et al., 1995; Gorry et al.,
1994). Contrary to their previously proposed functions, these results suggest that
CRABPs are not essential in the retinoic acid signalling pathway or other members of the
iLBP family compensate for the lack of CRABP. The CRABPs are, therefore, considered
dispensable for retinoic acid intracellular homeostasis and protection against retinoic acid
excess. Based on findings to date, the function of CRABPs in cell physiology remains to
be defined. Currently, there is no information on the expression of CRABPs from fishes,
the largest and most evolutionary diverse group of vertebrates. Retinoic acid and other
derivatives of vitamin A are clearly important for normal vertebrate development. Since

zebrafish is promoted as a model system for vertebrate development, an understanding of
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the function of CRABP in zebrafish is of importance to developmental biologists.
Comparative studies between fishes and mammals may also provide important insight
into the function and evolution of CRABPs.

In this chapter, I report the cDNA sequence, gene organization, transcription start
site, spatio-temporal expression during zebrafish development, tissue-specific expression
in adult zebrafish, and gene-linkage mapping of CRABPII from zebrafish.

5.2 Materials and methods

5.2.1 CRABPII ¢cDNA sequence and analysis

Searches of the zebrafish database in GenBank identified a cDNA clone
(GenBank accession number AI883746) that was similar to a cellular retinoic acid-
binding protein from Xenopus laevis. This clone (fc69¢09.y1) was purchased from Incyte
Genomics Inc. and the complete nucleotide sequence was determined. The cDNA
sequence was analyzed as described in section 3.2.1. Sequences of the pufferfish
CRABPs were retrieved from scaffold 1427, 932, 23 and 7 by searching the pufferfish
(Fugu rubripes) genome database v.3.0 at http://genome.jgi-psf.org/fugu6/fugué.
info.html (Aparicio et al., 2002) using human CRABPI and CRABPII as query
sequences.

For phylogenetic analysis, amino acid sequences of intracellular lipid-binding
proteins were obtained from GenBank, pufferfish genome database v.3.0 (Aparicio et al.,
2002) and the published literature (Table 6). The amino acid sequences were aligned
with the zebrafish CRABP (AF497478) by CLUSTALX (Thompson et al., 1997a). The
sequences were edited manually and protein maximum likelihood (ML) analysis (Quartet

Puzzling, QP) was done using Treepuzzle version 4.0 (Strimmer and von Haeseler,
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1996). ML distance analyses were performed using Treepuzzle, Puzzleboot (A. Roger
and M. Holder; http://members.tripod.de/korbi/puzzle/), and programs from the PHYLIP
package (Felsenstein, 1995). Branch lengths were estimated by finding the best ML
distance topology using Treepuzzle and PHYLIP. All Treepuzzle and PHYLIP analyses
used the following parameters: JTT model of substitutions, gamma-distributed rates (8
categories), oi-parameter 3.41 (estimated from the data), global rearrangement, and ten
times jumbling. Parsimony analysis was performed using PAUP* Version 4.0b10
(Swofford, 2002) with the following options: heuristic search, tree bisection-reconnection

(TBR) branch swapping, 100 replicates, and random addition.

5.2.2 Sequence of CRABPII gene and the 5' upstream sequence

Partial sequence of the zebratish CRABPII gene including 1807 bp 5’ upstream of
the initiation codon, was obtained from the zebrafish genome database at the Wellcome
Trust Sanger Institute (assembly Zv2, http://www.sanger.ac.uk/Projects/ D_rerio/). The
intron/exon junctions of the zebrafish CRABPII gene sequence were determined by
aligning the cDNA sequence with the genomic sequence. The 5' sequence upstream of
the transcription start site was analysed for potential cis-acting regulatory elements by
computer-assisted analysis performed using Matlnspector professional at

http://transfac.gbf.de/cgi-bin/matSearch/matsearch.pl (Quandt et al., 1995).

5.2.3 Mapping the transcription start site of the zebrafish CRABPII gene

The 5' RLM-RACE using capped and mature mRNA was performed to map
transcription start site of the zebrafish CRABPII gene. The template for 5' RLM-RACE

was prepared as described in section 2.2.5. Nested PCR using two sense adapter primers
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(refer to section 2.2.5) and three antisense primers specific to CRABPII mRNA (outer: 5’
GCATCATTGGTTATTTCCCTG 3'; nt 628 to 608, Fig. 18, inner 1: 5 GCTCTTCAT
TTTCCAGGTACC 3; nt 311 to 291, Fig. 18 and inner 2: 5' CCAGGTACCAGCAAA
ATCGG 3'; nt 280 to 299, Fig. 18) was performed. The primary and secondary PCR
conditions were similar to those described in section 3.2.5 with the exception that 58°C
was used as annealing temperature in the primary PCR and the inner 1 CRABPII mRNA-
specific primer was used in the secondary PCR. Half a uL of the secondary PCR product
was used as template in the third round of PCR using inner adapter primer and the inner 2
CRABPII mRNA-specific primer. The conditions for tertiary PCR were similar to those
for secondary PCR. The product from the tertiary PCR was size fractionated by 1.5 %
agarose gel electrophoresis. A single major band of ~350 bp in the +TAP reaction was

excised from the agarose gel, cloned and sequenced as described in section 3.2.5.

5.2.4 Linkage analysis of zebrafish CRABPII gene by radiation hybrid mapping

The LN54 radiation hybrid panel (zebrafish DNA in a mouse background)
(Hukriede e al., 1999) was used to assign the CRABPII gene to a zebrafish linkage
group. Sense (5' GGAAGAACTGACTGAAAGCC 3'; nt 24 to 5, Fig. 18) and antisense
(5" GCTCTTCATTTTCCAGGTACC 3% nt 311 to 291, Fig. 18) oligonucleotides
synthesized to amplify exon 1 of the zebrafish CRABP gene were used in a PCR. The
PCR conditions were similar to those described in section 2.2.4 with the exception that
the annealing temperature used in PCR was 62.5°C. The RH-mapping panel was scored

and analyzed as described in section 2.2 4.
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5.2.5 RNA extraction and northern blotting to determine the size of zebrafish

CRABPII transcript.

Total RNA was extracted from adult zebrafish and the northern blot was prepared
as described in section 3.2.6. The CRABPII ¢cDNA generated by RT-PCR from total
RNA of adult zebrafish with sense (5' GGAAGAACTGACTGAAAGCC 3';nt24 to 5,
Fig. 18) and antisense (5' GCATCATTGGTTATTTCCCTG 3'; nt 628 to 608, Fig. 18)
oligonucleotides was labelled with o-[**P]-dATP and used as a hybridization probe. The
membrane was prehybridized in 10 ml of hybridization solution and 21 pg/ml sonicated
salmon sperm DNA (refer to section 3.2.6). Prehybridization was carried out at 55°C for
2 h followed by hybridization with the denatured probe in 7 ml of fresh hybridization
solution at 55°C overnight. The blot was washed twice at room temperature for 15 min in
2xSSPE, 0.1% SDS and at 55°C for 10 min in 1xSSPE, 0.1% SDS. Following

hybridization, the membrane was exposed four days to X-ray film at —70°C.

5.2.6 Developmental and tissue-specific expression of CRABPII mRNA in

zebrafish

The tissue-specific expression of the zebrafish CRABPII was determined by using
total RNA extracted from adult zebrafish heart, brain, muscle, kidney, testes, liver, ovary,
skin, intestine and brain. Total RNA extracted from 1, 3, 12, 24, 51, 60 and 72 hpf and
adult zebrafish using Trizol® (Gibco BRL), was used to define the temporal expression of
zebrafish CRABPII using RT-PCR. The ¢cDNA synthesis and PCR were performed as
described in section 2.2.6 with the exception that 61.5°C was used as annealing
temperature. Whole mount in situ hybridization using antisense riboprobe based on

CRABPII cDNA clone was performed as described in section 2.2.6.
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Quantitative RT-PCR for zebrafish CRABPII and B-actin was performed as
described in section 2.2.6. To determine the standard curve of the crossing points for the
amplification of CRABP and B-actin from tissue-specific cDNA samples, five dilutions
of the CRABP and PB-actin product ranging from 9.2 x 10° t0 9.2 x 10! copies per
reaction were used in individual quantitative PCR reactions.

5.3 Results and discussion

5.3.1 CRABPII cDNA sequence analysis

The complete cDNA sequence coding for a CRABP from zebrafish was 2545 bp
in length excluding the 51 bp poly A tail (Fig. 18). An open reading frame of 426 bp
from nucleotide 264 to 689 (including the stop codon) was identified that codes for a
polypeptide of 142 amino acids with a molecular mass of approximately 15.8 kDa and a
calculated isoelectric point of 5.2. The 5' UTR is 263 bp and the 3' UTR is 1853 bp. A
poly adenylation signal (AATAAA) is located at nucleotide 2527. Analysis of the
zebrafish CRABP cDNA sequence using BLASTX revealed significant sequence
similarity to other CRABP sequences in the NCBI (http://www.ncbi.nlm.nih.gov
/BLAST/) database. Alignment of the deduced zebrafish CRABP amino acid sequence to
CRABPI and CRABPII sequences from rat, mouse, human, cow, zebrafish, pufferfish,
tobacco hornworm, shrimp and Xenopus (Fig. 19) using CLUSTALW (Thompson et al.,
1994) revealed 74% identity to human CRABPII suggesting that the cDNA clone codes
for CRABPII in zebrafish. Zebrafish CRABPII also had 72% identity to Xenopus
CRABP (xCRABP-b) (Ho et al., 1994), but only 69% identity to Xenopus CRABP

(xCRABP) (Dekker et al., 1994), suggesting that the zebrafish CRABPII is more closely

related to xCRABP-b than xCRARBP.
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Figure 18. Nucleotide and deduced amino acid sequences of zebrafish CRABPIIL
The 2545 bp cDNA sequence (excluding the 51 bp poly A tail) contained an open-
reading frame of 426 nucleotides coding for a protein of 142 amino acids. A
polyadenylation signal sequence, aataaa, is italicized and in bold font. The asterisk
indicates the stop codon of the CRABPII coding sequence. The intron positions obtained
by aligning the genomic sequence obtained from the contig, ctg15237.1 (assembly Zv2,
http://www.sanger.ac.uk/Projects/D_rerio/) and the cDNA sequence are indicated by

“ ¥ . The GenBank accession number for this sequence is AF497478.



5’ ttttggaagaactgactgaaagcctgagaccggaggaaaagggcacagtttgacatete
cactttcctttgtcaacggtaaaaggaaaaagagectgtagaaggtttgaggaaggaggaaaatcacgt
tggctttatcagtgggaatttatcactgetttttagaatcagagtggcaggtacttitagagagtgte
aggttcaaagactgtgactcatcggagaaaagtgataggttactttcagaggaacgacagaacggaaqg

ATG GAT CGT AAA ATT CCC GAT TTT GCT GGT ACC TGG ARA ATG AAG AGC TCT
Met Asp Arg Lys Ile Pro Asp Phe Ala Gly Thr Trp Lys Met Lys Ser Ser

GAG AAC TTC GAA GAG CTT CTT AAA GCA CTA é’bT GTG AAC GTG ATG . CTC CGT
Glu Asn Phe Glu Glu Leu Leu Lys Ala Leu Gly Val Asn Val Met Leu Arg

AAG ATT GCG GTT GCA GCT GCA TCA AAA CCA TCC GTG GAG ATT ACA CAG GAG
Lys Ile Ala Val Ala Ala Ala Ser Lys Pro Ser Val Glu Ile Thr Gln Glu

GGA GAG ACA CTG ACA ATC AAG ACG TCC ACC TCA GTG AGG ACC ACC AAC GTC
Gly Glu Thr Leu Thr Ile Lys Thr Ser Thr Ser Val Arg Thr Thr Asn Val

ACC TTC ACA GTT GGA CAG GAG TTT AAT GAG GCC ACT GTG GAT GGA CGT CCC
Thr Phe Thr Val Gly Gln Glu Phe Asn Glu Ala Thr Val Asp Gly Arg Pro

TGC ACG‘AGC TTT CCT CGC TGG GTA ACA GAC AGC AAG ATT AGC TGC GAA CAG
Cys Thr Ser Phe Pro Arg Trp Val Thr Asp Ser Lys Ile Ser Cys Glu Gln

ACT TTG CAG AAG GGC GAG GGT CCA AAA ACC TCA TGG ACC AGG GAA ATA ACC
Thr Leu Gln Lys Gly Glu Gly Pro Lys Thr Ser Trp Thr Arg Glu Ile Thr

AAT GAT GCT GAA TTG ATT CTG'ACC ATG ACT GCT GAC GAT GTG GTG TGT ACA
Asn Asp Ala Glu Leu Ile Leu Thr Met Thr Ala Asp Asp Val Val Cys Thr

AGA GTT TAT GTC AGA GAG TGA acatataaggaaaaaggaagaatatccatccagattggag
Arg Val Tyr Val Arg Glu *

tectttectecattaatcacaatgactgtgacttgtttecttttttectaateteatectttcacactttt
ttattgacaatgtatttgaatagtacgtcagagageccatgcaaatatagttecagagattcaageaat
tttgttgttttetgattggtcaatttaaaactacatcatettgggttcaaaagcacttttaaagattyg
atctaaaatagatgtagacctggaaatctgaagcttggaaaccagttattggtggtatagttcataat
cacagctgaaaataaagtgctaaaggtacagtcacatttagcattgttttgtecattttcatgggcaaa
atagtttttttaagagccatctatacagttattcatgctgaccattagaaacccagegagtacacaac
atcataaaacgttaatattagactagattcagatcatgacgtcaggtgaccaaaattcaatgtctaac
cagcatctaatgacaacgtaattttgacgtctaataatgatgtcaaattacgtttatatttggttgat
tttaggttgtgttgtaaagtgactaaaatccaacgtctgatggatgtecatggtgttaacgtcegeaca
acgtcaaggtgcaacatgattagatgttgattttaggttggacattgatgteggecatgacgttgggtt
ctgatgtcaacccgattttatttccaaacataatccaacatccecgtgacattggggtacattggggt
acaatgtcaatatgacatcctgttgacgtecttgtgecctgeagagaaggtgettaggaataaagtgact
tctgcatcattcagtgttacacaaattacattagacaatggacatttttgtectgaaatgtcteteca
taatatggccacaccattagaatcttctcaaaacatagcagtttagtttgttattttttcctaattta
atgctatgcaaagatccaccttaaaaatgttacatccactgtecccatecatttetcagacagacett
ttttattatataactgtatggagtgtctgtttttatattttgaaggaccattcacgectaaggatgata
actgtaatgataatggtatacttccaaattttagaaatataaaacaattacagaaacctgatcccaat
gaatgatattgctttattttttcaaatcagattccatttagectaaaacaagctcaagcatttaaagtyg
tcagacaaaaaacttgcctaacttgtttttaatasacaaaatgctatcattcatttttgtaaacttta
atattgatgtcatcatagttataattctaggtgtgaatgtgecetttttttategtgeccgaaatatat
gttcatttcatttgattgtgagaatttgtttgacaaagattatattecattagaacataatgtaacagt
ttattttaagaaaaatgacagataaaatgcatttcaacttaagttcattccatctatgtaatatccaa
tcaatattttaacattttttaagtagacccagtcatgecattaatgaaaatgtccgattcattectat
gtgaactttttgtctgaattaaatacagcacaaaaagagatggagttaagaaaaagggtcatatgtga
ttagaatccecttagaatctcagaaaacaactgtcttccatetttacttttttgtatatattttaata
aaacatgaatctgaazagtttcatccaaacagtttttttattatgtttttatataaacagttecagea
gtcatcactcatttctgtgcatggacaataaaagtttctgecctg(a)s, 37

Figure 18. Nucleotide and deduced amino acid sequences of zebrafish CRABPIL.
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To obtain orthologous sequences from pufferfish (Fugu rubripes), searches of the
pufferfish genome sequence database v.3.0 (Aparicio et al., 2002) was performed. The
data mining revealed CRABP genes in scaffold 1427, 932, 23 and 7. The deduced amino
acid sequence of the pufferfish CRABP from scaffold 23 was greater than 99% identical
(data not shown) to the published pufferfish CRABPI (Kleinjan et al., 1998; GenBank
accession number 042386) and is most likely the same sequence. In this chapter,
CRABPIa refers to the published pufferfish CRABPI (Kleinjan et al., 1998) and the
CRABP sequence from scaffold 23 was not included in any analysis as we presumed that
it is the same sequence as CRABPIa reported by Kleinjan ef al. (1998). The deduced
amino acid sequence for pufferfish CRABP from scaffold 7 was similar to the human
CRABPI by BLASTP analysis at NCBI (http://www.ncbi.nlm.nih.gov/ BLAST/) and is
referred to as CRABPID in this chapter. BLASTP analyses for the deduced amino acid
sequence for pufferfish CRABPs from scaffold 1427 and 932 demonstrated that these
sequences are similar to the Xenopus CRABP and the human CRABPII. The pufferfish
CRABP from scaffold 1427 and 932 are referred to as CRABPIIa and CRABPIIb,
respectively. Zebrafish CRABPII had 83% and 79% identity to pufferfish CRABPIIa
and CRABPIIb, respectively, and only 68% and 65% identity to pufferfish CRABPIa and
CRABPID, respectively.

We analysed the position of the zebrafish CRABPII within the iLBP family
including FABPs, CRBPs and CRABPs using three different phylogenetic methods (i.e.,
Quartet puzzling, ML Distance and Parsimony). The phylogenetic tree for different
members of the ILBP multigene family showed that the zebrafish CRABPII clusters with

CRABPs from other species (bootstrap values 94/100/100) and not with CRBPs and



5’ttttggaagaactgactgaaagcctgagaccggaggaaaagggcacagtttgacatctc
cactttcctttgtcaacggtaaaaggaaaaagagctgtagaaggtttgaggaaggaggaaaatcacgt
tggctttatcagtgggaatttatcactgctttttagaatcagagtggcaggtacttttagagagtgtc
aggttcaaagactgtgactcatcggagaaaagtgataggttactttcagaggaacgacagaacggaag

ATG GAT CGT ARA ATT CCC GAT TTT GCT GGT ACC TGG ARA ATG AAG AGC TCT
Met Asp Arg Lys Ile Pro Asp Phe Ala Gly Thr Trp Lys Met Lys Ser Ser

GAG AAC TTC GAA GAG CTT CTT AAA GCA CTA d’bT GTG AAC GTG ATG CTC CGT
Glu Asn Phe Glu Glu Leu Leu Lys Ala Leu Gly Val Asn Val Met Leu Arg

AAG ATT GCG GTT GCA GCT GCA TCA AARA CCA TCC GTG GAG ATT ACA CAG GAG
Lys Ile Ala Val Ala Ala Ala Ser Lys Pro Ser Val Glu Ile Thr Gln Glu

GGA GAG ACA CTG ACA ATC AAG ACG TCC ACC TCA GTG AGG ACC ACC AAC GTC
Gly Glu Thr Leu Thr Ile Lys Thr Ser Thr Ser Val Arg Thr Thr Asn Val

ACC TTC ACA GTT GGA CAG GAG TTT AAT GAG GCC ACT GTG GAT GGA CGT CCC
Thr Phe Thr Val Gly Gln Glu Phe Asn Glu Ala Thr Val Asp Gly Arg Pro

TGC ACGVAGC TTT CCT CGC TGG GTA ACA GAC AGC AAG ATT AGC TGC GRAA CAG
Cys Thr Ser Phe Pro Arg Trp Val Thr Asp Ser Lys Ile Ser Cys Glu Gln

ACT TTG CAG AAG GGC GAG GGT CCA AAA ACC TCA TGG ACC AGG GAA ATA ACC
Thr Leu Gln Lys Gly Glu Gly Pro Lys Thr Ser Trp Thr Arg Glu Ile Thr

AAT GAT GCT GAA TTG ATT CTG'ACC ATG ACT GCT GAC GAT GTG GTG TGT ACA
Asn Asp Ala Glu Leu Ile Leu Thr Met Thr Ala Asp Asp Val Val Cys Thr

AGA GTT TAT GTC AGA GAG TGA acatataaggaaaaaggaagaatatccatccagattggag
Arg Val Tyr Val Arg Glu ~*

tctttectcattaatcacaatgactgtgacttgtttecttttttectaatctcatetttcacactttt
ttattgacaatgtatttgaatagtacgtcagagagccatgcaaatatagttccagagattcaagcaat
tttgttgttttctgattggtcaatttaaaactacatcatcttgggttcaaaagcacttttaaagattg
atctaaaatagatgtagacctggaaatctgaagcttggaaaccagttattggtggtatagttcataat
cacagctgaaaataaagtgctaaaggtacagtcacatttagcattgttttgtcattttcatgggcaaa
atagtttttttaagagccatctatacagttattcatgctgaccattagaaacccagcgagtacacaac
atcataaaacgttaatattagactagattcagatcatgacgtcaggtgaccaaaattcaatgtctaac
cagcatctaatgacaacgtaattttgacgtctaataatgatgtcaaattacgtttatatttggttgat
tttaggttgtgttgtaaagtgactaaaatccaacgtctgatggatgtcatggtgttaacgtccgcaca
acgtcaaggtgcaacatgattagatgttgattttaggttggacattgatgtcggcatgacgttgggtt
ctgatgtcaacccgattttatttccaaacataatccaacatccccgtgacattggggtacattggqgt
acaatgtcaatatgacatcctgttgacgtcttgtgcctgcagagaaggtgcttaggaataaagtgact
tctgcatcattcagtgttacacaaattacattagacaatggacatttttgtcctgaaatgtctctcca
taatatggccacaccattagaatcttctcaaaacatagcagtttagtttgttattttttectaattta
atgctatgcaaagatccaccttaaaaatgttacatccactgtccccatccatttctcagacagacctt
ttttattatataactgtatggagtgtctgtttttatattttgaaggaccattcacgctaaggatgata
actgtaatgataatggtatacttccaaattttagaaatataaaacaattacagaaacctgatcccaat
gaatgatattgctttattttttcaaatcagattccatttagctaaaacaagctcaagcatttaaagtg
tcagacaaaaaacttgcctaacttgtttttaataaacaaaatgctatcattcatttttgtaaacttta
atattgatgtcatcatagttataattctaggtgtgaatgtgcctttttttatcgtgcccgaaatatat
gttcatttcatttgattgtgagaatttgtttgacaaagattatattcattagaacataatgtaacagt
ttattttaagaaaaatgacagataaaatgcatttcaacttaagttcattccatctatgtaatatccaa
tcaatattttaacattttttaagtagacccagtcatgccattaatgaaaatgtccgattcattcctat
gtgaactttttgtctgaattaaatacagcacaaaaagagatggagttaagaaaaagggtcatatgtga
ttagaatccccttagaatctcagaaaacaactgtcttccatctttacttttttgtatatattttaata
aaacatgaatctgaaaagtttcatccaaacagtttttttattatgtttttatataaacagttccagca
gtcatcactcatttectgtgcatggacaataaaagtttctgecetg(a)sy, 37

Figure 18. Nucleotide and deduced amino acid sequences of zebrafish CRABPIL.
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FABPs (Fig. 20). To determine the orthology of the zebrafish CRABPII with the
pufferfish CRABPs, the pufferfish CRABPIa, CRABPIb, CRABPIla and CRABPIIb
were included in the phylogenetic analysis along with other members of ILBP multigene
family. The amino acid sequence for the zebrafish CRABPI (GenBank accession number
AY?242125; R-Z. Liu and J.M. Wright, unpublished data) was also included in the
phylogenetic analysis. The phylogenetic tree demoﬁstrated that the pufferfish CRABPIIa
and CRABPIIb clusters with the zebrafish CRABPII, whereas, the pufferfish CRABPIa
and CRABPIDb clusters with the zebrafish CRABPI. This tree supports the hypothesis
that the zebrafish CRABPII is a rnember of the CRABPII subfamily and not CRABPL
Alignment of the zebrafish CRABPII amino acid sequence with FABPs and
cellular retinoid (retinol and retinoic acid) binding protein available at FUGUE
(http://www-cryst.bioc.cam.ac.uk/fugue/, Shi et al., 2001) revealed that the zebrafish
CRABPII contains ten - strands (BA - BJ) and two o~ helices (al and all) in the same
organization as for all polypeptides encoded by this multigene family. Chen et al. (1998)
proposed that three arginine residues in human CRABPII (Arg29, Arg59, and Argl32)
are involved in directing retinoic acid entry in the binding pocket. Based on the amino
acid sequence alignment, these three arginine residues correspond to arginine residues at

positions 34, 64 and 137 in the zebrafish CRABPII sequence reported here (Fig. 19).

5.3.2 Organization of the zebrafish CRABPII gene

The zebrafish CRABPII ¢cDNA was used to search the assembly Zv2 of the
zebrafish genome database at the Wellcome Trust Sanger Institute

(http://www.sanger.ac.uk/Projects/D_rerio/) to determine the organization of the
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Figure 20. Phylogenetic tree of intracellular lipid-binding proteins to determine
orthology of the zebrafish CRABPII. Unrooted topology is from the best ML distance
tree (Treepuzzle), arbitrarily rooted with nematode LBP-2. The inclusion of tile zebrafish
CRABP (indicated in bold type) within the CRABP family is highly supported; support
values are given in Quartet Pﬁzzling/ML Distance/Parsimony bootstraps. Other branch
points supported by a bootstrap of at least 75 in two or more methods are indicated by an
asterisk (*). Subfamilies are indicated on the right; organism abbreviations: Ig — iguana;
Ax — Axolotl; Ne — nematode; Co — cow; Sk — shark; Hu — human; mo - mouse; Pf —
pufferfish; Pi — pig; Ra — rat; Rt — rainbow trout; Xe — Xenopus; Zf — zebrafish. Scale bar

= (.1 substitutions per site. Refer to Table 6 for source of amino acid sequences.
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Figure 20. Phylogenetic free of intracellular lipid-binding proteins to determine
orthology of the zebrafish CRABPII
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CRABPII gene. The contig, ctg15237.1 was identified as containing the sequence of
CRABPII gene. The exon/intron junctions of the CRABPII gene were identified (Fig.
18) by aligning the cDNA sequence with the genomic sequence obtained from the contig,
ctgl5237.1. The zebrafish CRABPII gene consists of 4 exons separated by three introns.
The organization of the zebrafish CRABPII gene is similar to other vertebrate iLBP
genes described in literature (Bernlohr ef al., 1997; Zimmerman and Veerkamp, 2002)

including the human CRABPII (Astrém et al., 1992).

5.3.3 Transcription start site and the putative 5' upstream cis-acting regulatory

elements of the zebrafish CRABPII gene

The transcription start site for the zebrafish CRABPII gene was determined by 5'
RLM-RACE using 5" capped mRNA (Fig. 21). A single product of ~350 bp was
obtained from mRNA treated with CIP/TAP (Fig. 21). This product representing the 5’
end of the mature and capped CRABPII mRNA was cloned and sequenced. Sequence
alignment of the 317 bp 5’ RLM-RACE product, excluding the 38 bp of adapter
sequence, and the 5’ upstream sequence of the zebrafish CRABPII gene obtained from

contig, ctg15237.1 (assembly Zv2, http://www .sanger.ac.uk/Projects/D_rerio/) identified
the transcription start site at 281 bases upstream from the ATG translational initiation
codon (Fig. 22).

Analysis of the 1526 bp sequence 5’ upstream of the transcription start site revealed
a potential TATA box (Fig. 22). The TATA box element was reported in the human
CRABPII gene (Astrom et al., 1992) but not in the mouse CRABPI gene (Wei ef al.,

1990). An imperfect version of the retinoic acid-responsive element, DR-1
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Figure 21. Determination of the transcription start site of zebrafish CRABPII gene
by 5' RLM-RACE. Total RNA from adult zebrafish was sequentially treated with calf
intestinal phosphatase (CIP). One aliquot was treated with tobacco acid pyrophosphatase
(TAP) and ligated to an RNA adapter (+TAP, lane 1). A second aliquot was not treated
with TAP prior to RNA adapter ligation (-TAP, lane 2). Nested PCR with TAP-treated
and TAP-untreated total RNA was performed with CRABPII specific primers and the
adapter primers. A transcript of ~350 bp was amplified in the +TAP but not the ~-TAP

reaction. The size marker used (L) was 100 bp from MBI Fermentas.
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Figure 21. Determination of the transcription start site of zebrafish
CRABPII gene by 5 RLM-RACE.
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Figure 22. The 5' upstream sequence and putative cis-acting elements of the
zebrafish CRABPII gene. The sequence 5' of the translation initiation codon was
obtained from contig, 15237.1. The transcription start site (arrowed) was mapped to 281
bp 5’ of the initiation codon by 5' RLM-RACE. The sequence upstream of the
transcription start site §vas analyzed for the putative cis-acting regulatory elements using
Matlnspector V2.2 (http://transfac.gbf.de/cgi-bin/matSearch/matsearch.pl). The putative
cis-regulatory elements identified are underlined and are in bold font. The translation

initiation codon is boxed and the sequence upstream of the transcription start site is in

lower case.



5'ggcagagctatatatatatatatatagagggaaatctacgtatatatatatata
tatatatatagatatatatatatatatatatatatatatatatatatatatatata
tatatatatacatatatatatatcattaaaggtatattaagcatataggctccttg
Brn-2
tttacatattttttttatattattaattaataattataaatgectacatatagege
Brn-2
caaaaaacagatacattttttaaatgtttgttttaaaagtgtataaagegecaaata
Oct-1
tcaactctaaatgcecgecagegegectggtgectgetgtegeccaaggtaaaatetgat
ttaacccgegeattaaaatttgecgttcgacctggecggggaaggecatcecatcaaa
Oct~1
agtaaatggttaacgacttctttgtacgcctcacattcatecatcgagtectecatygg
cccgegtettecattagagacccaaacttegectetettactaagaccctacceeca
tatgctctettttettecgettcaacageaggggtgagggggagactaaagacect
cggagacactgetgecaacctcectyggectcectgectaggtecacecttttgtgectgegte
C/EBP
attctcctcaaatgcecgtecteccegetecegtegggacctetggaatttecaccace
cgcaaaagaccctecgegtcetectetetgteccaaacggggaagatgctaaccaca
gcggagacagatcectgttacaggagetetgagtgegegetgetttgaataaccgee
gagaaggcttgaacttgacagetctgttttaacaattagettttgacaaatacegt

ggattgttttgtatattaaacataattcacatttgtgtgcccaagtcatttgeaca
Tst-1
cagcttttatctgtcaaagagggagatatgtcettaacctatttectattetatttet
attctgttctagcgagttaataatattaagatgttttagatttattecattttttat
Oct-1 Brn-2
aaaatgtaatataatatttgggcacattgttcctcttggaaagttactgecacaga
aaagctttaaaacattattttatttattacatattagatttattaaatattaattt
Brn-2
taaacattatttaasaaagtgcaatatagtagagtaatgggaggaatgctggggtat
tgcaatcgatgcegtetatttttccaaatattttcetacatttatacattttaaatag
C/EBP Brn-2
ttttgactgtaaatttatgtttgatttgtagcttgtcacatattaagaaagtaatce
agtattatttctttaatgttaaaataattcttaataatctttcaaataaataatta
Brn-2
agacatgctctgatgggecgttttcaagegegecacatgtecttaaacatgggegggac
GC Box
aagacaataaaatcgaagtctcattggctecttgatttgacaggteaaaaggaggg
DR-1
tggagtttgttgaaaaaggggtgtgtgecgecacagattgagegtaataaccggeteg
TATA Box

attttttggtacaactTATTCATCACAAGCTATAACTTTTGGAAGAACTGACTGAA
AGCCTGAGACCGGAGGAAAAGGCACAGT TTGACATCTCCACTTTCCTTTGTCARCG
GTAAARAGAAAAAGAGCTGTAGAAGGT TTGAGGAAGCAGGARAATCACGTTGGCTTT
ATCAGTGGGAATTTATCACTGCTTTTTAGAATCAGAGTGGCTGGTACT TTTAGAGA
GTGTCAGGTTCAAAGACTGTGACTCATCGGAGAAAAGTGATAGGT TACTTTCAGAG
GAACGACAGAACGGAAGATG 37
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Figure 22. The §' upstream sequence and putative cis-acting elements

of the zebrafish CRABPII gene.
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(ATTTGAcAGGTCA) was identified in the upstream sequence of the zebrafish
CRABPII gene. Sequence analysis using MatInspector V2.2 (http://transfac.gbf.de/cgi-
bin/matSearch/matsearch.pl) revealed potential regulatory elements including one
potential SP1 binding site (GC box) and two copies of C/EBP binding element (Fig. 22).
Several POU-domain binding elements were present in the 5’ upstream sequence of the
zebrafish CRABPII gene including five Brain-2 (Brn-2), three octamer-binding factor
(Oct-1) and one Testis-1 (Tst-1) elements (Fig. 22). POU-domain transcription factors
are widely expressed in the developing mammalian brain (He et al., 1989) and are
implicated in the regulation of central nervous system (CNS)-specific gene expression
(Josephson ef al., 1998). The AP-2 transcription factor binding site present in the human
CRABPII promoter (Astrdm et al., 1992) was however, not present in the zebrafish

CRABPII 5’ upstream sequence.

5.3.4 Neorthern blot hybridization

To determine the size of the zebrafish CRABPII mRNA transcript, northern blot and
hybridization was employed. Hybridization of the zebrafish CRABPII ¢cDNA to total
RNA from adult zebrafish detected a transcript of ~2600 nucleotides (Fig. 23A). The
size of the zebrafish transcript is larger than that reported for CRABP transcripts from
other organisms with the exception of the Xenopus CRABP-b (the xCRABP-b transcript
is approximately 3 kb) (Ho et al, 1994). While the coding regions for iLBPs are highly

conserved, the transcripts for these CRABPs are large owing to the length of the 5" and 3~

untranslated regions.
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Figure 23. Northern blot-hybridization and RT-PCR analysis of CRABPII mRNA
expression. (A) Northern blot analysis of total RNA isolated from whole adult zebrafish
using the CRABP cDNA as a hybridization probe detected a single transcript of
approximately 2600 nucleotides. (B) Top panel: CRABP-specific primers did not
generate a product from total RNA of 1 hpf (1) and 3 hpf (3) embryos. CRABP-specific
product was observed from total RNA of 12 hpf (12), 24 hpf (24), 51 hpf (51), 60 hpf
(60) and 72 hpf (72) embryos and adult (A) zebrafish. A negative control (-) lacking
cDNA did not genefate any RT-PCR product. Bottom panel: RT-PCR product was
generated from RNA in all samples for the constitutively expressed RACK1. A negative
control (-) lacking cDNA did not generate any RT-PCR product. (C) Top panel:
CRABP-specific primers produced a product from total RNA extracted from muscle (M),
testes (T) and skin (S) and to a lesser extent heart (H), ovary (O) and brain (B). No
product was detected in kidney (K), liver (L) and intestine (I). A negative control (-),
lacking cDNA, did not generate any RT-PCR product. Bottom panel: RT-PCR product
was generated from RNA in all tissue samples for the constitutively expressed RACK1.
A negative control (-) lacking cDNA did not generate any RT-PCR product. (D)
Quantitative RT-PCR was performed to determine the relative steady-state levels of
zebrafish CRABPII mRNA in adult tissues. The histogram shows the ratio of CRABP
mRNA to B-actin mRNA in various tissues with highest steady-state levels of CRABP
mRNA seen in RNA extracted from adult muscle (M), followed by testes (T), skin (S),
ovary (O) and almost undetectable levels in heart. CRABP mRNA was undetectable in

RNA extracted from adult kidney (K), liver (L), intestine (I) and brain (B).
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5.3.5 Tissue-specific expression of the CRABPII mRNA in adult zebrafish

RT-PCR was performed to determine the tissue distribution of the CRABPII
mRNA in adult zebrafish. A CRABPII-specific product was generated by RT-PCR from
total RNA extracted from muscle, testes, and skin, and a very faint band was detected
following RT-PCR using total RNA from heart, ovary and brain (Fig. 23C). No RT-
PCR product, however, was generated from RNA extracted from kidney, liver or
intestine suggesting that the gene coding for this CRABPII mRNA was not expressed in
these tissues in zebrafish. To estimate the relative levels of CRABPII mRNA in different
zebrafish tissues and to confirm the tissue distribution of CRABPII mRNA revealed by
the conventional RT-PCR, we performed quantitative RT-PCR of CRABPII mRNA from
the same tissues using another constitutively expressed gene, -actin, as a positive
control. Levels of CRABPII mRNA in each cDNA sample ranged between undetectable
to 1.3 x 10? copies per pL of cDNA. The B-actin RT-PCR product was amplified from
each cDNA sample and ranged from 1.5 x 10° to 3.5 x 10° copies per uL. of cDNA. The
ratio of CRABP mRNA/B-actin RT-PCR was calculated for each experimental sample
(Fig. 23D). This analysis showed that CRABPII mRNA was more abundant in muscle,
testes and skin than in heart and ovary. CRABPII mRNA was barely detectable or
undetectable in brain, kidney, liver and intestine. The CRABPII mRNA levels were
approximately three, six, seven and thirty-five times higher in muscle than in testes, skin,
ovary and heart, respectively. Both conventional RT-PCR and quantitative RT-PCR
using two constitutively expressed mRNAs as positive controls, i.e. RACK1 and B-actin
mRNA, showed similar patterns of tissue-distribution where the zebrafish CRABPII

mRNA was abundant, but not in brain where the levels of CRABPII mRNA were very
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low or undetectable. Amino acid sequence identity with known CRABPs from several
species indicated that the zebrafish CRABPII is more closely related to CRABPII than to
CRABPI (Fig. 19). In adult human, CRABPII mRNA is present in skin (Tavakkol ef al.,
1992). In adult rat, CRABPII mRNA is detected in skin, ovary, brain and uterus (Bucco
et al., 1996). In adult mouse, CRABPII mRNA has also been localized in skin and at
lower levels in brain (Giguere ef al., 1990). However, using the highly sensitive method
of RT-PCR to examine a range of tissues, we found the zebrafish CRABPII mRNA

distribution more extensive than that reported for mammalian CRABPII.

5.3.6 Spatio-temporal expression of the CRABPII gene during zebrafish

embryogenesis.

RT-PCR of total RNA extracted from zebrafish at various embryonic stages
revealed the temporal expression of the CRABPII gene during embryogenesis.
CRABPII-specific product was not detected in total RNA from embryos at 1 hpf and
3hpf, but was detected at 12 h and stages thereafter (Fig. 23B).

The antisense DIG-labelled cRNA probe revealed the spatial expression of the
zebrafish CRABPII gene during embryogenesis. At early gastrula stages, the CRABPII
mRNA was detected in the posterior epiblast, adaxial epiblast (two longitudinal stripes on
both sides of axial epiblast), presumptive epidermis, adaxial neuroectoderm and
neuroectoderm (Fig. 24A, B). During late gastrula, bud stage (10 hpf), the CRABPII
transcripts became more abundant in adaxial epiblast, adaxial neuroectoderm and

posterior epidermis (Fig. 24C, D). The CRABPII mRNA expression was detected in the

posterior neural plate (Fig. 24C).
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Figure 24. Spatio-temporal distribution of zebrafish CRABPII mRNA during early
embryonic development. Whole mount in situ hybridization showing zebrafish
CRABPII mRNA in the embryos during early gastrula at approximately 6 hpf (A, B),
then during late gastrula at 10 hpf (C, D), during early and middle somitogenesis at 11
hpf (E, F) and 17 hpf (G-0). A, C: dorsal view, anterior is to the top; B, D: side view,
anterior is to the top; E, G, H, L: dorsal view, anterior is to the left; F, K, I, O: side view,
anterior is to the left; J: frontal view showing forebrain (Fb) and retina (Re), dorsal is to
top; M, N: transverse, dorsal is to top. The CRABPII mRNA expression in adaxial cells
(Ac); adaxial epiblast (Ae); adaxial neuroectoderm (An); chordo-neural hinge (Cnh);
diencephalon (Di); epidermis (Ep); floor plate (Fp); hindbrain (Hb); notochord (No);
neural plate border (Npb); posterior epiblast (Pe); posterior epidermis (PEp); posterior
neural plate (Pnp); rhombomere (1) 2, 4, 6, 7; roof plate (Rp); spinal chord (Sc); somites

(So); telencephalon (Te) and ventral spinal chord (VSo) is indicated.



111

@ ® ©

Figure 24. Spatio-temporal distribution of zebrafish CRABPII mRNA
during early embryonic development.
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During early stages of somitogenesis (11 hpf), CRABPII continued to be
expressed in the adaxial cells (Fig. 24E, F) and the expression was also observed in the
tail bud (chordo-neural hinge) (Fig. 24F). In the ectoderm, CRABPII mRNA expression
was detected at the border of neural plate, posterior hindbrain, spinal chord and the
epidermis (Fig. 24E, F). During mid-somitogenesis (17 hpf), the CRABPII gene was
expressed in many parts of the developing central nervous system (CNS). The CRABPII
mRNA-specific hybridization signal was detected in the presumptive forebrain
(diencephalon and telencephalon) (Fig. 24G, J, K), hindbrain (weak in thombomere 4,
strong in rhombomere 6 and 7) (Fig. 24H, I, K), presumptive spinal chord (Fig. 24H, I,
K, M, 0), floor plate (Fig. 24K) and the retina (Fig. 24G, J, K). The CRABPII gene
continued to express in the epidermis during mid-somitogenesis (Fig. 24L-0). In the
mesoderm, CRABPII mRNA expression persisted in the adaxial cells and the tail bud
(Fig. 24K-0O). In the tail bud, CRABPII transcripts were detected in the notochord and
the chordo-neural hinge (Fig. 24K, O).

At 24 hpf, CRABPII transcript continued to be detected in the zebrafish CNS.
Zebrafish forebrain (Fig. 25A-D), proximal part of the retina (Fig. 25A, B, D), optic
stalk (Fig. 25B, C), hindbrain and dorsal spinal chord (Fig. 25B, C, E) expressed
CRABPII mRNA at 24 hpf. In the hindbrain, rhombomeres 2 and 4 had weak
hybridization signal while the rhombomere 6 had a strong CRABPII-specific
hybridization signal. CRABPII mRNA was detected in the chordo-neural hinge (Fig.
25B, H) and at much higher levels in the lateral somites (slow muscles fibres) (Fig. 25B,
G, H) when compared to levels observed during mid somitogenesis (Fig. 24K). Weak

CRABPII mRNA specific signal was detected in the branchial arches and the pectoral fin
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Figure 25. Distribution of zebrafish CRABPII mRNA during pharyngula stage of
embryonic development. Whole mount and LM section in situ hybridization showing
zebrafish CRABPII mRNA in the embryos at 24 hpf (A-H), 36 hpf (I-M) and 48 hpf (N-
U) stages. All results are from whole mount in sifu except L, Mand N. A, E, G, I, N, U:
dorsal view, anterior is to left; B, C, F, H, J, K, P-R, T: side view, anterior is to left; D:
frontal, dorsal is to top; O: frontal, anterior is to the left; L, M, S: transverse section,
dorsal is to the top. The CRABPII mRNA expression in branchial arches (Ba);
cerebellum (Ce); chordo-neural hinge (Cnh); dorsal diencephalon (DDi); diencephalon
(D1); dorsal hindbrain (Dhb); dorsal spinal chord (Dsc); forebrain (Fb); foor plate (Fp);
hindbrain (Hb); midbrain (Mb); notochord (No); oesophagus (Oe); optic nerve (On);
optic stalk (Os); pectoral fin (Pf); proliferative zone of retina (PZRe); rhombomere (r) 4,
6; retina (Re); roof plate (Rp); spinal chord (Sc); somite(s) (So); telencephalon (Te);
ventral mesoderm (Vm); ventral mesenchyme (VMe) and ventral somite (VSo) is

indicated.
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Figure 25. Distribution of zebrafish CRABPII mRNA during pharyngula
stage of embryonic development.
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bud of the 24 hpf zebrafish embryos (data not shown).

At 36 hpf, whole mount i situ hybridization detected CRABPII mRNA in the
CNS and the musculature system. The CRABPII mRNA persisted in the dorsal spinal
chord, dorsal hindbrain, retina, and the dorsal forebrain (Fig. 251, J, K). The branchial
arches (Fig. 251, J), mesenchyme around the otic vesicle (inner ear) (Fig. 25I), ventral
tail mesoderm (Fig. 25]), ventromedial region of somites (Fig. 25L, M), ventral
mesenchyme (Fig. 25L, M) and the epidermis of the pectoral fin (Fig. 251, J) expressed
CRABPII mRNA at 36 hpf. CRABPII transcripts were also detected in the intestinal bulb
(Fig. 250).

Zebrafish embryos at 48 hpf continued to express CRABPII mRNA in the CNS
specifically in the diencephalon, dorsal hindbrain (Fig. 250, P, R), roof plate (Fig. 25P),
dorsal spinal chord (Fig. 25Q) and the proliferative zone of retina (Fig. 25U). The
CRABPII transcripts persisted in the ventral mesenchyme (Fig. 25S), epidermis of
pectoral fin (Fig. 25N, P, R), branchial arches (Fig. 25P, R), ventral somites (Fig. 25P,
Q) and the inner ear (Fig. 25N, P, R). At this stage CRABPII mRNA was also detected

in the cerebellum (hindbrain) (Fig. 25P, R, T) oesophagus and the jaw (Fig. 25N) of the

developing zebrafish embryo.

5.3.7 Radiation hybrid mapping of the zebrafish CRABPII gene

To localize the CRABPII gene to a zebrafish linkage group, radiation hybrid
mapping using the LN 54 panel of radiation hybrids was performed (Hukriede et al.,
1999). The zebrafish CRABPII gene was assigned to linkage group16 at a distance of

7.69 cR from the marker Z3104 with a LOD of 14.2.
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Schleicher e al. (1995) speculate that the family of iLBPs arose by at least
fourteen gene duplications. Existence of CRABP in the invertebrate species, Manduca
sexta, (Mansfield et al., 1998) suggests that the CRABPs appeared during the evolution
of the iLBP multigene family before the vertebrate/invertebrate divergence some 500
million years ago (Campbell ef al., 1999). Two types of CRABPs have been reported for
most vertebrates including human (see fdr e.g. GenBank accession number NM_004378
and M68867), mouse (NM_013496 and M35523), rat (U23407 and Pravenec ef al., 1997)
and Xernopus (874933 and Dekker et al., 1994). The presence of only one CRABP gene
in an invertebrate species, but two in the vertebrate species indicates that the CRABPI
and CRABPII genes arose by gene duplication from a common ancestral CRABP gene
after the divergence of vertebrates and invertebrates, or one of the two CRABP genes was
lost from the invertebrate lineage. Comparison of the mapped zebrafish CRABPII and
human CRABPII gene revealed that zebrafish linkage group 16 has a syntenic
relationship with human chromosome 1. The genes for pyruvate kinase liver and RBC
(PKLR), cathepsin S (CTSS), CRABPIL, KIAA0907 protein (KIAA0907) and chaperonin
containing TCP1 subunit 3 (CCT3) are located on chromosome 1 in human and linkage
group 16 in zebrafish (Table 7). The syntenic relationship between human chromosome
1 and zebrafish linkage group 16, and phylogenetic analysis, suggests that fish and
mammals share a common ancestral CRABPII gene. Human CRABPI has been mapped
to chromosome 15. Based on data available at ZFIN (http://zdb.wehi.edu.au:8282//) and
published by Woods et al. (2000), no other gene located on zebrafish LG 16 is present on
human chromosome 15. The higher percentage identity of the zebrafish CRABP to

human CRABPII (74%) as compared to human CRABPI (69%) and no apparent syntenic
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relationship between zebrafish LG 16 and human chromosome 15 suggests that the
zebrafish CRABP is more closely related to human CRABPII than the CRABPL In
summary, based on phylogenetic analysis and syntenic relationship to the CRABPII gene
in human, the zebrafish cDNA clone appears to code for a type Il CRABP. However, the
CRABPII mRNA distribution in the CNS of the developing zebrafish embryos and the
mouse embryos are comparable but differences in the expression pattern in the epidermis
and the liver was observed (Ruberte et al., 1992; Lyn and Giguére, 1994). In addition,
using the highly sensitive method of RT-PCR and by examining a range of adult tissues,
we found the tissue-distribution of the zebrafish CRABPII mRNA was more extensive

than that reported for mammalian CRABPIL.



Chapter 6: Concluding remarks

Multigene families may hold the key to the evolution of organismal complexity.
It is believed that gene duplications, subsequent divergence and gene loss may have
resulted in the many species of organisms that inhabit earth today (Lynch and Conery,
2000; Lynch and Force, 2000; Taylor ef al., 2001a). I studied four members of iLBP
multigene family in the zebrafish with the hope of gaining insight into the evolution of
the iLBP multigene family.

The four members of the iLBP multigene family studied here were mapped to LG
1 (I-FABP), LG 16 (Lb-FABP and CRABPII) and LG 5 (L-FABP). In the human
genome, [-FABP has been mapped on chromosome 4, CRABPII on chromosome 1 and
L-FABP on chromosome 2 (Bernlohr et al., 1997; Flagiello ef al., 1997). The ortholog of
Lb-FABP has not been found in the human genome. The dispersal of iLBP genes on
different linkage groups in the zebrafish genome and different chromosomes in the
human genome suggests that unlike the different members of a- and - globin multigene
family (Burt, 2002) or hox genes and others, tandem or local duplication did not play a
major role in creating different members of iLBP multigene family. Although Lb-FABP
and CRABPII are localized on the same linkage group in zebrafish, it is highly unlikely
that they arose directly as a result of tandem duplication. The amino acid composition
and the number of amino acids in the zebrafish L-FABP and Lb-FABP suggest that they
are more closely related to each other than to CRABPIIL. The zebrafish CRABPII is 142
amino acids in length while L-FABP and Lb-FABP are 127 and 126 amino acids,
respectively. Moreover, in a phylogenetic analysis, zebrafish Lb-FABP and other known

Lb-FABPs clusters in a major clade which includes L-FABP and IILBPs, but not the
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CRABPs (Fig. 14). This analysis suggests that Lb-FABP is phylogenetically more
closely related to L-FABP and IILBP than to CRABPs and may have arisen as a result of
duplication of the L-FABP or IILBP genes and not a CRABPII gene. Taken together,
these data suggest that tandem gene duplication is not the primary mechanism in the
evolution of iLBP multigene family, but more likely, this multigene family arose by
genome duplication(s) and/or chromosomal duplication events.

The exon/intron structure for the mammalian iLBPs is defined as four exons
separated by three introns (Bernlohr et al., 1997). In invertebrates, the muscle-type
FABP gene of desert locust and Drosophila, have a three exon-two intron organization as
a result of loss of intron 2 that is present in the mammalian iLBP genes (Wu e al., 2001).
I analyzed the organization of the iLBP genes in zebrafish to understand whether the
second intron was acquired by the mammalian iLBPs during the course of evolution or
the intron 2 was lost independently in the insect lineage. All four of the zebrafish iLBP
genes analyzed (Fig. 1, 6, 12, 18) showed an intron in a position comparable to the
location of intron 2 in the mammalian iLBPs. This suggests that either intron 2 was lost
from the insect lineage or was acquired in the vertebrate lineége before the divergence of
ray-finned fish lineage from the lineage leading to mammals approximately 450 mya
(Kumar and Hedges, 1998). The L-FABP in zebrafish, however, has an additional intron
in the 5" UTR that has not been reported for the mammalian L-FABP gene (Sweetser et
al., 1986). This additional intron, therefore, seems to be the result of an insertional
mutation either in the finned-fish lineage or just in zebrafish. Determination of the L-
FABP gene sequences from other actinopterygians will be helpful in determining the

timing of this change as it relates to iLBP gene organization during vertebrate evolution.
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Different theories are offered to explain the fates of duplicated genes (Prince and
Pickett, 2002; Force et al., 1999; Lynch and Conery, 2000). Immediately after the
duplication event, duplicate genes have redundant function, and three different fates are
suggested for duplicated gene pairs:

(1) Nonfunctionalization. One gene copy becomes silenced by degenerative mutations or
is lost from the genome owing to vagaries of chromosomal remodeling, locus deletion or
point mutations. Gene loss through these processes is possible because only one of the
duplicates is required to maintain the function provided by the single, ancestral gene,
leaving one gene copy free to accumulate loss-of-function mutations (Prince and Pickett,
2002).

(2) Neofunctionalization. One copy acquires a novel, beneficial function, because of
alterations in coding or regulatory sequences while the other copy retains the original
function. Mutations that lead to neofunctionalization are assumed to be extremely rare,
so this model predicts that few duplicates should be retained in the genome over the long
term (Prince and Pickett, 2002).

(3) Subfunctionalization. Both gene copies accumulate mutation to the point at which
their total activity represents the combined function of the single-copy ancestral gene i.e.
both the genes share the function of the ancestral gene (Force et al., 1999; Lynch and
Conery, 2000).

Both duplicates can be retained in a genome as a result of subfunctionalization or
neofunctionalization. Force and co-workers (1999) proposed that subfunctionalization is
the usual mechanism of duplicate gene retention. Since, many duplicated members of the

iLBP multigene family are retained in vertebrate genomes, analysis of their expression
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pattern may help define the possible mechanism of their retention. The expression
patterns of specific iLBP genes differ between mammalian and non-mammalian species.
The L-FABP was not expressed during embryonic development in zebrafish (Fig. 16A)
and in adult zebrafish L-FABP expression was restricted to intestine (Fig. 16B). In
contrast, mammalian L-FABP is expressed in the liver and intestine of the developing
emb;'yos and adults (Veerkamp and Maatman, 1995). A paralogous liver-type FABP,
Lb-FABP found only in non-mammalian species and believed to share a common
ancestral gene with the L-FABP (Schaap et al., 2002) is expressed in the zebrafish liver,
intestine and testes (Fig. 9). The expression of Lb-FABP in liver and intestine of adult
zebrafish is moré similar to the expression pattern of the mammalian L-FABP gene. In
salamander, L-FABP is expressed in the liver and the intestine and Lb-FABP is expressed
in the liver (Di Pietro ef al., 1999). Western blot analysis revealed that the catfish Lb-
FABP is expressed in the liver, but not in the heart, brain, intestinal mucosa, muscle and
skin. The catfish L-FABP is expressed only in the intestinal mucosa (Di Pietro et al.,
1997). With the assumption that the mammalian L-FABP represents the ancestral state of
the L-FABP gene from which Lb-FABP arose as a result of gene duplication, it seems
that the pattern of expression of the mammalian L-FABP is retained in the liver and
intestine of the amphibian, salamander (Di Pietro ef al., 1999). The duplicated Lb-FABP
gene expression is restricted to liver, possibly due to division of function
(subfunctionalization) between the L-FABP and Lb-FABP in the salamander liver. In
catfish, however, the L-FABP and Lb-FABP are expressed in one of the two tissues (Di
Pietro et al., 1997). This division of expression pattern could represent the

subfunctionalization model of duplicate gene retention in catfish. In zebrafish, however,
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the expression pattern of the Lb-FABP in the liver and intestine is more similar to the L-
FABP expression in amphibians and mammals. The expression of Lb-FABP in zebrafish
testis could represent neofunctionalization as a possible mode of duplicate Lb-FABP
gene retention in zebrafish.

The finned-fish lineage is believed to have undergone a whole genome
duplication after divergence from the lobe finned-fish lineage (Amores et al., 1998;
Wittbrodt er al., 1998; Taylor et al., 2001b; Van de Peer ef al., 2003). It is expected,
therefore, that zebrafish had two genes for each of the mammalian orthologs at the time
of whole genome duplication. Database searches at the NCBI and the Wellcome Trust
Sanger Institute revealed the putative second copy of L-FABP (L-FABPb) and CRABPII
(CRABPIIb) genes in the zebrafish genome (data not shown). The sequence for the
duplicated copy of L-FABP (L-FABPb) was obtained from an EST submitted to
GenBank (accession number BQ075349, NCBI) and the sequence for the duplicated copy
of CRABPII (CRABPIIb) was obtained from genomic contig, ctg9369 (assembly Zv2,
http://www.sanger.ac.uk/Projects/ D_rerio/). No sequence representing the second copy
of the zebrafish Lb-FABP and I-FABP was found in the database so far. Postlethwait and
co-workers (2000) estimated that approximately 20% of the duplicated gene pairs were
retained in the zebrafish lineage after the whole genome duplication event. It is possible
that the second copies of I-FABP and Lb-FABP genes accumulated null mutation
(nonfunctionalization) and were lost from the zebrafish genome.

Preliminary investigation using the primers designed on the basis of the available
L-FABPb and CRABPIIb sequences mapped the duplicated members to zebrafish LG 8

(L-FABPb) and LG 19 (CRABPIIb) by radiation hybrid mapping (data not shown). The
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RT-PCR analysis revealed that L-FABPb is expressed in the developing zebrafish
embryos and like zebrafish L-FABP the expression of L-FABPbD is restricted to the
intestine of adult zebrafish (data not shown). It seems that L-FABPb was retained in the
zebrafish genome as a result of subfunctionalization because L-FABPb mRNA, but not
L-FABP mRNA, was detected in the developing zebrafish embryos. Similar to
CRABPII, the CRABPIIb mRNA was not detected in total RNA from zebrafish embryos
at 1 hpf and 3 hpf, but was detected at 12 hpf and stages thereafter. Unlike CRABPII, the
CRABPIIb mRNA was not detected in any of the adult zebrafish tissues investigated
including heart, muscle, testes, liver, ovary, skin, intestine or brain. The CRABPIIb
mRNA-specific product was, however, detected in total RNA extracted from adult
zebrafish (data not shown). The retention of both CRABPII and CRABPIIb in the
zebrafish genoine may be a result of subfunctionalization as CRABPII is expressed in the
muscle, testis, skin, heart, ovary and brain and the CRABPIIb is expressed in the adult
zebrafish, but not in any of these tissues.

Although this thesis provides insight into the evolution of the iLBP multigene
family, many questions remain. Future studies may include, characterization of the
duplicated copies of the iLBP genes in zebrafish, functional analysis of the iLBP gene
promoters to delineate the different cis-acting regulatory elements, identification of
various hydrophobic ligands that are involved in the regulation of iLBP genes in

zebrafish and identification of the transcription factors that bind to the cis-acting elements

in the iLBP promoters.
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Summary

1. The dispersed distribution of iLBP genes in the zebrafish and human genomes
indicated that tandem duplication did not play a major role in creating the iLBP
multigene family. More likely, this multigene family arose by genome
duplication(s) and/or chromosomal duplication events.

2. The expression pattern and potential function of iLBP genes seems to be
conserved between mammals and fish in some tissues but not in others.

3. Changes in expression pattern reflect changes in the factors regulating the iLBP
genes such as the cis-elements in their gene promoters.

4. The proposed whole genome duplication event in the finned-fish lineage is
supported by the presence of a second copy of the CRABPII and L-FABP genes.

5. Subfunctionalization most likely explains the retention of the duplicated iLBP

genes.
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