
MOLECULAR AND BIOCHEMICAL CHARACTERISATION 

OF A FUGU NITRIC OXIDE SYNTHASE

Natalie Jane Wilson

A thesis submitted in accordance with the requirements of the 

degree of Doctor of Philosophy at the University of London.

The Wolfson Institute for Biomedical Research 

University College London 

March, 2000.



ProQuest Number: 10016029

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10016029

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



This thesis is dedicated to my parents with love and thanks.



ABSTRACT.

A  neuronal nitric oxide synthase (NOSl) gene was isolated from the the model 

vertebrate genome of the Japanese pufferfish Fugu rubripes. The Fugu NOSl gene was 

cloned by screening of a genomic cosmid library and PGR of genomic DNA. It was 

s;equenced multiple times on both strands and conserved co-factor/substrate binding sites 

for haem, L-arginine, Ca^VCalmodulin, FAD, FMN and NADPH were identifed. In 

addition, a CaM inhibitory sequence present only in constitutive isoforms was identified 

along with a PDZ domain specific to nNOS isoforms. At 22,203 bp the Fugu NOSl 

gene shows a reduction in size of -7.2 times when compared to the human NOSl gene. 

Full-length Fugu NOSl cDNA (/NOS) was isolated from the brain of another species of 

Japanese pufferfish, Takifugu poecilonotus, by 5' and 3' RACE and PCR. /NOS was 

cloned into the baculovirus-transfer vector pVL1393, sequenced and transfected into 

Spodoptera frugiperda clone 21 cells {Sfl\)  for expression studies. /NOS showed the 

highest amino acid identity to the mammalian and Xenopus laevis nNOS isoforms (74- 

75%). Amino acid identity dropped to 58% when /NOS was compared to eNOS 

isoforms, 54% for iNOS isoforms and 47-52% for the reported invertebrate NOS 

isoforms. Expression of the recombinant Fugu NOSl protein (FNOS) by pVL/NOS- 

infected Sj2\ cells was detected by western blotting and immunocytochemical staining 

with a  monoclonal anti-nNOS antibody. Expression of functional FNOS was greatest 

after 24 hours as measured by the spectrophometric conversion of oxyhaemoglobin to 

methaemoglobin by NO on a dual-wavelength spectrophotometer. In the presence of 

FAD, NADPH, and BH4, FNOS activity was dependent on the addition of L-arginine 

and was inhibitable by the NOS inhibitors L-NMMA, L-Thiocitrulline and 1400W. 

Partial purification of FNOS was achieved using a 2'5' ADP sepharose column and 

lOmM NADPH for elution.
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1.1 The Human Genome Project.

In 1985 Robert Sinsheimer convened a meeting to discuss the first serious proposal to 

start sequencing the human genome (Sinsheimer, 1989) and planted the idea of a large- 

scale genome sequencing effort in the mind of Nobel Laureate and Harvard Professor of 

Biology, Walter Gilbert. Gilbert went on to co-chair a session on the Human Genome 

Project with Paul Berg at the Cold Spring Harbour (CSH) Symposium on the Molecular 

Biology of Homo sapiens in 1986. Meanwhile, at a meeting in Santa Fe, New Mexico, 

Charles DeLisi, of the United States Department of Energy (DOB), proposed a research 

programme concentrating on advanced DNA sequencing technology, computer analysis 

and methods to order DNA fragments cloned from the human genome (DeLisi, 1988). 

The interest behind the DOE initiative was based on the use of DNA analysis to detect 

mutations among atomic bomb survivors. DeLisi’s research program, the DOE Human 

Genome Initiative, and the first US government programme on genome research, began 

in 1987. Independently of this, and at the same time, Renato Dulbecco, President of the 

Salk Institute, published a short article in Science arguing for sequencing of the human 

genome as an aid to cancer research (Dulbecco, 1986). In 1986 the Howard Hughes 

Medical Institute (HHMI) and the National Institutes of Health (NIH) also held meetings 

on the Human Genome Project and what role they may have to play in its future. 

World-wide interest in the Human Genome Project was generated, and in Italy, a pilot 

project on genome research was funded by the Italian National Research Council 

(Dulbecco, 1987). In the United Kingdom, Sydney Brenner and Walter Bodmer sent a 

proposal for an EC genome project to the European community (EC) offices. The result 

was a joint genome programme between the Medical Research Council (MRC) and the
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Imperial Cancer Research Fund (ICRF) which began in 1989 (Alwen, 1990), with the 

European Commission approving a 2-year human genome effort in 1990.

Back in the United States, a committee appointed by the National Research Council 

(NRC) of the National Academy of Science published a report that argued for a broader 

Human Genome Project with funding of $200 million/year for 15 years. A report by the 

Office of Technology Assessment (OTA) in the same year, commissioned by the House 

Committee on Energy and Commerce, agreed that genome research would go forward 

but questioned its management and co-ordination. Congress appointed funds to both the 

NIH and DOE for genome research in 1988 and the 1988 Memorandum of 

Understanding led to a co-operative effort between the agencies, culminating in the 

submission of a 5-year joint research proposal to congress (US Department of Health 

and Human Services and US Department of Energy, 1990).

Although the United States was the first country to make a financial commitment, the 

Human Genome Project is a world-wide initiative and in 1988, at the first CSH meeting 

on genome sequencing, the Human Genome Organisation (HUGO) was formed to 

mediate international scientific collaboration.

Initial five year goals were set for the Human Genome Project. In the areas of 

informatics and technology there were to be developments that would support the human 

genome project such as algorithms and analytical tools for the interpretation of genomic 

information. Programmes were to be developed to address the ethical, legal and social 

implications of the Human Genome Project. For the mapping and sequencing of the 

human genome, a fully connected genetic map was to be completed with markers spaced 

an average of 2-5 centimorgans (cM) apart, and that each marker was to be identified by 

a sequence-tagged site (STS). An STS is normally defined by 200-500 nucleotides that

22



are operationally unique in the human genome i.e. it can be specifically detected via a 

polymerase chain reaction (PCR) in the presence of all other genomic sequences, 

allowing the location of individual genes on chromosomes to be established. STS maps 

and overlapping sets of cloned DNA, with continuity over lengths of 2 million base pairs 

(bp), were also to be used to create a physical map of all human chromosomes. Markers 

would be spaced approximately 100,000 bp apart or be closely spaced and 

unambiguously ordered. Current methods of DNA sequencing were to be improved or 

new ones invented to bring the cost of large-scale sequencing down to $0.50/bp or less 

and the sequence of 10 million bp of human DNA determined. Parallel studies on 

selected model organisms were also included in the initiative as an aid to the 

understanding of the human genetic information obtained and to add to the development 

of existing sequencing strategies. Specifically, a genetic map of the mouse genome was 

to be prepared with the physical mapping of several chromosomes and approximately 20 

million bp of sequence were to be aggregated from a variety of model organisms with the 

focus on stretches of 1 million bp.

The ultimate goal of the Human Genome Project is to produce detailed physical and 

genetic maps of each of the 24 different chromosomes and to determine the sequence of 

the 3 billion nucleotides that make up human DNA.

1.2 Fugu as a model genome.

The identification of genes in model organisms, and their correlation to the human 

genome, was one of the original goals of the Human Genome Project because the 

evolutionary conservation seen between humans and experimental organisms has led to
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remarkable insights into biochemistry, regulation, development and disease (Tugendreich 

et a l, 1994). Even the simplest of eukaryotes contains many genes similar enough to 

those of humans that they can allow comparisons and functional analysis of gene 

products and those processes fundamental to all eukaryotic cells. The other major 

advantage of using model organisms, such as Escherichia coli (4.7 megabase (Mb) 

genome) and the yeast Saccharomyces cerevisiae (14 Mb genome), is that their high 

gene density and small genome size makes them suitable for the development of 

sequencing and mapping technologies and strategies (Jones, 1995). In comparison to 

these simple model organisms only 1-3% of mammalian genomic DNA contains coding 

sequence with a gene density in the human genome that averages only one gene for 

approximately every 50 kb (Jones, 1995). For these reasons most of the large-scale 

sequencing of the human genome has so far been confined to disease loci alone. This is 

with the exception of human chromosome 22 for which 33.4 megabase of sequence data 

containing at least 545 genes and 134 pseudogenes has been reported (Dunham et ah, 

1999).

However, it was recognised that the usefulness of the more simple model organisms was 

limited due to the distinct morphology and development of vertebrates. For the study of 

mammalian gene structure, function and regulation the most relevant model would be a 

vertebrate such as the mouse, which indeed has served as an excellent model in 

elucidating developmental and disease processes relevant to humans. For the mouse 

genome and many of the other vertebrate models in existence, genome mapping and 

sequencing problems have proven to be as difficult as in humans because their genomes 

are also large and of comparable complexity to the human genome. Taking all this into 

consideration, it was Sydney Brenner who recognised that the ideal model for
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comparative genom e sequencing and analysis would be a vertebrate genom e of minimal 

size and complexity but with maximum homology to the human genom e. In 1993 

Brenner et al. p roposed the Japanese pufferfish Fugii ruhripes  (Figure 1.1) as a new 

com pact model vertebrate genom e (Brenner et a i ,  1993).

Figure 1.1. The Japanese pufferfish Fugu rubripes.

The tetraodontoid  fish Fugu rubripes (Fugu) is a pufferfish which inhabits the sea 

surrounding the Japanese islands. As one o f  the largest pufferfish, and a delicacy 

am ongst the Japanese people, Fugu  is the most commercially farmed species. As a 

teleost fish, Fugu  has a separation time from mammals of around 430  million years 

making it the m ost distant extant vertebrate precursor (Powers, 1991). More 

importantly, it appears to fill the criteria of an ideal ‘m odel’ genome.

By 1968 Ralph Hinegardner had assayed the cellular DMA conten t o f 200 different 

species of teleost fish, and extended the number of species analysed to 275 by 1972 

(Hinegardner, 1968; Hinegardner and Rosen, 1972). Both studies confirmed that the 

am ount o f  cellular D N A  present in teleosts ranged from 0.4 to 4.4 picograms (pg) per 

cell and that specialised fishes had a lower cellular D N A  content than the more 

generalised fishes. It was found that one family of teleost fishes, the tetraodontoid 

family, had the smallest known vertebrate genomes which ranged from 0.4 to 0.5 pg.
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When compared to the 3 pg haploid DNA content of human cells, 0.4 pg equates to 

approximately 400 Mb. More specifically, the pufferfishes Tetraodon fluviatilis and 

Tetraodon palembangensis were found to have haploid DNA contents of 0.39 pg and 

0.48 pg per cell respectively. The work of Pizon et al. (1984) supported this predicted 

genome size. This group used reassociation kinetics and density centrifugation to study 

the genome of another member of the tetraodontoid family, Arothron diadematus. With 

87% unique (non-repetitive) DNA the A. diadematus genome was found to be 80 times 

more complex than the E. colt genome, this figure corresponds to 410 Mb and results in 

a total genome size of 470 Mb.

Brenner et al. used random sequencing and a gene probing approach to present a 

detailed analysis of the Fugu genome (Brenner ef al., 1993). For random sequencing 

they sonicated Fugu genomic DNA to produce 596 clones and 127,831 bp of sequence. 

44 clones were sequences almost entirely made up of RNA genes, minisatellite and 

microsatellite repeat sequences, the most abundant minisatellite repeat unit of 118 bp 

comprised 2% of the total genome. The remaining 552 clones and their nucleotide 

sequences were translated into amino acid sequences in all six possible reading frames. 

The amino acid sequences were searched for homology against the SWISSPROT protein 

database and fragments of 10 genes were identified. In total, 1,011 bp or 0.8% 

(1,011/127,831 X 100%) of the analysed nucleotide sequence was found to be coding 

sequence. To estimate the size of the Fugu genome from this figure, a non-redundant 

coding sequence database for the human genome was created. This database comprised 

a total of 2,576 genes corresponding to 3,096,858 nucleotides of coding sequence. This 

included a single example of each mammalian coding sequence in SWISSPROT that 

could be found, or be reasonably expected to be found, in the human genome. From this
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it was concluded that a search of random sequence from the 3,000 Mb human genome 

against SWISSPROT would identify 0.1% (3,096,858/3,000 Mb X 100) as coding 

sequence.

As a vertebrate, Fugu shares with mammals many anatomical, physiological, 

immunological and neurological characteristics (Colbert and Morales, 1991), therefore it 

was assumed that Fugu and humans have approximately the same number of genes. By 

comparing the relative percentages of coding sequence Brenner and colleagues 

calculated that the Fugu genome was 7.68 times smaller than the human genome 

(0.791/0.103 = 7.68) and was therefore 380 Mb (3000 Mb/7.68). To support this figure 

they hybridised 3 independent non-amplified 7.2001 phage libraries with single-copy-gene 

probes. In a total of 1.379 x 10̂  phage 56 copies of the single-copy genes were found, 

which equated to 1 complete genome per 24,625 phage. Assuming that all sequences 

were equally represented in the libraries, and with an average insert size of 16.4 kb, a 

Fugu genome size of 404 Mb (16.4 kb x 24,625) was predicted. With both estimates in 

accordance with the 380 Mb previously found for the Tetradon species, and the close 

correspondence of both of the estimates, this group concluded that the assumption that 

Fugu has a similar gene repertoire to human was correct. Thus, the predicted genome 

size of Fugu was confirmed as approximately 400 Mb making it 7.5 times smaller than 

the human genome. In addition, the genome was found to have a G+C content of 

44.2%, comparable to mammalian genomic DNA, with more than 90% of the genome 

being non-repetitive, unique sequence (Brenner et a i, 1993).

Brenner and colleagues proposed that the compactness of the Fugu genome was due to 

the apparent reduction of intron size with three quarters of introns being small, (60 - 120 

bp) giving a modal value of -80 bp. They also found a relative paucity of repetitive
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DNA and absence of dispersed repeats in the Fugu genome. In addition, they reported 

that the expected high gene density had been confirmed by initial sequencing of 

contiguous stretches of DNA (Brenner et a l, 1993).

As a general rule it has been found that Fugu genes are smaller than their human 

counterparts although the Fugu mRNA transcripts are of approximately the same size. 

Intron/exon boundaries are generally conserved between species and the reduction in 

gene size has been shown to be the result of reduced intron size. Smaller intergenic 

distances also help to account for the overall reduction in the size of the Fugu genome. 

Based on the prediction of 60 - 70,000 genes in the human genome, and the assumption 

that Fugu has the same number of genes in only 400 Mb, the Fugu genome would 

average one gene every 6-7 kb. In common with other tetraodontiformes Fugu is 

predicted to have 22 to 24 chromosomes (Elgar et a l, 1996), and as seen in mammalian 

genomes, there is a codon bias for G or C in the third position.

One of the first genes to be isolated from Fugu was the housekeeping gene for glucose- 

6-phosphate dehydrogenase (G6PD) which catalyses the reaction for NADPH 

production in erythrocytes (Mason et a l, 1995). It was found that compared to its 

human counterpart, the Fugu G6PD gene was 3.75 times smaller due to a reduction in 

intron size but that the intron/exon structure was identical to the human gene. Over the 

coding region the identity seen between the two species was 71% for the nucleotide 

sequence and 76% for the amino acid sequence.

Many different genes have since been isolated from Fugu including, for example, those 

coding for a variety of transcription factors (Schiiddekopf et a l, 1996; Verma-Kurvari & 

Johnson, 1997; Gdttgens et al., 1998; Wentworth et al., 1999; Tassone et al., 1999), G 

protein-coupled receptors (Yamaguchi et al., 1996; Yamaguchi & Brenner, 1997; Naito
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et al., 1998), a homologue of complement component C9 gene (Yeo et al., 1997) and T- 

cell receptor gene homologues (Rast et al., 1995). These findings support the argument 

that Fugu has not only a similar number of genes as mammals but a comparable gene 

repertoire too.

Many studies utilising Fugu as a model genome have made use of the 430 million years 

of evolutionary distance between Fugu and humans. There is maximum stringency for 

genome sequence comparisons as all unconstrained sequences have had the maximum 

time to randomise by mutation. Only those essential sequences, coding or non-coding, 

that are required for functions common to all vertebrates will be conserved. For 

example, in 1995 the Fugu Huntington’s disease gene (FrHD) was cloned (Baxendale et 

a l, 1995) and showed an exact reduction in size of 7.5 times, from 170 kb to 23 kb, with 

conservation of all 67 of the exons found in the human HD gene. Again there was 

conservation of intron/exon boundaries and good nucleotide and amino acid identity 

between the two species (69% and 73% respectively) which led to the identification of 

potential regulatory regions. In addition to identifying conserved regions within the 

coding sequence of genes, Fugu has also been used to identify conserved regulatory 

elements. This approach was used to identify conserved enhancer elements present 

between mouse and Fugu for both the Hoxb-1 and Hoxb-4 genes (Marshall et a l, 1994; 

Aparicio et a l, 1995). In these studies murine Hoxb-1 and Hoxb-4 genes were found to 

be functionally regulated by Fugu enhancer elements. However, further work on FrHD 

called into question the use of Fugu sequences in transgeneic studies when it was found 

that FrHD mRNA was not processed correctly in mouse cells or in transgenic mice 

(Sathasivam fl/., 1997).
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The area of conserved gene order is the most contentious issue surrounding the use of 

Fugu as a model genome. Positional cloning, the use of conserved synteny and 

conserved linkage, is a particularly attractive technique for isolating new genes flanking 

either side of candidate regions. Also, regions of conserved synteny would accelerate the 

mapping and ordering of genes.

Conserved synteny, where two or more genes are located on homologous chromosomes 

in different species regardless of their order on either chromosome (Koop and Nadeau,

1996), has now been demonstrated across many regions of the Fugu genome. This 

makes Fugu an attractive model for the positional cloning of new candidate disease 

genes and is particularly aided by the smaller intronic and intergenic regions present in 

the Fugu genome. The sequence information obtained could then be used to isolate the 

corresponding human gene of interest. This approach has been taken by several groups 

who initiated the mapping of genes on the Fugu genome where mapping of human 

chromosomes has proven difficult and the identity of genes and their order remains 

unknown.

Human chromosome 4q35 is a very repetitive region of the human genome and contains 

many pseudogenes and low copy repeats making transcriptional mapping of this area 

very problematic. This region contains the locus for the neuromuscular disorder 

Facioscapulohumeral Muscular Dystrophy (FSHD) and it was suggested that the 

development of a synteny map of the FSHD region could be used to accelerate the 

identification of FSHD candidate genes (Grewal et a l, 1998). Likewise, Ali et al. 

(1997) have initiated mapping of a region of the Fugu genome, homologous to human 

chromosome 9, as an aid to the physical mapping of human chromosome 9q34.
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However, in the Fugu genome the case for conserved linkage and gene order, where two 

or more genes are located in the same order on homologous chromosomes, is not so 

clear cut. Initial work by several groups demonstrated linkage of groups of two or three 

Fugu genes (How et a l, 1996; Sandford et a l, 1996; Schofield et a l,  1997; Trower et 

a l, 1996). For example, the work of Trower and colleagues has demonstrated that the 

order of the FOS/S3 liii 125/820115 genes in the Fugu genome was identical to the order 

of the homologous genes in the human genome. In humans the cFOS, S3iiil25 and 

820125 genes are located in the AD3 locus of chromosome 14q24.3, a region spanning 

over 600 kb and associated with familial Alzheimer’s disease. In Fugu, the three genes 

are found in a region of only 12.4 kb. However, these studies have covered relatively 

small distances in terms of human DNA and do not provide complete sequence data for 

the regions. In addition, they compared genes whose order in the human genome was 

already known.

More recently, extensive work over larger regions of the Fugu genome has been 

performed with conflicting results. A Fugu genomic region of less than 100 kb, 

corresponding to a 1.5 Mb region of human chromosome 11, specifically l ip  13, was 

isolated in 3 overlapping cosmids (Miles et al., 1998). In humans, this region contains 

two well studied disease genes, PAX6  and W Tl, which are essential for normal 

mammalian development, and also the reticulocalbin (RCNl) gene which encodes a 

calcium binding protein of the endoplasmic reticulum. Heterozygous deletion of this 

region gives rise to Wilm’s tumour, aniridia, genitourinary abnormalities and mental 

retardation, collectively known as WAGR syndrome. In humans, the order of these three 

genes is WT1/RCN1/PAX6 with the RCNl gene being transcribed in the opposite 

direction to the WTl and PAX6  genes, this is also the case for Fugu, and so although
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these three genes are not members of the same gene family their order and orientation is 

identical between Fugu and human.

Additionally, Sequencing of 148 kb of Fugu genomic DNA around the wntl locus 

identified fifteen genes (Gellner and Brenner, 1999). Nine of the genes identified were 

already known genes with eight mapped to human chromosome 12ql3. Two of the 

genes, wntl and wntl Ob, are known to be tightly linked within 2.3 cM on murine 

chromosome 15.

Neurofibromatosis type 1 (NFl) patients with deletions of over 500 kb generally suffer 

from a more severe manifestation of neurofibromatosis, accompanied by atypical 

anomalies including mental retardation. This is thought to be a contiguous gene 

syndrome. In Fugu, three genes were identified 3' of the NFl gene in the following 

order, A-kinase anchor protein (AKAP84), an unidentified gene designated as BAW 

(between AKAP84 and WSBl) and WD-40-repeat protein (WSBl) (Kehrer-Sawatzki et 

al., 1999). However, in humans, whilst these genes have all been localised to the same 

region of chromosome 17 they have been found to map in a different order (WSBl, 

AKAP84, BAW). In addition, further information available on the location of the 

retinoic acid receptor a  (RARA) gene distal to the CC chemokine gene cluster in 

17qll.2-ql2, has ordered the genes as follows: NFl- CC chemokines- WSBl- RARA- 

AKAP84/BAW or alternatively WSBl- NFl- CC chemokines- RARA- AKAP84/BAW. 

Whichever order is correct the difference to the order in Fugu is apparent. Thus, whilst 

synteny and linkage of the genes in this region is conserved gene order is not.

Work performed on the Surfeit gene cluster also questions the conservation of gene 

order in Fugu. Initial work by Armes et al. (1997) showed that the structure and 

predicted products of the individual Fugu Surfeit genes were highly homologous to their
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human counterparts. However, when compared to the single tightly clustered locus 

found in mammals and birds, Fugu surfeit gene homologues were present at 3 separate 

loci in the Fugu genome. Further work by Gilley and Fried (1999) questioned the utility 

of Fugu to facilitate the identification of human disease genes by comparative positional 

cloning. This group expanded their study to seven Fugu genes closely linked to the 

Surfeit genes in two regions of the Fugu genome. They mapped and ordered the human 

homologues of these genes and found that all seven genes mapped to a 3 Mb region of 

human chromosome 9q34.1, approximately 2-4 Mb proximal to the Surfeit genes. 

However, although this demonstrates conserved synteny, the gene order differs greatly 

suggesting intrachromosomal rearrangements have occurred during the 900 million years 

of divergent evolution that separates Fugu and humans.

Additional evidence questioning the use of Fugu as a good model for positional cloning 

analysis came from the laboratory of Reboul et al. in 1999. This group analysed the 

interferon/interleukin- 1 0  receptor gene cluster which is present on human chromosome 

21 and linked to the G ART gene. They showed that whilst the large-scale structure of 

the GART-cytokine receptor gene cluster locus was conserved in human and chicken it 

was not in Fugu. They identified a Fugu G ART homologue but not the cytokine 

receptor gene cluster. Instead, they identified a novel predicted gene 5' of the G ART 

gene, which had no homology to the S0N3 gene present 5' of G ART in the human 

genome. Neither did this gene have homology to the Fugu homologue of the yeast 

YDR14ÛW gene 3’ of the G ART gene demonstrating that the gene had not been 

inverted. Also present on the Fugu cosmid containing the G ART gene were two copies 

of the putative neurotransmitter receptor gene (PNR) and the VEGF gene both of which
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have been mapped to human chromosomes 6q23 and 4q34 respectively. Thus, in 

contrast to Fugu none of these genes are physically linked in the human genome. 

Nevertheless, Fugu has become established as a model vertebrate genome with few 

amendments to its initial characterisation. Contrary to previous reports, repetitious 

dispersed elements have been found in the Fugu genome, both long terminal repeat 

(LTR) and non-LTR retrotransposons named sushi and Maui respectively (Poulter and 

Butler, 1998; Poutler et a l, 1999), and although they are not evenly dispersed 

throughout the genome there may be as many as 3000 copies of Maui present (Poulter et 

al., 1999). Additionally, a comprehensive analysis of 11.338 Mb of Fugu genomic DNA 

detailed the characterisation of 6042 microsatellite repeat sequences (Edwards et at., 

1998). This study demonstrated that whilst the sparseness of the Fugu genome may be 

attributed in part to a lack of minisatellite repeat sequences and transposable elements, as 

compared to mammalian genomes, it is not due to a lack of microsatellite repeat 

sequences.

Another pufferfish, Tetraodon fluviatilis (T. fluviatilis), has been introduced as a model 

for genome studies to complement the use of Fugu rubripes (Crnogorac-Jurcevic et al.,

1997). Unlike Fugu rubripes, T. fluviatilis is a freshwater pufferfish that can easily be 

maintained and bred in an aquarium. Comparison of mitochondrial cytochrome b 

sequences from the two species indicated a separation time of not more than 18-30 

million years. T. fluviatilis has since been used to characterise the genomic structure and 

promoter region of a c-fos homologue (Chang et al., 1997), to characterise and orient 

snf5 and set gene homologues (Yao et al., 1998), and to analyse the spermine synthase 

gene homologue in comparison to the same region in Fugu rubripes and the zebrafish 

Danio rerio (Boeddrich et al., 1999).
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To summarise, at -400 Mb the Fugu genome is compact and between seven and eight 

times smaller than the human genome. As a vertebrate, it has a gene repertoire similar to 

that of humans. Fugu genes are reduced in size compared to their human counterparts 

due to a lack of intronic DNA. Generally, there is good conservation of gene sequences 

and organisation between the Fugu and human genes compared to date. Fugu 

transcripts are of a comparable, if not identical, length to their human counterparts. For 

these reasons, it was decided that the model vertebrate genome of Fugu rubripes should 

be searched for homologues of the nitric oxide synthase (NOS) gene family.

1.3 The discovery of nitric oxide.

In 1980 Furchgott and Zawadski reported that the acetylcholine-dependent relaxation of 

arterial smooth muscle only occurred in the presence of intact endothelium. They 

demonstrated that the relaxation was mediated by a labile factor which diffused from the 

endothelium to the adjacent smooth muscle. This factor became known as endothelium- 

derived relaxing factor (EDRF) (Furchgott and Zawadski, 1980). An increase in the 

levels of cyclic 3',5'-guanosine monophosphate (cGMP) was found to accompany the 

endothelium-dependent relaxation of blood vessels (Rapoport, 1983). It was already 

known that cGMP biosynthesis was catalysed by the guanylate cyclase enzymes 

(Hardman and Sutherland, 1969; Ishikawa et a l, 1969; Schultz et a l, 1969; White and 

Aurbach, 1969) and it had previously been shown that the simple gas nitric oxide (NO) 

caused the activation of guanylate cyclase and therefore an increase in cGMP levels 

(Arnold et al., 1977). However, the connection between the two observations was not 

made at this time.
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Whilst Furchgott and Zawadski were investigating EDRF, investigations into the 

metabolism of inorganic nitrogen oxides in humans showed that there was endogenous 

synthesis of nitrate (NO3 ) (Green et al., 1981b). Experiments in germ-free animals had 

shown that the NO3 produced was mammalian in origin and not the result of intestinal 

microbial metabolism as first thought (Green et al., 1981a). Four years later it was 

shown that exposure to bacterial lipopolysaccharide (EPS), increased NO3 levels in the 

blood and urine of LPS-sensitive mice (Stuehr and Marietta, 1985). In the same study it 

was shown that in vitro immunological stimulation increased the production of nitrite 

(NO2 ) and NO3 by activated mouse peritoneal macrophages. It was concluded that the 

murine macrophages were therefore the most likely source of EPS-induced NO2 and 

NO3 synthesis.

The vasodilatory effects of EDRF were subsequently shown to be mediated through the 

activation of soluble guanylate cyclase (sGC) (Ignarro et al., 1986; Forstermann et al., 

1986; Mulsch et al., 1987). The chemical identity of EDRF as NO was established in 

1987 when the two moieties were shown to have identical biological properties. In 

addition, NO was demonstrated to be generated by vascular endothelial cells in an 

amount which could account for the biological activity of EDRF (Palmer et a l, 1987; 

Khan and Furchgott, 1987; Ignarro et al., 1987). It was then demonstrated, by three 

independent groups, that NO was the originator of the NO2 and NO3 produced by 

activated macrophages (Marietta et al., 1988; Hibbs et al., 1988; Stuehr et al., 1989). 

Other studies revealed the presence of NO in the central nervous system (CNS). For 

example, activation of N-methyl-D-aspartic acid (NMDA) receptors by glutamate was 

shown to increase cGMP synthesis in neighbouring cells (Garth w ai te et a l, 1988). This 

rise in cGMP led to the identification of a factor also able to relax vascular smooth
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muscle. Further work demonstrated that this factor had properties that were 

indistinguishable from those attributed to NO.

1.4 The generation of NO.

L-arginine was identified as the substrate for NO synthesis in the vascular endothelium 

(Palmer et a l, 1988a; Sakuma et al., 1988; Schmidt et al., 1988) and the L-arginine 

analogue, N^-monomethyl-L-arginine (L-NMMA) as an inhibitor of NO biosynthesis in 

this tissue (Palmer et al., 1988b; Rees et al., 1989b). L-NMMA had previously been 

shown to inhibit the L-arginine dependent generation of nitrite and nitrate as well as the 

production of citmlline from macrophages (Hibbs et al., 1987). Further experiments 

revealed that citmlline and NO were co-products of the same enzymatic reaction (Palmer 

and Moncada, 1989; Moncada and Palmer, 1990). It is now known that NO is formed 

by an NADPH-dependent five-electron oxidation of L-arginine to form L-citmlline and 

NO (Bredt and Snyder, 1994).

H

H ,N N H . H ,N

1.0 N A D P H

COO

H , 0

H ,N

N —  OH

0.5 N A D P H

O

NH

H , 0

■COO H ,N

+ "N O

CO O

L -A rg in ine N °-H y d r o x y -L -A r g in in e

Figure 1.1. The generation of nitric oxide.

L-Citrulline Nitric  O xide

37



The synthesis of NO from L-arginine is catalysed by the family of NO synthase (NOS) 

enzymes (EC 1.14.13.39). In mammals, there are at least three distinct NOS isoforms, 

neuronal (nNOS; NOSl), inducible (iNOS; N0S2) and endothelial (eNOS; NOS3), 

named after the tissues in which they were first identified (neurons; cytokine-induced 

immune cells; vascular endothelium). All three have been cloned from a variety of 

tissues and species as summarised in table 1 .1  and the overall structure of each isoform is 

illustrated in figure 1 .1 a.
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Table 1.1. Cloned NOS isoforms.

Isoform Cell/Tissue Species Reference
NOSl/ Brain Rat Bredt et al., 1991;
nNOS Charles et al., 1993;

Black and de Montellano, 1995
Brain Mouse Ogma. etal., 1993
Brain Human Nakane et al., 1993;
Placenta Hall etal., 1994
Brain Rabbit Jeong and Kim, 1997
genomic Drosophila

melangoster
Regulski and Tully, 1995

Salivary gland Rhodnius
prolixus
Lymnaea
stagnalis

Yuda etal., 1996 

Komeev et al., 1998

genomic Anopheles
stephensi

Luckhart et al., 1998;
Luckhart and Rosenberg, 1999

genomic Xenopus
laevis

Scheinker er a/., 1999

N0S2/ Macrophage Mouse Lowenstein etal., 1992;
iNOS Lyons et al., 1992; 

Xie et al., 1992
MTAL cell line Mouse Kone et al., 1995
Liver Rat Adachi et a l, 1993
Astroglia Rat Galea era/., 1994
Vascular smooth muscle Rat Gengera/., 1994
Neutrophils Rat Kosugaera/., 1994
Islets of Langerhans Rat Karlsen et al., 1995
Hepatocytes Human Geller er a/., 1993
DLDl colorectal carcinoma Human Sherman er fl/., 1993
Articular chondrocyte Human Charles et al., 1993; 

Maier er a/., 1994
Foreskin fibroblast HSF42 Human Chartrain et al., 1994
Macrophage Bovine 

Guinea pig
Adler era/., 1995 
Uchida era/., 1999

Macrophage Chicken
Cyprinus
carpio

Lin et al., 1996 
Saeij et al., 1999

NOS3/ Aortic endothelium Bovine Sessa era/., 1992;
eNOS

Mouse
Pig

Nishida er a/., 1992;
Lamas era/., 1992 
Gnanapandithen et al., 1996 
Zhang et al., 1996

Endothelium Human Janssens et al., 1992; 
Marsden e ta l ,  1992
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For the structural and functional characterisation of the NOS family of enzymes high 

levels of protein are required. Expression of recombinant NOS isoforms has been 

achieved in a number of systems as summarised in table 1 .2 .

Table 1.2. Expression of Recombinant NOS.

Isoform Species Expression system Reference
nNOS Rat 293 kidney cells Bredt et al., 1991; McMillan et a l, 1992

Rat Baculovirus/insect
cell

Richards and Marietta, 1994; 
Charles et al., 1993; 
Harteneck et al., 1994; 
Riveros-Moreno etal., 1995

Rat E.coli McMillan and Masters, 1995 
Roman et al., 1995;
Gerber and de Montellano, 1995

Rat Yeast Black and de Montellano, 1995
Human COS cells Nakane et al., 1993
Human Baculovirus/insect

cell
Nakane et al., 1995

Drosophila Baculovirus/insect
cell

Regulski and Tully, 1995

Rhodnius
prolixus

B aculovirus/insect 
cell

Yuda et al., 1996

iNOS Rat 293 kidney cells Karlsen et al., 1995
Rat COS cells Adachi et al., 1993
Mouse B aculovirus/insect 

cell
Moss et al., 1995

Mouse E.coli Wu et al., 1996
Mouse Yeast Sari et a l, 1996
Human CHO cells Charles et al., 1993;
Human 293 kidney cells Geller era/., 1993
Human B aculovirus/insect 

cell
Nakane et al., 1995

eNOS Bovine COS cells Sessa et al., 1992; Nishida et al., 1992; 
Lamas et al., 1992

Bovine Baculovirus/insect
cell

List et al., 1996;
Busconi and Michel, 1995

Bovine E.coli Marteseck et al., 1996
Human 3T3 cells Janssens et al., 1992;
Human Baculovirus/insect

cell
Chen et al., 1995; Nakane et al., 1995; 
Seo et al., 1995; Chen et al., 1996

Human E.coli Rodriguez-Crespo et al., 1996
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In 1991, the first complete primary structure of a NOS enzyme was deduced by Snyder 

and colleagues when they cloned, sequenced and expressed a rat brain NOS cDNA 

(Bredt et al., 1991). In the C-terminal half of the enzyme they identified a number of 

recognition sites needed for enzyme function that were already familiar from other 

enzymes. The structural units they identified included a basic amphipathic a  helix 

calmodulin-binding consensus sequence, which was consistent with the requirement of 

the enzyme for calmodulin as a cofactor (Bredt and Snyder, 1990), and a cAMP- 

dependent protein kinase phosphorylation consensus sequence. In addition, they found a 

NADPH binding domain, with well-defined points of contact for the ribose and adenine 

rings. Furthermore, consensus binding domains for the co-factors flavin mononucleotide 

(FMN) and flavin-adenine dinucleotide (FAD), including distinct binding sites for the 

pyrophosphate and isoalloxazine moieties of FAD, were identified. Haem and (6 R)- 

5,6,7,8-tetrahydro-L-biopterin (tetrahydrobiopterin; BH4) were also identified as co

factors required for the synthesis of NO (Schmidt and Murad, 1991).

Analysis of the predicted amino acid sequence with the FASTA programme (Pearson and 

Lipman, 1988) revealed very little identity of the N-terminal half of the enzyme to known 

proteins. Some homology of the C-terminal half of NOS was found to rat cytochrome 

P-450 reductase, with 36% identity and 58% similarity over 641 amino acids. The 

normal function of cytochrome P-450 reductase is to provide cytochrome P-450s with 

reducing equivalents required for their activity. With a P-450-type haem moiety present 

in NOS, the same reaction was proposed for this domain (Marietta, 1993). In addition, 

the N-terminal fragment of both inducible and constitutive NOS isoforms have been 

shown to have a maximum absorption at ~450nm (^ax) upon reduction and treatment 

with carbon monoxide. This spectral characteristic is relatively rare and limited to the
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cytochrome P-450 enzyme family (Marietta, 1994). The cytochrome P-450 supergene 

family codes for enzymes which carry out the oxidative metabolism of endogenous and 

xenobiotic compounds (Nelson et a l, 1993). All except one member of the family 

require a separate flavoprotein reductase (normally P-450 reductase) and sometimes an 

iron-sulphur protein to transfer electrons into the haem prosthetic group responsible for 

the oxidative catalysis. The exception is the fatty acid monooxygenase P - 450 bm3 isolated 

from Bacillus megaterium, whereby a single polypeptide encompasses both the 

flavoprotein reductase and the haem moiety (Narhi and Fulco, 1986). However, 

although superficially NOS has the appearance of a self-sufficient mammalian P-450 (i.e. 

an enzyme containing both reductase and haem domains) there is no significant 

homology of the NOS N-terminal sequence with the cytochrome P-450s (Marietta, 

1994).

Proteolysis of rat nNOS further supported the idea that the NOS enzymes had a bi

domain structure (Lowe et a l, 1996). This study demonstrated the presence of a central 

calmodulin-binding sequence flanked by an arginine/haem-binding N-terminal fragment 

and a C-terminal fragment that catalysed the NADPH-dependent reduction of 

cytochrome c.

A more detailed knowledge of the NOS family of enzymes has since been elucidated by 

site directed mutagenesis, expression and crystallisation studies, in conjunction with the 

nucleotide sequence information available. Each NOS isoform consists of a reductase 

domain at the COOH terminus and an oxidative domain at the NH% terminus. Both 

within these domains, and the common consensus binding sites present for haem, 

calmodulin, FMN, FAD and NADPH (Bredt et a l, 1991; Vorherr et al., 1993; Zhang
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and Vogel, 1994; Venema et al., 1997), residues crucial for enzyme function have been 

identified.

A cysteine residue (nNOS C415; iNOS C l94; eNOS C l84) conserved in all known NOS 

sequences was found to be crucial for the binding of haem as mutation of this residue 

resulted in loss of haem binding (Richards and Marietta, 1994; Chen et a l,  1994; Sari et 

a l, 1996). A single cysteine residue (C99) was identified in human eNOS as being 

largely responsible for BH4 binding since mutation of this residue to alanine resulted in a 

large loss of BH4 binding as measured by enzyme activity (Chen et at., 1995). This was 

confirmed by mutation of the equivalent cysteine residue in rat nNOS (C331) to alanine 

(Martasek fl/., 1998).

More recent work on the crystal structure of bovine eNOS has shown that C l01, the 

equivalent of human eNOS C99, is part of a zinc binding motif (C - (X)4  - C) which 

spans residues 96-101 (Raman et al. 1998). The zinc binding motif has conserved 

cysteine residues that are involved in the co-ordination of a zinc atom which functions 

both to stabilise the BH4-binding site and facilitate recognition of the pterin. Miller and 

colleagues (1999) have since shown that the zinc present in NOS does indeed have a 

structural, rather than catalytic role, which is important for the maintenance of an 

optimally functional and enzymatically active constitutuve NOS. The more detailed 

anatomy of substrate binding in eNOS has assigned guanidinium binding to residues 

E363 and W358, amino acid carboxylate binding to N368, Y359 and Q249 and a-amino 

(haem propionate (pyrole A)) binding to E363 with the hydrophobic p-sheet roof of the 

haem pocket formed by V338 and F355. Arginine forms hydrogen bonds with W358, 

E363, Q249 and N368, it also forms weaker bonds with V338, Y359 and F355.
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In rat nNOS residues 564-715 were found to have homology to the dihydrofolate 

reductase (DHFR) homology fragment (Nishimura et al., 1995). This region has been 

identified as the L-arginine binding domain as it was found to bind the L-arginine 

analogue N^-nitro-L-arginine (NNA).

For the constitutive nNOS and eNOS isoforms, but not the iNOS isoform, a calmodulin 

autoinhibitory sequence has also been identified (Salerno et al., 1997). This 45 amino 

acid insert is present between the regions responsible for FMN binding and using the x- 

ray crystal structure available for flavodoxins, the insert was positioned in three 

dimensional terms relative to the calmodulin binding site. It is thought that this element 

docks with a site on the constitutive NOS isoforms in such a way as to impede 

calmodulin binding and therefore enzymatic activation.

The NOS enzymes function as dimeric proteins (Abu-Soud and Stuehr, 1993; Baek et 

al., 1993) and mutations affecting the ability of dimers to form have also been identified. 

In iNOS mutation of E411, P452 and P461 has been found to affect enzyme activity and 

also dimérisation (Gachhui et al., 1997), whereas mutation of 0450 and A453 affect BH4 

binding (Cho et al., 1995). Two studies have localised the region required for 

dimérisation in murine iNOS to between residues 65 and 114 (Crane et al., 1997; Crane 

et al., 1998). It was demonstrated that in contrast to the crystal structure of a murine 

iNOS truncated by 114 N-terminal amino acids (A114 murine NOS2) which was a 

monomer, crystals of a murine iNOS truncated by only 65 N-terminal amino acids (A65 

murine iNOS) were dimers. Similarly, for bovine eNOS N-terminal deletion mutations of 

91 and 105 amino acids (A91 and A105) and showed increased monomerisation over 

wild type eNOS whilst A52 deletion mutants were normal (Rodriguez-Crespo et al..
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1997). Monomerisation has also been demonstrated for rat nNOS where residue H431 

had been mutated (Perry et al., 1998).

Crane et al. (1997) also made available the first 3-dimensional structural data for the 

NOS isoforms. They crystallised the oxygenase domain (residues 114 to 498) of murine 

iNOS (iNOSox) and found that these monomers consisted of a single-domain a-P fold 

which they described as a left-handed baseball catcher’s mitt. The ‘palm’ of the mitt was 

formed by a large central winged P-sheet whereas the ‘fingers’ were formed by a-helices 

and the haem was held in place in the pocket of the glove by the ‘thumb’. Using a 

similarity search program it was found that the polypeptide topology of iNOSox was not 

shared by any other known protein structures although the high sequence conservation 

between the three NOS isoforms indicated that eNOS and nNOS would share the 

unusual topology. In 1998, further work by Crane and colleagues on the crystals of 

pterin-loaded and dimeric murine iNOSox (residues 66-498 expressed with BH4 + L- 

arginine/BH4 + L-thiocitrulline/BH4 + H2O) revealed drastic changes to the interface of 

each NOS subunit with mobile and exposed hydrophobic regions, previously identified in 

iNOSox Al 14, that refolded to buttress the substrate-binding channel and sequester two 

molecules of BH4 within two symmetry-related helical loops at the heart of the extensive 

dimer interface. However, each subunit maintained the monomer’s unusual winged P- 

sheet that resembled the baseball catcher’s mitt. Most recently work done on the haem 

domain of eNOS (Raman et al., 1998) has confirmed that it also belongs to the oc/p 

protein class with an overall fold similar to that reported by Crane et al. In addition, it 

was this group that observed the presence of the zinc ion, that was tetrahedrally 

coordinated to pairs of symmetry-related Cys residues, as previously discussed.
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In addition to the consensus binding sites present in all three NOS isoforms, nNOS also 

has a PDZ domain (Cho et al., 1992; Hendricks, 1995). PDZ domains were named after 

the three proteins they were first identified in; postsynaptic density-95 protein (PSD-95), 

Drosophila lethal(l)discs-large-l tumour suppressor protein (Dig) and the tight junction 

protein Zo-1. The deduced protein sequence of PSD-95 was found to be highly similar 

to Dig (Woods and Bryant, 1991) and similar to p55, a protein associated with human 

erythrocyte membrane cytoskeleton (Ruff et a l, 1991; Bryant and Woods, 1992). All 

three proteins are associated with the cytoskeleton, contain a carboxy-terminal domain 

homologous to yeast guanylate kinase and a SH3 domain. The N-terminal domain of 

PSD-95 was found to contain three PDZ domains. These domains are internal repeat 

sequences of approximately 90 amino acids and were originally named GLGF repeats 

after the most conserved amino acid series (Gly-Leu-Gly-Phe) or alternatively, DHR 

regions after the Discs-large Homologous Region (Cho et al., 1992; Woods and Bryant,

1993). Dig was also found to have three PDZ domains whereas p55 has only one (Cho 

et a l, 1992). This group also noted that the then recently characterised enzyme NOS 

contained a single GLGF motif in its extended amino-terminal domain. Hendricks 

correctly identified that the PDZ domain was specific to nNOS isoforms and proposed 

that it may be responsible for the direct or indirect association of nNOS with membranes 

to allow the production of NO close to its potential targets (Hendricks, 1995).

PDZ domains are now known to be common protein-protein interaction domains that 

help to organise signalling cascades by recognising and binding to carboxy-terminal 

motifs or internal motifs and by forming head-to-tail oligomers with other PDZ domains
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(Hillier et al., 1999). Proteins that have PDZ domains are implicated in ion-channel and 

receptor clustering, and the linking of receptors and their effector enzymes (Ponting and 

Phillips, 1995).

With PDZ-peptide interactions, the PDZ domains of membrane-associated guanylate 

kinases (MAGUKs), one of which is PSD-95, have been shown to recognise a carboxy- 

terminal E(T/S)XV motif. In comparison, the nNOS PDZ domain has been shown to 

have a preference for a carboxy-terminal G(D/E)XV motif (Schepens et a l, 1997).

A number of proteins have been identified that interact with nNOS via direct PDZ-PDZ 

interactions. In neurons, nNOS forms heterodimers with PSD-95 through the direct 

interaction of their PDZ domains (Brenman et a l, 1996) and this is thought to couple 

nNOS to NMDA receptors and therefore NO production to NMDA receptor activation 

(Dawson et al., 1993; Huang et al., 1993). In muscle cells, nNOS heterodimerises with 

syntrophin via their PDZ domains to localise nNOS to the dystrophin complex (Brenman 

et al., 1995), coupling NO production to muscle contraction. In both cases, the tertiary 

structure of both domains is important and the interaction is not dependent on the 

recognition of a carboxy-terminal motif. Hillier and colleagues (1999) showed that the 

structure of the nNOS PDZ domain comprises a receptor face with a peptide binding 

groove, encompassing residues 1 to 1 0 0 , and a ligand face that forms a (3-hairpin ‘finger’ 

and encompasses residues 100-130. They demonstrated that the nNOS PDZ (3 ‘finger’ 

acts as a PDZ ligand for the syntrophin PDZ domain and docks into the peptide binding 

groove. This also allows the receptor face of the nNOS PDZ domain to be open to 

interactions with additional proteins. The residues responsible for the primary and 

tertiary interactions, between the the syntrophin PDZ domain and nNOS, are uniquely
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conserved in syntrophin and the second PDZ domain of PSD-95. This may explain the 

ability of these proteins to form heterodimers with nNOS.

The N-terminal sequence of eNOS has been shown to be responsible for the membrane 

localisation of this isoform. The mechanism for this is via the myristolation of a glycine 

residue at position 2 (Sessa et al., 1993; Busconi and Michel, 1993). In addition, it has 

been found that palmitic acid is attached to cysteine residues at position 15 and 26 (Liu 

et a l, 1995; Garcia-Cardena et al., 1996). Enzymes that are both myristolated and 

palmitoylated are exclusively membrane-bound and mutation of the cysteine 

palmitoylation sites prevents the normal caveolae localisation of eNOS. Caveolae are 

microdomains of the plasmalemma implicated in a variety of cellular functions, including 

transcytosis of molecules and signal transduction events. The major coat protein of 

caveolae are the caveolin family of proteins which are thought to play a role in the 

regulation of signalling pathways. A nine amino acid binding motif for caveolin, residues 

350-358, has been identified in bovine eNOS (Garcia-Cardena et al., 1997) and mutation 

to delete these amino acids produced an active enzyme that was uninhibitible by 

caveolin-1, demonstrating that caveolins are regulators of eNOS.

Both the nNOS and eNOS isoforms are constitutively expressed as noninteractive 

monomers which only dimerise after binding FMN and FAD (Feldman et al., 1993; 

Marietta, 1993; Bredt and Snyder, 1994) followed by haem, BH4 and L-arginine (Baek et 

al., 1993). An increase in intracellular calcium levels is then required for the formation 

of calcium/calmodulin (Ca^VCaM) complexes which bind to the NOS dimers. A 

conformational change is induced by the binding of Ca^VCaM that allows the flow of 

electrons from NADPH in the reductase domain to the catalytic haem site in the
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oxidative domain (Abu-Soud and Steuhr, 1993) for the oxidation of L-arginine to NO 

and L-citrulline.

In comparison to the constitutive isoforms, iNOS monomers bind CaM even at very low 

concentrations of intracellular calcium (Cho et al., 1992) and so do not require the 

stimulation of the Ca^VCaM signalling pathway in order to be activated. Dimérisation 

and activation of the iNOS enzyme occurs on the binding of haem, BH4 and L-arginine, 

all of which are abundant in most cells. So, unlike nNOS and eNOS, the expression of 

iNOS as functionally active dimers is not constitutive but induced and regulated at the 

level of mRNA and protein synthesis and degradation.

1.5 Molecular characterisation of NOSl.

The cDNA encoded by rat NOSl was the first to be cloned and sequenced (Bredt et a l,

1991). This group isolated a cDNA with an open reading frame of 4,287 nucleotides 

which translated into a protein of 1429 amino acids with a predicted molecular weight of

160.5 kDa. Cloning and sequencing of mouse and human nNOS cDNAs followed soon 

after (Ogura et al., 1993; Nakane et al., 1993). In 1992 the gene encoding human nNOS 

was assigned to the ql4-qter position on chromosome 12 by Southern blot analysis with 

a human nNOS cDNA fragment (Kishimoto et al., 1992). The position of the gene was 

more precisely located to 12q24.2 (Marsden et a l, 1993) and 12q24.2-24.3 (Xu et a l,

1993) by fluorescent in situ hybridisation.

Human NOSl has the largest and most complex locus of the three NOS genes and as 

such the structural organisation of human NOSl was the last to be reported (Hall et a l,

1994). NOSl is present as a single copy in the haploid human genome and spans a
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region greater than 160 kb. The major transcription initiation site is located 28 

nucleotides downstream of a TATA box and the gene comprises 29 exons and 28 

introns. The full-length open reading frame of NOSl is 4302 bps, with an 11 nucleotide 

difference as compared to the original sequence of human nNOS cDNA cloned from 

skeletal muscle (Nakane et a l, 1993). However, this is in agreement with the sequence 

of human nNOS cDNA cloned from a human neuroblastoma cell line (Fujisawa et a l,

1994). The translation initiation and termination sites are present in exons 2 and 29 

respectively, giving rise to a 160.8 kDa protein of 1434 amino acids.

Both structural and allelic diversity of nNOS mRNA transcripts has been demonstrated. 

An imperfect microsatellite repeat ((GT)i7A(TG)i3) is present in the 5'-flanking region of 

exon 1. In addition, intron 2 has a ((GT)i6) repeat and in the 3' UTR of exon 29 a 

((TG)i?) repeat is found. A heterozygosity index of 0.34 (4 alleles found in 36 

chromosomes) for the exonic microsatellite repeat indicates allelic diversity of the nNOS 

mRNA transcript (Hall et ah, 1994). In addition to allelic diversity, there is also 

structural diversity of the nNOS mRNA transcript. A 315 bp in-frame cassette deletion 

of exons 9 and 10 has been reported for human and mouse nNOS which gives rise to a 

1329 amino acid protein of 148.8 kDa (Ogura et a l, 1993; Hall et a l, 1994; Fujisawa et 

a i, 1994). A 175 nucleotide deletion of nNOS exon 10 has also been detected. 

However, this deletion introduces a stop codon after only 16 nucleotides and the 

possibility of a novel 561 amino acid NH2-terminal protein of only 61.8 kDa (Hall et a l, 

1994; Ogura et a l,  1993). A 102 base pair, 34 amino acid, in-frame insertion between 

exons 16 and 17, which results in a functional Ca^VCaM dependent protein of 164 kDa, 

has also been reported for nNOS. This alternative transcript (nNOSfx) has been detected 

in mouse skeletal muscle and cardiac muscle (Silvagno et a l, 1996), rat penile corpus
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cavernosa, urethra, prostate, skeletal muscle, cerebellum, pelvic plexus and bladder 

(Magee et a l, 1996). The same alternative transcript has also been found in human 

skeletal muscle, prostate, placenta, heart, corpus cavemosum, colon and bladder 

(Larsson and Phillips, 1998).

nNOS is expressed in a broad range of tissue and cell types. Indeed, the nNOS mRNA 

transcript has been detected in both the central and peripheral nervous system, the non- 

adrenergic non-cholinergic (NANC) system (Bult et aL, 1990; Desai et a l, 1991), the 

adrenal medulla (Dun et a l, 1993; Afework et a i, 1994), the distal nephron and macula 

densa of the kidney (Mundel et a i, 1992; Terada et a i, 1992; Wilcox et a/., 1992), 

pancreatic p cells (Schmidt et al., 1992), skeletal muscle (Nakane et al., 1993; Weiner et 

a l, 1994) and the pituitary gland (Wolff and Datto, 1992) among others.

Alternate use of the first exon appears to be responsible for the diverse expression of 

nNOS (Wang and Marsden, 1995). Although Hall and colleagues (1994) described a 

single first exon for human nNOS, other nNOS cDNAs cloned and characterised from 

human brain, skeletal muscle, kidney and adrenal gland have identified independent 5' 

cDNA ends which represent different first exons spliced to a common exon 2 (Marsden 

et al., 1994a). Xie et al. (1995) have described two mRNAs with alternative first exons 

that predominate in the cerebellum relative to non-CNS tissue, whereas Wang et al. 

(1997) located two additional testis-specific alternative first exons, although these were 

present in intron 3. These testis-specific mRNA transcripts (nNOSy) give rise to a 

truncated nNOS protein (TnNOS), predicted to have 1098 amino acids and a calculated 

molecular mass of 125 kDa. However, this protein is catalytically active and calcium 

dependent. The total of exon 1 variants used for transcript initiation by human nNOS 

currently stands at nine. This degree of diversity is unprecedented in any reported
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mammalian gene (Wang et a l, 1999) and is not confined to human NOSl alone. Mice 

generated to carry a targeted disruption of exon 2 (designated nNOS^^) (Huang et a l, 

1993) were subsequently found to express an alternatively spliced transcript that does 

not contain exon 2 (Brenman et a l, 1996). This N-terminally truncated 136 kDa protein 

(nNOSp) has subsequently been detected in wild type mice (Eliasson et al., 1997). In 

addition, an analogue of human TnNOS exists in mice, which initiates translation from 

the same ATG in exon 5 as human TnNOS to produce a 125 kDa protein (Brenman et 

a l, 1996). At least five distinct murine nNOS mRNA transcripts have been identified 

(Brenman et al., 1997). Rat nNOS mRNA transcripts have also been found with 

alternative first exons and a total of 11 different splice variants have been isolated (Lee et 

al., 1997; Oberbaumer er a/., 1998).

Thus, the expression of nNOS appears to be regulated at three levels (Oberbaumer et al.,

1998). i), at the transcriptional level by differential activation of tissue-specific

alternative promoters, ii), at the mRNA level via alternative splicing and the putative 

influence of the 5' UTRs on translation and iii), at the protein level by the production of 

different N-termini which may or may not allow interaction of nNOS with certain other 

proteins.

It is now understood that NO produced from NOSl in both the central and peripheral 

nervous systems acts as a neurotransmitter. It is synthesised on demand and not stored in 

synaptic vesicles to be released by exocytosis upon membrane depolarisation. It diffuses 

from neuron to neuron to act directly on intracellular components. In addition, the 

activity of NO is not terminated like conventional neurotransmitters as it is not 

enzymatically degraded or subject to reuptake mechanisms. Instead, NO terminates its 

activity when it reacts with a substrate.
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Under normal physiological conditions the production of NO results in local modulation 

of cellular activity through modification of proteins such as sGC which is involved in 

neurotransmitter release, synaptic plasticity and cerebral blood flow (Dawson and 

Dawson, 1996). However under pathophysiological conditions such as ischaemic 

damage, excessive glutamate is released from neurons and as a result, excess NO is 

produced. In this situation the toxic effects of NO appear to occur through its reaction 

with superoxide anion to form peroxynitrite and not through its activation of sGC to 

elevate cGMP levels. This observation has been confirmed by the lack of effect of GC 

inhibitors or cell permeable analogues of cGMP on NMD A or NO neurotoxicity 

(Dawson et a l, 1993; Lustig et al., 1992).

In the hippocampus NO, formed by stimulation of postsynaptic NMDA-type glutamate 

receptors, acts on presynaptic neurons to modulate neurotransmitter release. This leads 

to a modification of synaptic transmission, or long-term potentiation, which is the basis 

of memory formation (Schuman and Madison, 1991; Bohme et a l, 1991). NO has also 

been implicated in the neurotoxicity seen in MPTP-induced Parkinsonism in baboons. 

MPTP produces clinical, biochemical and neuropathological changes similar to those 

seen in idiopathic Parkinson’s disease (Hantraye et a l, 1996).

Additionally, NO has been implicated in a number of functions including the 

nonadrenergic noncholinergic (NANC) neurotransmission in several peripheral systems 

(Rand, 1992). NANC nerve pathways play a particularly important role in producing 

relaxation of smooth muscle in the gastrointestinal, urogenitial and respiratory tracts and 

in cerebral circulation (Bumstock, 1981). nNOS has been found in nerve fibres that 

supply the intestine, retina, adrenal medulla, and blood vessels (Bredt et at., 1990).
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1.6 Molecular characterisation of NOS2 and NOS3.

For the purpose of this thesis the molecular characterisation of the N0S2 and NOS3 

isoforms are described together.

The gene for human iNOS, NOS2, has been localised to region 17qll.2-ql2 of 

chromosome 17 (Marsden et al., 1994; Chartrain et al., 1994; Xu et al., 1994). It 

consists of 27 exons and 26 introns (Xu et al., 1996) and spans approximately 37 kb 

(Chartrain et al., 1994). The sites for translation initiation and termination are found in 

exons 2 and 27 respectively. The NOS2 full-length open reading frame is 3459 bp which 

encodes a protein of 1153 amino acids and a predicted molecular mass of 131 kDa 

(Charles et al., 1993). Many nucleated cell types and tissues are capable of iNOS 

expression upon stimulation with the appropriate cytokines. These include macrophages 

(Xie et al., 1992; Lyons et al., 1992; Lowenstein et al., 1992; Lorsbach et al., 1993; 

Bosca and Lazo, 1994), chondrocytes (Palmer et al., 1993), vascular smooth muscle 

cells (Koide et al., 1994; Beasley and Elridge, 1994; Sirsjo et al., 1994; Perrella et a l, 

1994; MacNaul and Hutchinson, 1993), renal tubular epithelium (Markewitz et a l, 

1993), mesangial cells (Kunz et a l, 1994) glia and neurons (Koprowski et a l, 1993).

In the immune system NO synthesised by iNOS acts as a primary defence mechanism. 

Macrophages are highly effective killers of intracellular and extracellular pathogens and 

generate large amounts of NO when activated by cytokines or lipopolysaccharide (LPS) 

(Steuhr et a l,  1989). However, whilst induced NO production by the immune system is 

an effective host defence mechanism, increased NO formation is also seen in several 

inflammatory diseases including arthritis, ulcerative colitis and Crohn’s disease (Schmidt 

and Walter, 1994). In rodent models, symptoms such as erythema and vascular leakiness
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are reversed by NOS inhibitors. Also, the unregulated production of NO is self

destructive and is implicated in sepsis, rejection of allografted organs, and some 

autoimmune disease.

The gene for human eNOS, NOS3, has been assigned to the 7q35-q36 region of 

chromosome 7 (Marsden et al., 1993; Xu et a l, 1994; Robinson et al., 1994). It 

consists of 26 exons and 25 introns and spans approximately 21 kb of human genomic 

DNA (Marsden et al., 1993). NOS3 is present as a single copy in the haploid human 

genome and gives rise to an mRNA of 4052 nucleotides (Marsden et al., 1993; Robinson 

et al., 1994; Nadaud et al., 1994). With translation initiation and termination sites in 

exons 1 and 26, respectively, the full-length open reading frame is 3609 bp and encodes a 

protein of 1203 amino acids. Expression of eNOS is mostly restricted to vascular 

endothelial cells.

In the cardiovascular system, NO from N0S3 acts as a vasodilator by inducing smooth 

muscle cell relaxation. NO released by the vascular endothelium is therefore able to 

regulate both blood flow and pressure by influencing vascular tone (Moncada and Higgs, 

1993). Pathologically, oxidised low-density lipoproteins (LDL) have been shown to 

impair endothelium-derived relaxation (Andrews et al., 1987). In culture medium, 

oxidised LDL has been shown not only to decrease eNOS mRNA levels but also to bind 

to and inactivate NO itself (Chin et al., 1992). In addition, reduced NO-mediated 

vasorelaxation is exhibited by atherosclerotic vessels (Creager et a l, 1990; Luscher et 

a l, 1991) and the therapeutic treatment of hypercholesterolaemic individuals with an 

infusion of L-arginine improves endothelium-dependent vasodilation (Creager et al.,

1992).
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Thus, whilst it is evident that NO is an integral messenger fundamental to the 

maintenance of normal human physiology, perturbation of NO levels has been implicated 

in numerous pathophysiological states. Insights into the regulation of NOS is therefore 

important for understanding of these disease processes and for the development of 

therapeutic treatments.

1.7 Evolution of NOS.

Despite being localised to different chromosomes, human NOSl, NOS2 and N0S3 genes 

show a high degree of similarity in their genomic organisation and intron/exon structure, 

including the location of splice junctions and exon sizes (Wang and Marsden, 1995). It 

is thought therefore that the high degree of conservation between isoforms could reflect 

the duplication and chromosomal translocation of a primitive NOS gene which would 

have been present in an ancestor common to both vertebrates and invertebrates. Indeed, 

the existence of the L-arginine: NO pathway has been suggested in several species of an 

early phylogenetic origin, including the slime mould Physarum polycephalum (Wemer- 

Felmayer et al., 1994), hydra (Colasanti et a l, 1995), Praying Mantis (D’allessio et a i, 

1982), the horseshoe crab Limulus polyphemus (Radomski et al., 1991) and the starfish 

Marthasteria glacialis (Martinez et a i, 1994).

The first direct evidence for NOS in invertebrates came from the work of Regulski and 

Tully in 1995. They reported the molecular and biochemical characterisation of a 

Drosophila NOS homologue (<^NOS) which has 43% amino acid identity to rat nNOS 

and contains putative binding sites for calmodulin, FMN, FAD and NADPH. <iNOS also 

has an alternative RNA splicing pattern identical to that for vertebrate nNOS. When

54



expressed in cell culture, activity of DNOS protein is dependent on Ca^VCaM levels. 

Other invertebrate NOS genes and cDNAs have since been reported, they are the blood

sucking insect Rhodnius prolixus (Yuda et al., 1996), the mosquito Anopheles stephensi 

(Luckhart et a l, 1998; Luckhart and Rosenberg, 1999) and the great pond snail Lymnae 

stagnalis (Korneev et al., 1998).

There is also much evidence for the presence of NOS and NO systems in fish. 

Endothelium-dependent relaxation and contraction in the ventral aorta of the rainbow 

trout, Oncorhynchus mickiss, was demonstrated with the use of acetylcholine (ACh) and 

the calcium ionophore A23187 (Miller and Vanhoutte, 1986). Further evidence for NOS 

and NO systems in fish has since emerged. Two studies demonstrated an increase in 

cerebral blood flow when the brains of two different teleosts, the crucian carp Carassius 

carassius and rainbow trout, were superfused with ACh (Hylland and Nilsson, 1995; 

Sbderstrbm et al., 1995). In addition, these groups demonstrated that NOS inhibitors 

could completely block the ACh-dependent response and also that administration of the 

NO donor sodium nitroprusside (SNP) increased cerebral blood flow velocity. Much of 

the evidence for NOS and NO systems in fish has come through NADPH diaphorase 

(NADPHd) enzyme histochemistry and NOS immunocytochemistry. In 1993, the 

presence and distribution of NOS in the CNS of the rainbow trout was demonstrated by 

NADPHd histochemistry (Schober et al., 1993). Both NADPHd histochemistry and 

NOS immunocytochemistry were used to localise NOS in the retina of atlantic salmon 

and the brain of rainbow trout (Holmqvist et al., 1994; Ostholm et al., 1994). For the 

NOS immunocytochemistry, rabbit polyclonal antibodies against the C-terminal fragment 

of cloned rat nNOS were used. In addition, nitrite release has been demonstrated from a 

macrophage cell line taken from the goldfish, Carassius auratus, following challenge
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with LPS and macrophage activation factor (MAP) (Neumann et al., 1995). A similar 

effect was observed for head kidney cells isolated from the channel catfish following 

challenge with the live parasite Edwardsiella ictaluri (Schoor et a l, 1994). More 

recently RT-PCR has been used to identify iNOS from both the rainbow trout and the 

goldfish (Grabowski et a l, 1995; Laing et a l, 1996). iNOS mRNA was detected in the 

head kidney and gill of rainbow trout two days after it had been challenged in vivo with a 

genetically attenuated (AroA ) fish bacterial pathogen (Aeromonas salmonicida). In 

addition, a partial cDNA of nNOS has been cloned from the atlantic salmon (Oyan et a l,

1998). Thus, like mammals, the presence of a NOS/NO system has been demonstrated 

in the cardiovascular, nervous and immune systems of fish and suggests that they could 

potentially have all three NOS isoforms.

1.8 Aims of this thesis.

The overall aim of this thesis is to research the NOS genes of an evolutionally distant 

vertebrate precursor of mammals.

The specific aims of this thesis were:

1) to isolate, sequence and analyse NOS genes from the genome of the Japanese 

pufferfish Fugu rubripes.

2) to isolate NOS cDNA from Fugu, to purify and characterise any recombinant NOS 

protein.
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CHAPTER 2

MATERIALS AND METHODS.
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2.1. Random-primed radiolabelling of cDNA fragments with [â ^P] dCTP.

cDNA fragments were labelled with [a^^P] dCTP using a commercially available 

random-priming kit from which all reagents were obtained unless otherwise stated 

(Boehringer Mannheim). 25 ng of cDNA, in a volume of 12 |xl, was heated to 100°C for 

10 min in an eppendorf tube and chilled on ice. The denatured cDNA was then mixed 

with 1 fil each of 0.5 mM dATP, 0.5 mM dGTP and 0.5 mM dTTP, 2 pi of 10 x 

concentrated hexanucleotide reaction mix, 1 pi Klenow DNA polymerase (2 units/pl) 

and 2 pi (20pCi) of [a^^P] dCTP (specific activity: 3000 Ci/mmol) (Amersham). The 

reaction was allowed to proceed at 37°C for 30 min and then stopped by the addition of 

4 pi of 0.1 M EDTA, pH 8.0. The reaction mixture was loaded onto a 5 ml disposable 

NICK column (Pharmacia), pre-equilibriated with 5 ml of NICK column buffer (10 mM 

Tris-HCl, 1 mM EDTA pH 8.0), allowed to move into the gel bed and washed onto the 

column with 400 pi of NICK column buffer. [a^^P] dCTP-labelled cDNA was eluted by 

the addition of 400 pi NICK column buffer and collected in an eppendorf tube. 

Unincorporated [a^^P] dCTP was retained in the column which was discarded. The 

labelled cDNA was heated to 100°C for 10 min and chilled on ice prior to its use as a 

probe.

2.2. Random-primed labelling of cDNA fragments with digoxigenin-dUTP.

cDNA fragments were labelled with digoxigenin-dUTP (DIG-dUTP) using a 

commercially available random-priming kit from which all reagents were obtained unless
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otherwise stated (Boehringer Mannheim). 25 ng of cDNA, in a volume of 15 |il, was 

denatured by heating to 100°C for 10 min in an eppendorf tube and chilled on ice. This 

was then mixed with 2 |xl of 10 x concentrated hexanucleotide mix, 2 jil dNTP mix (1 

mM dATP, 1 mM dCTP, 1 mM dGTP, 1 mM dTTP, 0.35 mM DIG-dUTP, pH 7.5) and 

1 [l\ of Klenow DNA polymerase (2 units/|il). The reaction was allowed to proceed for 

at least 60 min at 3TC  and then stopped by the addition of 4 |xl of 0.1 M EDTA, pH 8.0. 

DIG-dUTP labelled cDNA was precipitated by mixing with 2.5 |xl of 4 mM LiCl and 75 

|il of ethanol (-20°C), incubating at -70°C for 30 min and centrifuging at 20,000 x g for 

15 min followed by a 70% ethanol wash and vacuum drying. The DIG-dUTP labelled 

cDNA was resuspended in 50 \l\ of TE buffer (20 mM Tris-HCl, pH 7.0, 2.5 mM 

EDTA), boiled for 10 min at 100°C and chilled on ice prior to use as a probe.

2.3. Screening of a Fugu genomic cosmid library.

A Fugu genomic library, constructed in the cosmid vector Lawrist 4 as high density 

gridded filters on Hybond-N^^ and Hybond-N-f-™ nylon membranes (Amersham) by 

Elgar and Nizetic, was obtained from the MRC HGMP Resource Centre 

(http://fugu.hgmp.mrc.ac.uk). The filters, which represent an approximately 8 -fold 

coverage of the Fugu genome (Yeo et al., 1997), were incubated for 1 hour at 65°C in 

pre-hybridisation solution (5 x SSPE (Gibco BRL), 5 x Denhardt’s solution (BDH), 20 

}ig/ml denatured salmon testes DNA (Sigma) and 0.5% w/v SDS). At the end of the 

prehybridisation, a specific [a^^P] dCTP labelled DNA probe, prepared as described 

previously, was added directly to the solution and incubation was allowed to proceed at
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65°C overnight. Following incubation with the probe, the library filters were removed 

from the hybridisation solution and washed twice in 2 x SSPE, 0.1% w/v SDS at room 

temperature for 10 min each followed by a further wash in 1 x SSPE, 0.1% w/v SDS at 

65°C for 15 min. The filters were removed from the last wash, wrapped in Saran-Wrap 

(Dow Chemical Company) and exposed to X-ray film (Kodak) for 24 hours. Following 

autoradiography, the film was developed and positive cosmid clones identified. The 

filters were stripped by incubating with 0.4 M NaOH at 45°C for 30 min followed by a 

further incubation in 0.1 x SSC, 0.1% w/v SDS, 0.2 M Tris-HCl, pH 7.5 at 45°C for 15 

min. The filters were wrapped in Saran-Wrap and exposed to X-ray film for 48 hours. 

Following autoradiography, the film was developed to ensure the filters had been 

stripped. The filters were placed in a sealable bag and stored at 4°C until required for re

probing.

2.4. Isolation of Fugu cosmid DNA.

Cosmid DNA was isolated using a modification of a previously published method 

(Bimboim and Doly, 1979). Colonies carrying a putative cosmid of interest were 

inoculated into 5 ml of terrific broth (TB) (1.2% w/v bacto-tryptone (Gibco BRL), 2.4% 

w/v yeast extract (Gibco BRL), 0.4% v/v glycerol (BDH), 0.23% w/v KH2PO4 (BDH), 

1.24% w/v K2HPO4 (BDH)) containing 30 jig/ml kanamycin (Sigma) and grown 

overnight at 37°C with vigorous shaking. At the end of the growth period, glycerol was 

added, to a concentration of 7.5% v/v, to 1 ml of culture for long term storage at -80°C. 

4 ml of culture was transferred to eppendorf tubes and centrifuged at 20,000 x g for 2 

min. The supernatant was discarded and the pellet resuspended in 200 )li1 of GTE (25
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mM Tris HCl, pH 8 , 10 mM EDTA, 50 mM glucose), 5 pi of 10 mg/ml RNase A 

(Sigma) was added and incubated at room temperature for 10 min. 400 pi of 0.2 M 

NaOH/1% SDS was added, mixed by inversion and incubated on ice for 5 min. After 

incubation, 300 pi of 3M Kac was added, mixed by inversion and incubated on ice for 10 

min, this was followed by centrifugation at 20,000 x g for 10 min. After centrifugation, 

the supernatant was decanted into a fresh eppendorf tube containing 1 ml of cold 

ethanol, vortexed briefly and allowed to stand for 1 min before being centrifuged again 

for 10 min. The supernatant was discarded, the pellet washed in 70% ethanol and 

allowed to air-dry. 50 pi of TE buffer (25 mM Tris HCl, pH 8 , 10 mM EDTA) was 

added to the pellet and incubated at 4°C overnight to resuspend.

2.5. Isolation of plasmid DNA.

Plasmid DNA was isolated using a commercially available kit (QIAGEN), which uses a 

modification of a previously published method (Bimboim and Doly, 1979), all reagents 

were provided with the kit unless otherwise stated. Colonies carrying a putative plasmid 

of interest following transformation of bacteria were inoculated into 5 ml of LB broth 

(1% w/v bacto-tryptone, 0.5% w/v bacto-yeast extract and 1% w/v NaCl, pH 7.0) 

(Imperial) containing 100 mg/ml ampicillin (Sigma) and grown overnight at 37°C with 

vigorous shaking. At the end of the growth period, 500 pi of the bacterial culture was 

removed and added to an equal volume of 50% glycerol for long term storage at -80°C. 

The remainder of the bacterial culture was pipetted into eppendorf tubes and centrifuged 

for 2 min at 20,000 x g. The supernatant was removed and the bacterial pellet
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resuspended in 250 |il of resuspension buffer (buffer PI plus RNase A) by vortexing. 

250 |il of lysis buffer (buffer P2) was added and mixed by gentle inversion, the lysis 

reaction was allowed to proceed for 5 min at room temperature. 350 |li1 of neutralisation 

buffer (buffer N3) was added and mixed by gentle inversion, to halt the lysis reaction, 

followed by centrifugation at 20,000 x g for 10 min. After centrifugation, the 

supernatant was applied to a QIAprep spin column placed in a 2 ml collection tube and 

centrifuged for 1 min, the flow-through was discarded. The QIAprep spin column was 

washed by the addition of 750 |il of wash buffer (buffer PE) and centrifugation at 20,000 

X g for 1 min. The flow-through was discarded and the column centrifuged for a further 

minute to remove residual wash buffer. Plasmid DNA was eluted from the column by 

the addition of 50 |il sterile distilled water, incubation at room temperature for 1 min and 

centrifugation for 1 min.

2.6. Restriction endonuclease digestion of DNA.

A range of different buffer systems and restriction endonucleases (Boehringer 

Mannheim) were used in these studies to digest DNA into required fragments (see tables

2.1 and 2.2). Restriction digestion of DNA was carried out at 37°C unless otherwise 

stated. In general, up to 2|iig of DNA was digested in the presence of 10-20 units of 

enzyme in a volume of 2 0 - 5 0 | li1 for 1 - 4  hours. Plasmid DNA was similarly digested 

except that protruding sticky ends were dephosphorylated on the 5' phosphate residue by 

the addition of 2|il (1 unit/|xl) shrimp alkaline phosphatase (Amersham) for the last hour 

of the digest followed by a 15 min incubation at 65°C to heat inactivate the enzyme.
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Table 2.1. Buffer composition used in restriction digests.

(All concentrations are mM and are final in the reaction mixture)

Component Buffer A Buffer B Buffer L Buffer M Buffer H
Tris acetate 33 - - - -

Tris.HCl - 10 10 10 10
Mg-acetate 10 - - - -

MgCl2 - 5 10 10 10
K-acetate 66 - - - -

NaCl - 100 - 50 100
DTE* - - 1 1 1
DTT* 0.5 - - - -

2-Me* - 1 - - -

pH at 37°C 7.9 8.0 7.5 7.5 7.5
*DTE= Diththioerythritol. DTT= Dithiothreitol. 2-Me= p-mercaptoethanol.

Table 2.2. Restriction endonucleases used and their recognition sites.

(In all cases sequences are written 5' to 3' on the top strand)

Restriction Endonuclease and Buffer Recognition Sequence
BamYil GiGATCC
B c c ta g Tg
EcdBl GiAATTC
H c t t a a Tg
EcoRV GATiATC
B c taTtag
Hindlll AiAGCTT
B ttc g a Ta
Kpn\ GGTACiC
L c Tcatgg
SaB GiXCGAC
H cag ctTg
Xbal t J-c tag a
H AGATCÎT
Xhol Ci-TCGAG
H g a g c tTc
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2.7. Agarose gel electrophoresis.

Nucleic acids were routinely analysed by electrophoresis through agarose gels. Gels 

were made at a range of concentrations from 0.8% to 1.5% depending on the size of the 

fragment being analysed. Gels were made by dissolving the required amount of dry 

agarose powder (Ultrapure electrophoresis grade) (Gibco BRL) in 1 x TEE buffer (20 

mM Tris-HCl, pH 8.3, 90 mM boric acid, 2.5 mM ethylenediamine tetra-acetic acid 

(EDTA)) (Gibco BRL) at 100°C. Solutions were allowed to cool to 45°C and ethidium 

bromide (Sigma) added to a final concentration of 10 ng/ml. Gels were cast into minigel 

tanks where they were allowed to set. After setting, gels were submerged in 1 x TBE 

and the well-forming combs were removed. Samples to be electrophoresed were mixed 

with 10% v/v 10 X BlueJuice™ loading buffer (65% w/v sucrose, 10 mM EDTA, 0.3% 

bromophenol blue, 10 mM Tris-HCl, pH 7.5) (Gibco BRL) and loaded into the relevant 

wells on the gel. DNA ladders (lOObp: 0.1-1.5 kb, Ikb: 0.5-12.0 kb, 1 kb Plus: 0.1- 

12.0kb,l kb Extension: 0.5-40.0 kb, X Hindlll: 0.125-23.1 kb) (Gibco BRL), relevant to 

the size of the fragment being analysed, were similarly treated and run alongside samples 

to serve as molecular weight markers. Gels were electrophoresed at a constant current 

of 10 mA/cm gel length until the bromophenol blue marker had travelled the required 

distance. Gels were then analysed under ultra-violet light and photographed.

2.8. Southern blot analysis of Fugu cosmid DNA.

Analysis of Fugu cosmid DNA by restriction digestion, gel electrophoresis and labelled 

probe hybridisation was performed according to a previously published method
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(Southern, 1975). 2 |ig of cosmid DNA was digested with the appropriate enzymes and 

subjected to agarose gel electrophoresis as previously described. Following 

electrophoresis, the gel was photographed alongside a fluorescent ruler under UV light 

and then incubated in 0.25 M HCl for 15 min at room temperature. 3 sheets of 3MM 

filter paper were cut to the same width as the gel but left long enough to act as the wick 

for the transfer, these filter papers were placed on a perspex block (approximately the 

same size as the gel) in a tray containing 0.4 M NaOH. The 0.4 M NaOH was allowed 

to saturate the wick by capillary action and the gel placed on top of the wick, whilst 

ensuring that the gel was not stretched. 1 sheet of GeneScreen plus® nylon hybridisation 

transfer membrane (NEN) was cut to the same size as the gel and soaked in 0.4 M 

NaOH. The membrane was placed on top of the gel and lightly rolled over with a glass 

rod to remove any air bubbles. 3 further sheets of 3MM filter paper were cut to the 

same size as the gel, soaked in 0.4 M NaOH and placed on top of the nylon membrane. 

The assembled blot was surrounded by Saran-wrap to prevent transfer buffer flowing 

around the outside of the blot. A stack of paper towels, approximately 15 cm high, were 

placed on top of the blot assembly followed by a glass plate and a 500 g weight. 

Capillary transfer was allowed to proceed overnight at room temperature. At the end of 

the blot the gel was removed and discarded. The nylon membrane was washed in 2 x 

SSC for 5 min and allowed to air dry. The blot was incubated for 1 hour at 65°C in 

prehybridisation solution (4 x SSC, 4 x Denhardt’s, 0.1% w/v SDS, 50 |ig/ml denatured 

salmon testes DNA). Following prehybridisation, a specific DIG-dUTP labelled probe, 

prepared as described previously, was added directly to the solution and incubation 

allowed to proceed at 65°C overnight. Following hybridisation with the probe, the blot 

was washed twice in 2 x SSC, 0.1% w/v SDS at room temperature for 15 min each, once
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in 1 X SSC, 0.1% w/v SDS at 65°C for 15 min and then twice more in 0.7 x SSC, 0.1% 

w/v SDS at 65“C for 15 min each. Detection of DIG-labelled nucleic acids was 

performed using a commercially available kit (Boehringer Mannheim). All reagents 

were provided unless otherwise stated. All incubations were performed with shaking at 

room temperature unless otherwise stated. The membrane was equilibrated in buffer 1 

(100 mM maleic acid, 150 mM NaCl, pH 7,5) for 1 min and then blocked in buffer 2(1% 

w/v blocking reagent dissolved in buffer 1) for 30-60 min. Following blocking, buffer 2 

was decanted and replaced with Anti-DIG-alkaline phosphatase diluted 1:10,000 (75 

units/ml) in buffer 2. The membrane was incubated with the antibody solution for 30 min 

and then washed twice in buffer 1 plus 0.3% Tween® 20 (BDH) for 15 min each wash. 

The membrane was then equilibrated in buffer 3 (100 mM NaCl, 50 mM MgCla, 100 mM 

Tris-HCl, pH 9.5) for 2 min. Lumigen™ PPD was diluted 1:100 in buffer 3 and applied 

to the wet membrane (0.5 ml/100 cm^) which was then wrapped in Saran-Wrap and 

incubated at 37”C for 15 min. The membrane was exposed to X-ray film for between 30 

min and 24 hours after which time the film was developed and compared to the original 

photograph of the gel.

2.9. Purification of DNA fragments.

Routinely, DNA fragments produced by restriction digestion or PCR were purified from 

agarose gels using the commercially available QIAquick gel extraction kit (QIAGEN), 

from which all reagents were obtained unless otherwise stated. In these cases the DNA 

was subjected to agarose gel electrophoresis as described previously and the relevant 

band was excised from the gel using a sterile scalpel. The gel slice was incubated in 3
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volumes of buffer QG at 50°C for 10 min with vortexing every 2-3 min to help the gel 

dissolve. 1 gel volume of isopropanol (BDH) was added, the sample mixed and applied 

to a QIAquick column, in a collection tube, by centrifuging for 1 min at 20,000 x g. The 

column was then washed with 0.75 ml of buffer PE by centrifuging twice for 1 min, 

removing flow-through from the collection tube in between spins. The DNA was eluted 

from the column by adding 30 |xl of distilled water (pH range 7.0-8.5) to the column, 

leaving for 1 min and then centrifuging for 1 min. 3 |xl (10%) of purified DNA fragment 

was then analysed by agarose gel electrophoresis as described previously.

2.10. Ligation and subcloning of restriction endonuclease digested DNA fragments 

into plasmid vectors.

Following restriction digestion and purification, DNA fragments with compatible sticky 

ends were ligated using DNA ligase isolated from bacteriophage T4 (Gibco BRL). 

Fragments were mixed with 50 ng of appropriately digested and purified plasmid DNA 

(see table 2.3 for plasmids used in these studies) in a 2:1 or 3:1 ratio and incubated with 

1 pi of T4 DNA ligase (1 unit/pl) in 1 x ligase buffer (50 mM Tris-HCl, pH 7.6, 10 mM 

MgCb, 1 mM ATP, 1 mM DTT and 5% polyethylene glycol 8000) (Gibco BRL) in a 

total volume of 10 pi. Control ligations, replacing DNA fragments with water but 

retaining the plasmid DNA, were set up to calculate the degree of self ligation. Ligations 

were allowed to proceed overnight at 14°C. No further purification was required prior 

to bacterial transformation.
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2.11. Ligation and subcloning of PCR amplified fragments into plasmid vectors.

Following PCR and any necessary purification, DNA fragments containing 3' A 

overhangs, generated by the nontemplate-dependent terminal transferase activity of Taq 

polymerase, were ligated into the plasmid vector pCR®2.1-TOPO (Invitrogen). 

pCR®2.1-TOPO is supplied linearised with single 3' T overhangs and topoisomerase for 

efficient ligation of PCR inserts into the vector. Sterile distilled water was added to 0.5- 

2 |il of a typical PCR sample, with an average insert size of 400 to 1000 bp, to a final 

volume of 4 |xl. 1 |xl of pCR®2.1-TOPO was mixed in with the PCR fragment and the 

reaction allowed to proceed at room temperature for 5 min. After incubation, the 

reaction was briefly centrifuged and kept on ice prior to immediate transformation.

2.12. Transformation of subcloning efficiency DHSa Escherichia coli.

A heat shock method was utilised to promote the uptake of plasmid vectors into 

subcloning efficiency DH5a E. coli host cells (Gibco BRL). 3 |il of the total ligation 

mixture was added to 50 jiil of competent bacterial cells, previously thawed on ice, mixed 

by tapping and incubated on ice for 30 min. Positive control transformations were set up 

replacing the experimental sample with 500 pg of the plasmid pUC19 to assess the 

efficiency of plasmid uptake. The DNA-cell mixture was then incubated at 37°C for 20 

seconds before a second incubation on ice for 2 min. 0.95 ml of LB broth was added to 

the transformation mix and this was then incubated at 37°C with shaking at 225 rpm for 

1 hour. 100 |il and 900 |il of the neat transformation mix, pelleted by centrifugation at
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20,000 X g for 10 seconds and resuspended in 100 fxl of broth, were plated onto 90 mm 

petri dishes (Sterilin) containing L-agar (1% w/v bacto-tryptone, 0.5% w/v bacto-yeast 

extract, 1% w/v NaCl and 1.5% agarose, pH 7.0) (Imperial), and the appropriate 

antibiotic to permit selection of transformants (see table 2.3). Plates were incubated 

overnight at 37°C and examined the following day for growth of transformed bacteria. 

In some experiments, and with certain plasmids, the L-agar contained 1 mM isopropyl 

thio-p-D-galactosidase (IPTG) (Gibco BRL) and 50 jig/ml 5-bromo-4-chloro-3-indolyl- 

p-D galactosidase (X-gal) (Gibco BRL). This allowed for the selection of bacteria 

carrying recombinant plasmids by the appearance of white colonies. Those plasmids not 

carrying an inserted DNA fragment retained the ability to metabolise lactose analogues 

and therefore produced blue colonies due to the presence of IPTG and X-gal.

2.13. One Shot^^ Transformation of TOPIO Escherichia coli.

50 [xl of TOPIC competent E.coli cells (Invitrogen), one vial per transformation, were 

thawed on ice. Once thawed, 2 |xl of 0.5 M P-mercaptoethanol (Invitrogen) was mixed 

into the cells by gentle stirring with a pipette tip. 2 |il of the TOPO-Cloning™ reaction, 

section 2.7.2, was added to the cells, mixed by tapping and incubated on ice for 30 min. 

The cells were then heat shocked at 42°C for 30 seconds followed by a 2 min incubation 

on ice. 250 |xl of room temperature SOC medium (2% tryptone, 0.5% yeast extract, 10 

mM NaCl, 2.5 mM KCl, 10 mM MgCL, 10 mM MgS0 4 , 20 mM glucose) (Gibco BRL) 

was added, mixed and the cells recovered at 37°C with shaking for 30 min. 100 jil of 

each transformation was plated onto 90 mm petri dishes containing L-agar and the
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appropriate antibiotic (table 2.3) to permit selection of transformants (see table 3.2). 

Plates were incubated overnight at 37°C and examined the following day for growth of 

transformed bacteria. In all experiments utilising the pCR®2.1-TOPO plasmid vector the 

L-agar contained 40 |il of 40 mg/ml X-gal to allow for the selection of bacteria carrying 

recombinant plasmids by blue/white screening, as discussed previously.

Table 2.3. Plasmids used in these studies for cloning and expression.

Plasmid Source Size (kb) blue/white Antibiotic Use
pUC19 Gibco

BRL
2 . 8 Yes Ampicillin

at
1 0 0  |ig/ml

Positive 
control for 
transformat
ion

pBsSKII+ Stratagene 2.9 Yes General
subcloning.
Sequencing

pCR2.1®-TOPO Invitrogen 3.9 Yes Ampicillin 
at 64 |ig/ml

Subcloning 
of PCR 
fragments

pVL1393 Stratagene 9.8 No Ampicillin
at
lOOjig/ml

Expression 
from insect 
cells using 
baculovirus

2.14. Colony PCR.

Following transformation, as an alternative to restriction endonuclease digestion analysis 

of plasmid DNA, PCR was performed on colonies of interest. A sterile Gilson pipette tip 

was used to pick colonies and then dipped and mixed into a 20 |Lil PCR master mix (1 x 

PCR buffer (Gibco BRL), 2 mM MgCli (Gibco BRL), 0.4 mM dNTPs (Promega), 

lpmole/|il T3 and T7 primers (Stratagene), 0.125 units of Taq polymerase (Gibco 

BRL)), the tip was then transferred to 5 ml of LB broth, plus appropriate antibiotics, for
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overnight culture at 37°C. The PCR reaction was then incubated at 95°C for 5 min and 

then subjected to the following cycling parameters: 94°C x 30 seconds; 60°C x 1 min; 

72°C X 1 min for 30 cycles followed by 5 min at 72°C. Once cycling was complete, one- 

tenth of the reaction volume was analysed by agarose gel electrophoresis as described 

previously.

2.15. PCR amplification of Fugu genomic DNA.

Advantage®-GC genomic polymerase mix (Clontech) was used in 50 |il PCR reactions to 

amplify those regions of the Fugu NOS gene not obtained by cloning from cosmid DNA. 

Advantage®-GC genomic polymerase mix contains two DNA polymerases, one of which 

provides 3' - 5' proof-reading activity, and an automatic “hot start” antibody to increase 

both the specificity and sensitivity of PCR. 100 ng of Fugu genomic DNA (MRC 

HGMP Resource Centre (http://fugu.hgmp.mrc.ac.uk) was used per reaction with 0.2 

|xM of each specific primer (see table 2.4 for a list of primers used) plus a PCR master 

mix (1 X GC genomic PCR reaction buffer, 1.1 mM Mg(OAc)2, 0.2 mM dNTPs). The 

reaction components were mixed in a 0.2 ml tube and then heated to 95°C for 5 min, 1 pi 

of 50 X Advantage-GC polymerase mix was then added and the reaction subjected to the 

following cycling parameters: 95°C x 1 min for 1 cycle; 94®C x 30 seconds, 6 8 °C x 12 

min for 30 cycles; 6 8 °C x 12 min for 1 cycle and then a 15°C hold. Once cycling was 

complete, one-tenth of the reaction volume was analysed by agarose gel electrophoresis 

as described previously.
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Table 2.4. Primers used for the amplification of the Fueu NOSl gene.

Primer Sequence (5' 3')
Gefl GCCCGTTGCTCTGTATTTATAAAGCGCCACG
5RACESP1 TTGCAGTGGAGAGGACAGGTTCTC
nNOS2for GCCCTGGAGATGTTGAAGAATGTGCTGC
GSPl CATGAGCTGTTGTGCAGTCTCTGGCTAC
Gel9f CGTCTGACATACACGGCCGAGGCG
Ge20r ACCTTCTTCTTGTGCACGCCGTAC
Ge20f AGGTCCATGCAGCAAAGATGCTCG
Ge21r CCTCCAGCTTATCTATGAGAGCCG
Ge21f CACCATTCTCGTACGGCTGGACAC
Ge22r AGGCCTGGTTGATGGTGCAGGGAG
Ge22f GTAACTGGACCAATGAGACTCGGG
Ge23r TGCAGGTCTGGAGAGGAGCTGATG
Ge23f CCTCCATCCAGATGCCTTCTACGC
Ge24r GAGCCACGACGAACACACTCCATG
Ge24f CATGGAGTGTGTTCGTCGTGGCTC
Ge25r GGGAAGCTGGAAGGATGGAGCAC
Ge25F GTGCTCCATCCTTCCAGCTTCCCA
Ge26r GCCGTGTACAGCTCCTTGAACACG
Ge26f TCGAGTCATGCCCAATGATCCTGG
Ge27r GATGTGTCCTCCCTCCTCCCTCAG
Ge27f GTGCAGGATGCACTGCGTGAGCAG
Ge28r CGTAGGTGCGCAGGGTGACTCC
Ge28f GAGTCACCCTGCGCACCTACGAGG
FUGNOS29 ACAGTATTCTTCAGCCAGCGCCGCCGCC

2.16. Sequencing of DNA templates.

The nucleotide sequence of DNA templates was analysed by a modification of the 

dideoxy chain termination method (Tabor and Richardson, 1995) using a commercially 

available kit (Amersham) from which all reagents were taken unless otherwise stated. 

Approximately 250 ng of plasmid (double-stranded) DNA was combined, on ice, with 4 

P-1 of Thermo Sequenase II reagent premix and 5 |iM primer (primers used were either 

standard M13 forward and reverse primers and universal primers or designed specifically
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against sequence data obtained and synthesised by Genosys) in a total volume of 20 |il. 

The sequencing reaction was placed in a thermal cycler and subjected to the following 

cycle parameters: 96°C x 30 seconds, 50°C x 15 seconds and 60°C x 1 min for 25 cycles 

followed by a 4°C hold. Control reactions were performed as described above 

substituting experminental samples for 1 \i\ of control DNA (M13mpl8, 0.2 |ig/|il) and 

using 1 lull of control primer (universal cycle primer, 23-mer, 0.5 pmol/juil). After cycle 

sequencing, the termination reaction was transferred to a fresh eppendorf tube containing 

2 |il of sodium acetate/EDTA buffer (1.5 M sodium acetate, pH >8 ; 250 mM EDTA) 

and 60 |xl of cold (-20°C) 100% ethanol and vortexed to mix. The reaction was 

incubated on ice for 15 min to precipitate the DNA and then centrifuged at 20,000 x g 

for 15 min at room temperature. Once centrifuged, the supernatant was aspirated and 

the DNA pellet washed with 250 jil of cold (-20°C) 75% ethanol followed by a further 

centrifugation of 2 min. Again the supernatant was aspirated and the DNA pellet 

vacuum-dried in a vacuum centrifuge. Pellets were resuspended in 4 |il of formamide 

loading dye, vortexed for 15 seconds, centrifuged briefly and then heated to 100°C for 2 

min before being cooled on ice prior to loading. 2  |il of each experimental sample ( 1  |xl 

of the control reaction) was electrophoresed through 4% acrylamide gels and run on an 

ABI 377 automated sequencer (Perkin Elmer Biosystems) according to manufacturers’ 

instructions. Sequence data was printed off in the form of electropherograms and 

entered into the GCG package of programmes (Wisconsin Package Version 10.0, 

Genetics Computer Group (GCG), Madison, Wisconsin.) for analysis.
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2.17. Isolation of total RNA from Fugu brain tissue.

Total RNA was isolated from Fugu brain tissue using TRIZOL® Reagent, a 

commercially available guanidine isothyocyanate-phenol solution (Gibco BRL). 

TRIZOL reagent was added to Fugu brain tissue (1 ml per 50-100mg of tissue, all 

volumes quoted here are per 1ml of TRIZOL initially used) which was cut into small 

pieces using a sterile scalpel and homogenised by passing it through progressively smaller 

gauged syringe needles, 25 down to 18 gauge. The homogenised sample was transferred 

into a 1.5 ml eppendorf tube, vortexed briefly and incubated in the TRIZOL reagent for 5 

min at room temperature to permit the complete dissociation of nucleoprotein 

complexes. 0 . 2  ml of chloroform was added to the sample followed by vortexing for 15 

seconds and incubation at room temperature for 2-3 min. After incubation, the sample 

was centrifuged at 12,000 x g for 15 min at 4°C to separate the RNA into the colourless, 

upper aqueous phase which was then transferred to a fresh eppendorf tube. 0.5 ml of 

Isopropyl alcohol (BDH) was mixed with the aqueous phase and incubated at room 

temperature for 10 min to precipitate the RNA. The sample was centrifuged at 12,000 x 

g for 10 min at 4°C, the supernatant was then removed. The RNA precipitate, often 

visible as a gel-like pellet, was washed with 1 ml of 75% ethanol and centrifuged at no 

more than 7,500 x g for 5 min at 4°C. The ethanol was aspirated and the RNA pellet air- 

dried briefly for 5-10 min before being resuspended in 50 |xl of RNase-free distilled 

water. RNase-free water was prepared by adding 0.1% diethyl pyrocarbonate (DEPC) 

(Sigma) to distilled water for 12 hours followed by autoclaving at 121°C for 15 min. 

The concentration of RNA was estimated using ultra-violet spectroscopy. A 1 in 100 

dilution of the sample was made in DEPC-treated distilled water and the absorbance at
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260 nm and 280 nm was measured using quartz cuvettes and a water blank. An 

absorbance of 1.0 at 260 nm was equal to approximately 40 jig/ml RNA. The RNA was 

adjudged to be free from contaminants if the absorbance ratio 260 nm/280 nm was 

greater than 1 .8 .

2.18. Amplification of Fugu cDNA.

Amplification of Fugu brain cDNA was performed using the commercially available 

Marathon™ cDNA amplification kit (Clontech) from which all reagents were obtained 

unless otherwise stated. 4 |ig of total brain RNA was combined with 10 pM cDNA 

synthesis primer (an oligo d(T) based primer) in a total volume of 5 pi in a sterile 0.5 ml 

microcentrifuge tube. The contents were mixed, centrifuged briefly and incubated at 

72°C for 2 min followed by cooling on ice for 2 min. The tube was centrifuged briefly 

and the total volume increased to 1 0  pi with a final concentration of 1 x first-strand 

buffer, 1 mM dNTP mix, 2 units/pl AMV reverse transcriptase. After mixing, the tube 

was centrifuged briefly and incubated at 42°C for 1 hour in an air incubator. First-strand 

synthesis was terminated by incubating the tube on ice. Second-strand synthesis was 

achieved by mixing the entire first-strand reaction ( 1 0  pi) with 1 x second-strand buffer, 

0.2 mM dNTP mix, 1 x second-strand enzyme cocktail in a total volume of 80 pi on ice. 

The tube was centrifuged briefly and incubated at 16°C for 1.5 hours. After incubation, 

10 units of T4 DNA polymerase was added, mixed and the tube incubated at 16°C for a 

further 45 min. Second-strand synthesis was terminated by the addition of 4 pi of the 

EDTA/Glycogen mix. 100 pi of phenol:chloroform:isoamyl alcohol (25:24:1) (Gibco
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BRL) was added to the second-strand reaction and vortexed thoroughly. The tube was 

centrifuged at 20,000 x g for 10 min to separate phases. After centrifugation, the top 

aqueous layer was transferred to a clean 0.5 ml microcentrifuge tube and 100 p,l of 

chloroform:isoamyl alcohol (24:1) (Gibco BRL) added and vortexed thoroughly. The 

tube was centrifuged at 2 0 , 0 0 0  x g for 1 0  min to separate phases and the top aqueous 

layer transferred to another clean 0.5 ml microcentrifuge tube. One-half volume of 4 M 

ammonium acetate and 2.5 volumes of room temperature 95% ethanol were added to the 

top aqueous layer and vortexed thoroughly, the tube was centrifuged at 2 0 , 0 0 0  x g for 

20 min at room temperature. The supernatant was carefully removed, the pellet overlaid 

with 300 \l\ of 80% ethanol and centrifuged at 20,000 x g for 10 min. The supernatant 

was removed carefully and the pellet allowed to air-dry for 10 min. The pellet was 

resuspended in 10 |Lil of sterile distilled water and stored at -20°C. The yield of 

experimental double stranded cDNA was estimated by analysing 2 |il alongside 2 p.1 of 

double stranded cDNA made from positive control human placental RNA on a 1.2% 

agarose gel as previously described. The Marathon cDNA adaptor was ligated to the 

double stranded cDNA in a 10 |il reaction volume by combining 5 |il of double stranded 

cDNA with 2 mM Marathon cDNA adaptor, 1 x DNA ligation buffer and 40 units/p.1 T4 

DNA ligase at room temperature, vortexing and incubating overnight at 16°C. After 

incubation, the ligase was inactivated by incubating at 70°C for 5 min. The adaptor- 

ligated double stranded cDNA was diluted in tricine-EDTA buffer, according to the 

estimation of yield after second-strand synthesis, incubated at 94°C for 2 min, chilled on 

ice for 2 min, centrifuged briefly and stored at -20°C until ready. Rapid amplification of 

cDNA ends (RACE) was used to generate 5' and 3' cDNA fragments by combining 5 pi
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of adaptor-ligated double stranded cDNA with 0.2 mM adaptor primer 1 (API), 1 x 

cDNA PCR reaction buffer (Clontech), 0.2 mM dNTP mix, 1 x Advantage cDNA 

polymerase mix (Clontech) and 0.2 p.M gene specific primer (GSP) (see table 2.5 for a 

list of gene specific primer used) in a total volume of 50 pi. Thermal cycling was 

commenced with the following cycling parameters: 94°C x 30 seconds for 1 cycle; 94°C 

X 5 seconds and 72°C x 4 min for 5 cycles; 94®C x 5 seconds and 70°C x 4 min for 5 

cycles; 94°C x 5 seconds and 6 8 “C x 4 min for 25 cycles followed by a 4°C hold. 5 pi of 

each RACE reaction was analysed on a 1.2% agarose gel, as described previously, 

alongside control reactions. A second, nested, PCR was carried out for both 5' and 3' 

cDNA fragments using identical conditions and cycling parameters to the first but 

substituting API and GSPs for adaptor primer 2 (AP2) and nested GSPs. Again, 5 pi 

was analysed on a 1.2% agarose gel. RACE products were electrophoresed on a 1.2% 

agarose gel, purified, subcloned, transformed and sequenced as previously described. 

Sequence data obtained was used to design 5' and 3' primers for the amplification of full- 

length Fugu NOS cDNA (/NOS) (see table 2.5). 5 pi of adaptor-ligated double stranded 

cDNA was combined with 2 pM of each of the specific 5' and 3' primers, 1 x cDNA 

polymerase reaction buffer, 0.2 mM dNTP mix and 1 x Advantage cDNA polymerase 

mix in a total volume of 50 pi. Thermal cycling was commenced with the following 

cycling parameters: 94°C x 1 min for 1 cycle; 94”C x 30 seconds and 72°C x 6  min for 25 

cycles followed by a 4°C hold. 5 pi of each sample was analysed on a 1.2% agarose gel. 

Gel purification, subcloning into the appropriate vector, transformation and sequencing 

of the full-length cDNA was carried out as described previously.
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Table 2.5. Primers used for the amplification of /NOS.

Primer Sequence (5'—> 3') Application
GSPl CATGAGCTGTTGTGCAGTCTCTGTCATC 5' RACE
NGSPl CGTGCAGGTTGGGCATCATAAGGGAGC Nested 5' RACE
GSP2 CTCCGACACTCGCAAGTCCTCAAGTGAC 3' RACE
NGSP2 CTCCGACACTCGCAAGTCCTCAAGTGAC Nested 3' RACE
5'NotIfl* CACTCACAACGCGGCCGCTATGCAAGA

GTCCGAGCCTTCCGTG
full-length cDNA 
amplification

3'NotIfl* AGGCCCGGATGCGGCCGCCTAGAGCAG
AACACCTCATCGGAATC

full-length cDNA 
amplification

API CCATCCTAATACGACTCACTATAGGGC 5' and 3' RACE
AP2 ACTCACTATAGGGCTCGAGCGGC 5' and 3' nested RACE

* Primers 5'NotIfl and 3'NotIfl were engineered to incorporate a Not! site (indicated by 

the bold typeface) into the full-length Fugu NOS cDNA sequence for subcloning into the 

plasmid vector pVL1393. Primer 3'NotIfl also contains a STOP codon (indicated by 

underlining)

2.19. Expression of cloned cDNA in insect cells.

Expression of recombinant cDNA in insect cells was achieved using a baculovirus-insect 

cell system. Clones of interest were ligated into the Notl site of the plasmid pVL1393 

(Stratagene), transformed into DH5a E. coli and plasmids purified by Qiagen mini-prep 

as described previously. Spodoptera frugiperda-2l (S fll)  insect cells, required for the 

growth of baculovirus, were supplied by Mr. N. Foxwell (The Wolfson Institute for 

Biomedical research, UCL). Sf2\ cells were maintained at 28°C as suspension cultures in 

glass stirrer vessels in complete TCI00 (TCI00 insect cell medium, 10% fetal calf serum 

(PCS), 1 X antibiotic/antimycotic and 25 |ig/ml gentamicin (Gibco BRL)). For
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construction of recombinant baculoviruses, 3 fxg of plasmid in 2 |il of distilled water 

were mixed with 0.5 fig (5 jxl) of ‘Baculo-Gold’ baculovirus DNA (PharMingen) and 43 

|xl of distilled water. This was mixed with 40 |il of lipofectin (Gibco BRL) (pre-mixed 

with 10 |il of distilled water) and incubated at room temperature for 10 min. S fll  cells 

were plated out into a T25 flask (Falcon) to 70/80% confluence and incubated for at 

least 1 hour at 28°C to allow the cells to settle and adhere to the plastic. The supernatant 

was then aspirated, the cell monolayer washed twice with serum-free TCI00 medium and 

re-fed with 2 ml of serum-free medium. The DNA-lipofectin mixture was added to the 

cells in a drop-wise manner, the flask rocked gently to distribute the DNA evenly over 

the cells and the cells incubated at 28°C for 5 hours. The supernatant was then removed 

and replaced with 2.5 ml of complete TCI00 medium and the incubation continued for a 

further 3 days. At the end of the incubation period, the supernatant was removed and 

stored at 4°C wrapped in silver foil, individual recombinant baculovirus were isolated by 

limiting dilution plaque assay. Six 30 mm petri dishes of S fll  cells, 100% confluence, 

were set up and washed as described previously. Five log 10 dilutions of the 3 day 

supernatant from the original transfection were made, from neat, in complete TCI00 

medium. 2 0 0  |xl of each dilution, and 2 0 0  p.1 of neat supernatant, were added to the cells 

in each petri dish (after the last wash had been aspirated) and the dishes were gently 

rocked in order that the entire monolayer was covered. The dishes were incubated for 2 

hours at 28°C after which time the monolayer was overlaid with 2 ml of 1 % Sea Plaque 

UltraPure agarose (Gibco BRL), kept liquid at 37°C, (diluted with complete TCI00 

medium from a 3% stock) and incubated at room temperature for 30 min to allow the 

agarose to set. 1 ml of complete TClOO medium was added to each dish and the
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incubation continued at 28°C for 3 days in a humidified atmosphere. At the end of the 

incubation period, the overlaid medium was aspirated and the agarose-cell monolayer 

was stained with 20% v/v neutral red (Sigma) in PBS for 1 hour at room temperature. 

The stain was decanted and the plates incubated upside down at A°C for 18 hours. 

Dishes were then examined for the presence of well separated, light pink plaques (caused 

by viral infection) against a dark red background. The agarose above individual plaques 

was removed as a plug, by suction, using 1 mm bore disposable plastic Pasteur pipettes 

(Alpha) and incubated in 500 |xl of complete TCI00 medium for 30 min at 37°C. 200 )il 

of this supernatant was then used to infect a fresh 2 ml culture of S fl l  cells prepared as 

described earlier. This infection was allowed to proceed for 4 days at 28°C after which 

time the supernatant was removed and 1 ml used to infect a 25 cm  ̂5 ml culture of S fll  

cells for a further 4 days at 28°C. The infection procedure was repeated using 5 ml of 

the supernatant from the 25 cm  ̂culture to infect a 75 cm  ̂20 ml culture of S fl l  cells for 

4 days. 175 cm  ̂ 50 ml cultures of S fll  cells were then infected for 4 days with 6  ml 

each of the 75 cm  ̂ supernatant. Finally, two 175 cm^ 50 ml cultures of S fll  cells were 

infected with 2.5 ml of supernatant from the previous infection. This final infection 

yielded 1 0 0  ml of culture medium containing high titre recombinant baculovirus ( > 1  x 

10® plaque forming units (pfii/ml) and was stored at 4°C. A time-course of infection was 

carried out using 75 cm  ̂20 ml cultures of S fll  cells infected with high titre recombinant 

baculovirus at a moi of 5. Time points were taken at 0 hours (after cells have been 

incubated with virus for 2 hours at 28°C), 24, 48, 72 and 96 hours. Non-infected cells 

were taken at the same time points as a control, 1.5 ml of complete TClOO medium was 

substituted for the virus. At each time point the cells were collected in PBS and stored 

at -70°C for analysis by SDS-PAGE and NO synthase activity assay as described below.
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2.20. Measurement of nitrite concentrations in culture supernatants.

Nitrite (NO2') concentrations in supernatants were measured by a modification of a 

chemiluminescent method as previously described (Downes et a l, 1976). A known 

volume of supernatant was injected into a reflux vessel containing 25% v/v 6 % sodium 

iodide in glacial acetic acid at 100°C under nitrogen. Under these conditions NO2' (a 

stable end product of NO synthesis) was converted back to NO, mixed with a stream of 

ozone gas and the resulting chemiluminescent product quantified using a photomultiplier 

device (The Wolfson Institute for Biomedical Research, University College London). 

Sodium nitrite was used to construct standard curves to allow calculation of the NO2 

concentrations in each sample. Nitrate (NO3 ) was unaffected in this system, thus this 

method only allowed the estimation of NO2 and not total nitrogen oxides (NOx) 

produced by cells. Results were expressed as the concentration of NO2 

generated/number of cells.

2.21. SDS-PAGE gel electrophoresis of proteins.

SDS-PAGE was performed according to a previously published method (Laemmli, 

1970). All gels had an acrylamide to bis-acrylamide ration of 37.5:1. Resolving gels 

were made at 8 % in 190 mM Tris HCl, pH 8 .8 , 0.1% w/v SDS, 0.1% ammonium 

persulphate (APS) (BDH) and 0.06% v/v N, N, N \  A ’-tetramethylethylenediamine 

(TEMED) (Sigma). 5% stacking gels were similarly prepared using 126 mM Tris HCl, 

pH 6 . 8  and 0.1% TEMED. All gels were run using a standard electrophoresis buffer 

containing 25 mM Tris HCl, 0.25 M glycine (BDH) and 0.1% w/v SDS. Samples to be
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electrophoresed were mixed with 20% v/v of 5 x concentrated sample buffer (2.5 M Tris 

HCl, pH 6 .8 , 0.5 M DTT, 10% w/v SDS, 1% bromophenol blue and 50% v/v glycerol 

(BDH)), heated to 100°C for 5 min and cooled on ice prior to loading on gels. 

‘Rainbow’ molecular weight standards (range 14 to 200 kDa) (Amersham) were similarly 

treated prior to electrophoresis and run on all gels. Electrophoresis was carried out at a 

constant current of 5 mA/cm gel length until the bromophenol blue marker reached the 

bottom of the gel. At the end of electrophoresis, gels were either silver stained or 

analysed by western blot according to the methods below.

2.22. Silver staining of SDS-PAGE gels.

Gels were silver stained using a commercially available kit (Pharmacia Biotech) from 

which all reagents were obtained unless otherwise stated. Following electrophoresis, 

gels were fixed in 40% ethanol, 10% glacial acetic acid (BDH) for 30 min. Gels were 

then incubated for 30 min, with shaking, in sensitizing solution (30% ethanol, 0.125% 

w/v glutardialdehyde, 0 .2 % w/v sodium thiosulphate, 6 .8 % w/v sodium acetate) 

followed by three washes of 5 min each in distilled water. Silver solution (0.25% w/v 

silver nitrate, 0.0148% w/v formaldehyde) was then added to the gel which was left 

shaking for 20 min. Two 1 min washes in distilled water were followed by the addition 

of developing solution (2.5% w/v sodium carbonate, 0.0148% w/v formaldehyde) to gels 

and incubation with shaking for 2-5 min until bands were sufficiently developed. The 

development of gels was stopped by incubating gels in stop solution (1.46% w/v BDTA- 

Na2.2 H2 0 ) for 10 min. Gels were washed in distilled water and 10% glycerol added as a 

preservative at least 20 min prior to drying gels overnight in gel drying film (Promega).
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2.23. Western blot analysis of SDS-PAGE separated proteins.

Four pieces of 3MM filter paper were cut to the exact size of gels selected for western 

blot analysis and soaked in transfer buffer (25 mM tris HCl, 192 mM glycine, 20% 

methanol). Two of the filter papers were placed on a pre-wetted sponge in the cassette 

of a wet electroblotter (Biorad). A sheet of Hybond™ ECL™ nitrocellulose membrane 

(Amersham), cut to gel size, was pre-wetted with distilled water and transfer buffer and 

placed on top of the filter papers. Gels, also soaked in distilled water and transfer buffer, 

were placed on top of the nitrocellulose membrane followed by the remaining two sheets 

of filter paper. Any air bubbles were removed with a glass rod lightly rolled over the 

surface of the filter papers. Another pre-wetted sponge was placed on top of the filter 

papers, the cassette closed and the blotting apparatus assembled. Proteins were 

transferred to the nitrocellulose membrane by applying a constant current of 1 mA/cm^ of 

gel area for at least 90 min. Transfer was verified by assessing the movement of pre

stained molecular weight markers from gel to membrane. At the end of the transfer, the 

gel and filter papers were discarded and the nitrocellulose was incubated in a solution of 

5% non-fat milk in PBS for at least 30 min to block non-specific protein binding sites on 

the blot. After blocking, blots were washed three times in PBS for 5 min each. Primary 

antibodies (see table 2.6 for antibodies used in these studies) were diluted with 5% non

fat milk solution in PBS, according to manufacturers instructions, and applied to the blot 

overnight at room temperature.
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Table 2.6. Antibodies used in these studies.

Antibody Immunogen Host Source Conjugate Dilution Use
anti-human nNOS 
monoclonal

1095-1289 Mouse Transduction
Laboratories

- 1:2500
1:250

WB*
IS*

anti-mouse iNOS 
monoclonal

961-1144 Mouse Transduction
Laboratories

- 1:2500 WB

anti-human eNOS 
monoclonal

1030-1209 Mouse Transduction
Laboratories

- 1:2500 WB

anti-human nNOS 
polyclonal

1095-1289 Rabbit Transduction
Laboratories

- 1:500 WB
IS

anti-mouse iNOS 
polyclonal

961-1144 Rabbit Transduction
Laboratories

- 1:5000
1:500

WB
IS

anti-human eNOS 
polyclonal

1030-1209 Rabbit Transduction
Laboratories

- 1 : 1 0 0 0

1:500
WB
IS

anti-mouse IgG - Goat Sigma HRPO* 1:5000 WB
anti-rabbit IgG - Goat Sigma HRPO 1:40,000 WB
anti-mouse IgG - Goat Molecular

Probes
Alexa488* 1:250 IS

* where WB = western blot, IS = Immune Staining, HRPO = horseradish peroxidase, 

Alexa 488 = a green fluorophore which is used in place of fluorescein due to its 

increased brightness and photostability.

Following incubation with primary antibodies, blots were washed three times in PBS, for 

5 min each wash, and then incubated with the appropriate horseradish peroxidase 

conjugated secondary antibody diluted in 5% non-fat milk in PBS. After at least one 

hour incubation at room temperature, the secondary antibody was decanted and blots 

washed three times in PBS for 5 min each wash. Bands of immunoreactive protein were 

visualised using SuperSignal® substrate for western blotting (stable peroxide solution and 

luminol/enhancer solution mixed in a 1:1 ratio) (Pierce). Blots were incubated in 

substrate for 2 min, excess liquid drained and then covered with Saran wrap. Blots were 

exposed to Hyperfilm^^ ECL^^, a high performance chemiluminescence film, 

(Amersham) for between 10 seconds and 5 min after which time the film was developed.
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2.24 Assay for nitric oxide synthase activity.

Assays for NOS activity were based upon a modification of a spectrophotometric 

method (Feelisch and Noack, 1987). Cytosols were prepared from 500 cm^ cell 

monolayers that had been infected with high titer virus at a moi of 5, fed with arginine- 

free TClOO medium and dialysed fetal bovine serum and incubated for 24 hours at 28°C. 

Cells were collected in approximately 5 volumes of homogenisation buffer (0.1 M Tris 

HCl, pH 7.4 (BDH) containing 1 mM dithiothreitol (DTT) (Sigma), 0.1 mM phenyl 

methyl sulphonyl fluoride (PMSF) (Sigma), 0.5 |liM  leupeptin (Sigma) and 0.5 pM 

pepstatin A (Sigma)) and then lysed by sonication at 22 micron amplitudes in three 5 

second bursts with 25 seconds cooling on ice in between. Lysates were centrifuged at

105,000 X g for 30 min at 4°C to remove cell debris and any residual arginine removed 

using activated Dowex AG-50W ion exchange resin (Bio-Rad). The resin was prepared 

by packing it into a column and adding 2N sodium hydroxide (NaOH) until the pH of the 

run-through reached 14. The resin was rinsed with distilled water until it reached pH 7 

and then homogenisation buffer added to the column and left to drain through, the resin 

was not allowed to dehydrate. The cytosol was incubated with the activated resin for 5 

min on ice, vortexing every 30 seconds, followed by centrifugation at 20,000 x g for 5 

min at 4°C. The supernatant was transferred to a fresh eppendorf tube containing resin 

and the 5 min incubation on ice and centrifugation repeated. The supernatant was then 

transferred to a fresh eppendorf and either assayed immediately for NO synthase activity 

or stored at -80°C. Enzyme assays were performed in quartz cuvettes by incubating a 

known volume of cell cytosol with 0.1 M HEPES/0.1 mM DTT buffer pH7.5, 100 pM 

reduced nicotinamide adenine dinucleotide phosphate (NADPH) (Sigma), 5 pM
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oxyhaemoglobin (a gift from Neale Foxwell, The Wolfson Institute for Biomedical 

Research, University College London), 4 jiM flavin adenine dinucleotide (FAD) (Sigma) 

and 5 |iM tetrahydrobiopterin (H4B) in a total volume of 600 |il. Nitric oxide synthesis 

was initiated by the addition of 30 |iM L-arginine (Sigma) and measured using a dual 

wavelength spectrophotometer (Shimadzu Corporation). The shift in absorbance 

between the wavelength pair 401-421 nM caused by the conversion of oxyhaemoglobin 

(oxyHb) to methaemoglobin (metHb) by nitric oxide was measured as a function of time 

using the equation:

AAbs/min x 0.02 x 0.0006 
100 X 77200

where: AAbs/min = the change in absorbance in 1 min (% of 100)
0 . 0 2  = full scale deflection (i.e. 0 -0 . 0 2  = 1 0 0 %)
0.0006 = reaction volume in litres 
77200 = extinction co-efficient for haemoglobin in the 

spectrophotometer used

Results were expressed as moles of NO formed/sample/volume/min or moles of NO

formed/mg protein/min.

In some assays the concentrations of L-arginine were varied, while in others the effects 

of different concentrations of the NOS inhibitors L-N-guanidino monomethyl arginine 

(L-NMMA) (Boehringer Mannheim), L-Thiocitrulline (CalBiochem) and 1400W 

(supplied by Mr N. Foxwell, W.I.B.R., UCL) were investigated. Each of the inhibitors 

was dissolved in 0.1 M HEPES/0.1 mM DTT buffer pH7.5 and 6  |Lil of each 

concentration added to the reaction mix prior to the addition of L-arginine. The 

calmodulin requirements of the enzyme were tested by the addition of 1 mM EOT A to 

the reaction mix prior to the addition of L-arginine.



2.25. Determination of protein concentration of cell cytosols.

A commercially available kit (Bio-Rad), from which all components were obtained unless 

otherwise stated, was used to measure the concentration of protein in cell cytosols based 

on a previously published method (Bradford, 1976). The microassay procedure was 

followed and dilutions were made of the cell cytosol and a protein standard (4, 8 , 16, 20 

and 25 |Xg of protein), 0.2 ml of dye reagent concentrate was added to each dilution, 

mixed and incubated for 5 min. The OD595 was measured versus a reagent blank and the 

dilutions of the protein standard used to construct a standard curve. The plate reader 

(Bio-Rad) used to take all measurements then calculated the concentration of the 

unknowns, in |ig, from the standard curve.

2.26. Immunocytochemical staining of FNOS in insect cells.

A time-course of Fugu NOS infection of insect cells was set up using S fll  cells seeded 

to 50% confluence on 13 mm coverslips (BDH) and left to adhere at 28°C for 2 hours. 

Coverslips were prepared by soaking in 70% industrial methylated spirits (IMS) (BDH) 

and then allowed to air-dry, one coverslip was placed into each of the wells of a 24 well 

plate (Falcon). 250 |xl of high titre recombinant baculovirus-insect cells was added to 

each well (250|xl of complete TClOO medium was used for the control coverslips) and 

incubated at 28°C for 2 hours. 1ml of complete TClOO medium was added to each well 

and incubated at 28°C for 0, 24, 48, 72 and 96 hours. When each time point was 

reached coverslips were removed from their wells, washed twice for 3 min each wash in
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PBS and cells fixed in 4% paraformaldehyde (BDH) with gentle shaking for 1 hour at 

room temperature. Coverslips were then washed once and kept in PBS at 4°C until 

ready to stain. Cells were permeabilised by incubation in 0.5% Triton X-100 (BDH) in 

PBS for 10 min and then washed three times for 3 min each time in PBS. The cells were 

then incubated for 5 min in complete TClOO medium to block any non-specific 

interactions, this was followed by a 1 hour incubation in primary antibody suitably 

diluted in complete TClOO medium (see table 2.5). After incubation, the cells were 

washed three times for 3 min each time in PBS and incubated for 1 hour in an 

appropriate secondary antibody (see table 2.5), again diluted in complete TClOO 

medium. The cells were washed three times for 3 min each wash in PBS and then 

incubated in 170 |ig/ml RNase at 3TC  for 15 min, this was followed by a further 3 min 

wash in PBS. Propidium iodide was added to each coverslip and incubated at room 

temperature for 5 min. After incubation, the coverslips were mounted upside down in 3 

\i\ of Vectashield mountant on a microscope slide, allowed to dry for 20 min at room 

temperature before using clear nail varnish to seal the edges of the coverslips. All 

incubations and washes were carried out at room temperature and with gentle shaking 

except for the RNase and propidium iodide incubations. Images were viewed and 

captured on a Leica TCS SP laser scanning confocal microscope (Leica).

2.27. Ligand affinity chromatography of FNOS on 2'5' ADP sepharose.

Fugu nitric oxide synthase (FNOS) was partially purified from cell lysates by affinity 

chromatography on 2'5' adenosine di-phosphate (ADP) sepharose according to a
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modification of a previously published method (Steuhr et aL, 1991). S fl \  Cells from six 

175cm^ cultures, infected for 24 hours with 1.5 ml high titre recombinant baculovirus, 

were collected in 4ml of lysis buffer (20 mM Tris HCl, pH 7.5, 1 mM DTT, 100 |ig/ml 

PMSF, 10 |Xg/ml Leupeptin (Sigma), 10 )Lig/ml Pepstatin (Sigma), 2 \lM FAD, 2 |iM 

H4B, 2 mM L-arginine, 1 mM EDTA, 10% v/v glycerol) and sonicated at 22 amplitude 

microns in 3 x 5 second bursts, with 25 seconds cooling on ice in between each burst. 

The sonicated cells were centrifuged at 20,000 x g for 15 min at 4°C. The supernatant 

was transferred to a fresh tube and glycerol added to 10% v/v. 0.5 g of 2'5' ADP 

sepharose (Pharmacia) was swollen for 30 min in 50 ml of PBS and equilibriated in 2 

changes of 10 ml each of lysis buffer. The supernatant was mixed with the sepharose by 

gentle stirring at 4°C for 30 min and poured into a disposable 10 ml chromatography 

column (Bio-Rad). All the following procedures were carried out at 4°C. The gel was 

allowed to settle under gravity to form a column of approximately 2  ml in volume and 

then washed in 2 x 5 column volumes of lysis buffer. Non-speciflcally bound proteins 

were removed from the column by washing in 5 column volumes of 0.5 M NaCl in lysis 

buffer and the column was washed again in 5 column volumes of lysis buffer. 

Specifically bound proteins were eluted from the column by washing in 3 column 

volumes of 10 mM NADPH in lysis buffer followed by a final wash in 5 column volumes 

of lysis buffer. 1 ml fractions were collected throughout and were analysed by SDS- 

PAGE and western blot analysis.
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2.28. Ligand affinity chromatography of FNOS on calmodulin sepharose.

Following partial purification on 2'5' ADP sepharose, ligand affinity chromatography on 

camodulin (CaM) sepharose (Pharmacia Biotech) was performed to purify FNOS even 

further. NOS-positive eluates from the 2'5' ADP sepharose column were adjusted to 2 

mM CaCl2 and 0.1 M NaCl. CaM sepharose was pre-equilibriated in 10 mM Tris, 2 mM 

CaCl2 , 0.1 M NaCl and 10% glycerol, centrifuged at 3,000 rpm for 15 min and the 

supernatant removed. The CaM sepharose was mixed with the NOS-positive 2'5' ADP 

sepharose eluates by gentle stirring at 4°C for 30 min and poured into a disposable 10 ml 

chromatography column (Bio-Rad). All the following procedures were performed at 

4°C. The gel was allowed to settle under gravity to form a column of approximately 1 

ml in volume and then washed with 2 x 2  column volumes of buffer (10 mM Tris, 2 mM 

CaCb, 0.1 M NaCl and 10% glycerol). A further 10 colunm volumes of buffer were 

used to wash the column. To elute specifically bound proteins from the column, 3 

column volumes of buffer, minus CaCb, plus 3 mM EGTA were added to the column 

and one 0.75 ml fraction collected. Following a 10 min incubation further fractions were 

collected. 1 column volume of buffer was added to the column and allowed to drain 

through. 3 column volumes of buffer, minus CaCb, plus 10 mM EGTA were added to 

the column and 1 0.75 ml fraction collected. Following a 10 min incubation further 

fractions were collected. 1 column volume of buffer was added to the column and 

allowed to drain through. Further elution of the CaM sepharose column was performed 

first with 3 column volumes of 1 M NaCl in buffer and second with 2 column volumes of 

6  M Urea in buffer. 0.75 ml fractions were collected throughout and were analysed by 

SDS-PAGE and western blot analysis.
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CHAPTER 3

MOLECULAR CHARACTERISATION OF A FUGU NOSl GENE.
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3.1. Introduction.

Nitric oxide (NO) is a potent regulator and mediator of a broad range of physiological 

and pathophysiological functions that include hypertension, atherosclerosis, stroke and 

sepsis. NO is synthesized, along with the co-product L-citrulline, from L-arginine by a 

family of nitric oxide synthase (NOS) enzymes. In mammals, three distinct NOS 

isoforms have been characterised, neuronal (nNOS; NOSl), inducible (iNOS; N0S2) 

and endothelial (eNOS; N0S3), named after the tissues in which they were first 

identified (neurons, cytokine-induced immune cells and vascular endothelium 

respectively). The genes encoding the three isoforms are localised on different 

chromosomes. Human NOSl spans over 160 kb and is localised on chromosome 12 

(Marsden et aL, 1993; Xu et al., 1993; Kishimoto et al., 1994). The human NOS2 and 

NOS3 genes are both much smaller than the NOSl gene and are localised on 

chromosomes 17 and 7 respectively (Marsden et a l, 1993; Chartrain et al., 1994; 

Marsden et al., 1994; Robinson et al., 1994; Xu et al., 1994). The genes show a high 

degree of similarity in their genomic organisation and intron/exon structure, this includes 

the location of splice junctions and exon sizes. Each isoform has consensus binding sites 

for calmodulin, NADPH, FAD and FMN and has an overall structure that consists of a 

COOH-terminal reductase domain and an NHz-terminal oxidative domain. It has been 

suggested that the high degree of conservation seen between all three isoforms could 

reflect the duplication and chromosomal translocation of a primitive NOS gene.

At approximately 400 Mb, the genome of the Japenese pufferfish Fugu rubripes {Fugu) 

is very compact, around 7.5 times smaller than the human genome. It has been estimated 

that the gene repertoire of Fugu is the same as humans and that the genome averages one
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gene every 6-7 kb. The use of Fugu as a model genome is based on its compressed 

genome size which is now known to be due to a reduction in the amount of intronic and 

intergenic DNA, pseudogenes and dispersed repeats. Fugu is an ideal model for the 

efficient analysis of gene structure and the identification of conserved protein domains 

and regulatory elements.

The Fugu genomic cosmid library used in these studies was constructed by Elgar and 

Nizetic (Elgar et al., 1999) and was obtained from the MRC HGMP Resource Centre 

(http://fugu.hgmp.mrc.ac.uk). To create the library, Fugu genomic DNA was partially 

digested with Mbol and cloned into the BamWi restriction endonuclease site of the 

cosmid vector Lawrist 4 (Figure 3.1). The library was supplied as high-density gridded 

filters on which cosmid clones were spotted in duplicate. Each cosmid clone of the 

genomic library was spotted on the filters in such a way that a hybridisation pattern, 

specific to each clone, would be produced when a probe hybridised to the clone. The 

clones were spotted on the filters and grown at 37°C overnight on LB agar plates 

containing 30|ig/ml Kanamycin. The filters were treated with SDS, denatured, 

neutralised and then dried and crosslinked ready for pre-hybridisation. The Fugu 

genomic library consists of around 76,000 cosmid clones, each with an average insert 

size of 40 kb, this represents ~ 8  times coverage of the Fugu genome (Yeo et a l, 1997).

3.2. Identification of a putative NOS-like sequence in cosmid 064007.

The Fugu genomic cosmid libraiy was screened, as described in section 2.3, with two 

different [a-^^P] dCTP labelled probes. Fragments of full-length human iNOS cDNA (4 

kb) (Accession number g292241 in the EMBL data library) and 5' human iNOS cDNA
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Figure 3.1. Cosmid map of the vector Lawrist 4. Fugu genomic DNA was partially 

digested with the restriction endonuclease Mbol and cloned into the BamRl site of 

Lawrist 4 to create the Fugu genomic cosmid library used in these studies. The 

ampicillin and neomycin resistance genes are shown as solid boxes. SP6  and T7 primer 

sites are indicated with arrows.
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(1.5 kb), corresponding to nucleotides 229 - 1728 (Charles et al. 1993), were prepared 

using the restriction endonucleases EcoRl and Ndel (section 2.6) The inserts were gel 

isolated (see sections 2.7 and 2.9), labelled and purified (section 2.1) for use as probes. 

Cosmid clones with putative NOS-like sequences were identified by the hybridisation 

pattern they gave and the filter panel they were on. One cosmid clone which produced a 

positive signal was cosmid 064007, as shown in Figure 3.2A. The co-ordinates of those 

cosmids giving a positive hybridisation pattern were used to obtain the relevant clones 

from the MRC HGMP Resource Centre. Cosmid DNA was prepared (section 2.4) and 

restriction endonuclease digestion performed (section 2 .6 ) on twelve cosmid clones that 

hybridised to the NOS probes. As shown in figure 3.2B and C, Southern hybridisation of 

cosmid 064007 digested DNA (section 2.8), with a DIG-[dUTP] labelled 5' human 

iNOS cDNA probe (section 2.2), identified a positively hybridising 9.6 kb EcoRl 

fragment, smaller hybridising fragments were also seen for the Hindlll and EcoRI plus 

Hindlll digested DNA. DNA from cosmid 064007 was digested with EcoRl (section 

2.6), ligated into the plasmid vector pBsIISK^ (section 2.10) and transformed into 

subcloning efficiency DH5a cells (section 2.12) to produce plasmid pBs9.6. Figure 3.3 

shows a map of pBs9.6 and the cloning strategy used to create it. Colonies containing 

inserts of 9.6 kb were initially identified by blue-white screening, this insert was verified 

by restriction endonuclease digestion of plasmid DNA (section 2.6) with EcoRI. As 

illustrated in figure 3.4, pBs9.6 was digested with various restriction endonucleases to 

identify fragments suitable for subcloning as part of the sequencing strategy. Further 

subclones of pBs9.6 were created by subcloning Hindlll, Xbal, BamHl and Xbal plus 

BamHl fragments into appropriately digested pBsIISK^ plasmid DNA as described 

previously (sections 2 .6 , 2 . 1 0  and 2 .1 2 ).
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Figure 3.2. Identification of a NOS-like sequence in Cosmid 064007. (A), A Fugu 

genomic cosmid library was screened with a human iNOS cDNA probe, part of filter 

panel 2 is shown. Arrows indicate the positively hybridising cosmid 064007, identified 

by filter panel number, hybridisation pattern and co-ordinates. (B), DNA from cosmid 

064007 was digested with EcoRl, Hindlll and EcoRI + Hindlll, separated through an 

ethidium bromide-stained 1% agarose gel and photographed under U.V. light. (C), DNA 

was transferred to a nylon hybridisation transfer membrane and probed with a DIG- 

labelled human iNOS cDNA probe. Arrows indicate positive hybridisation signals. The 

positions of molecular size markers are indicated.
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f 1 (+) origin
Ampicillin

lacZ

MCS

9.6 kb EcoRl  fragment from cosmid 064007

ColEl origin

fl (+) origin
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pBs9.6 
12.5 kb

9.6 kb EcoRI insert 
from cosmid 064007

ColEl origin

Figure 3.3. Cloning strategy used to create pBs9.6. A 9.6 kb EcoRl fragment from 

cosmid 064007 was cloned into the EcoRl site of the plasmid vector pBsIISK(+) to 

create pBs9.6.
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Figure 3.4. Restriction endonuclease digestion of pBs9.6. D N A  was digested  with 

restriction endonucleases, separated  through ethidium  brom ide-stained 1 % agarose gels 

and photographed  under U .V. light. Fragm ents suitable for subcloning w ere identified. 

(A), restriction endonucleases used were B a m K l  -i- X bal,  E c o R l  and H in d ll l .  (B), 

restriction endonucleases used w ere BamYll, E c o R V , Kpnl, Sail,  X b a l  and Xhol.  

M olecular size m arkers are indicated.
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3.3. Sequence analysis of pBs9.6 and its subclones.

Sequencing of pBs9.6, and its subclones, was initially performed using T7, T3, M13 

forward and reverse primers (section 2.16). Sequence specific primers (appendix, table 

A.l) were designed, from the sequence data obtained, to complete and to confirm the 

sequence on both strands. The total length of the cloned EcoRI fragment was 9,622 

nucleotides and BLASTN analysis (Altschul et al., 1990) confirmed the presence of 

NOS-like sequences. Sequence scanning of cosmid 064007, performed at the HGMP 

resource centre, also confirmed the identity of the NOS-like sequences. All sequence 

analysis was performed using programmes within the Wisconsin Package Version 10.0, 

Genetics Computer Group (GCG), Madison, Wisconsin. Greatest sequence similarity 

was seen with the human neuronal NOS isoform (NOSl), BLASTN analysis identified 9 

fragments with 79-90% amino acid identity to human NOSl, 3 with 80-90% identity to 

human iNOS and 5 with 81-88% identity to human eNOS, exons present within the 

cosmid were identified as being 5 to 19. Figure 3.5 shows a schematic representation of 

the 9.6 kb fragment of Fugu NOSl, its exons, introns and the positions and lengths of 

the subclones created as part of the sequencing strategy. Also shown in figure 3.5 is the 

presence of Lawrist 4 vector sequence which was found at the 3' end of the 9.6 kb 

fragment, this confirms that cosmid 064007 only contains Fugu NOS 1 sequence up to 

exon 19. Human NOSl has 29 exons and 28 introns (Hall et al., 1994), with an average 

cosmid insert size of 40 kb it would be expected that any upstream exons of Fugu NOS 1 

would be present in cosmid 064007. Further restriction fragments of cosmid 064007 

were subcloned in an effort to obtain the remainder of the upstream Fugu NOSl but 

sequence analysis failed to identify any further fragments with obvious NOS sequence 

similarity. However, sequencing of several of the restriction fragments identified a Fugu 

homologue of the kinase supressor of RAS (ksr) gene.
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Figure 3.5. Schematic representation of the 9.6 kb Fugu NOSl fragment. A 9.6 kb

E coR I fragm ent o f Fugu  genom ic D N A , that positively hybridised to a 5 ' hum an iNOS 

cD N A  probe, w as cloned into the F co R I restriction endonuclease site o f  the plasmid 

vec to r pBsIISK^. R estriction endonuclease sites presen t in the 9.6 kb Fugu  N O S l 

fragm ent are represen ted  by capital letters and are as follows: H = H in d l l l ,  B = B am U l,  

S = Sail,  X b = X b a l  and X h = Xhol.  T he black boxes represent the exons o f Fugu  

N O S l identified by B L A ST  analysis and are num bered according to  the exons o f the 

hum an N O S l gene. T he grey box indicates L aw rist 4 vector sequence located  3 ' of 

Fugu  N O S l exon 19. Solid black lines represent the subclones o f the 9.6 kb EcoR I 

fragm ent that w ere created . pB s indicates the pBsIISK ^ vecto r backbone, num bers 

deno te the size o f the subcloned fragm ents in kb and letters represent the restriction 

endonucleases used to create them .
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3.4 Amplification of Fugu NOSl exons 1 to 5 and exons 19 to 29

Fugu genomic DNA obtained from the MRC HGMP Resource Centre 

(http://fugu.hgmp.mrc.ac.uk) and DNA from cosmid 064007 were both utilised to 

complete the Fugu NOSl sequence. A PCR-based approach using sequence specific 

primers amplified the remainder of the Fugu NOS 1 gene in overlapping fragments from 

exon to exon (section 2.15). Figure 3.6 shows that PCR yielded single bands for all 

except two of the reactions. For exon 28 to 29 a major product was seen at -1.2 kb, this 

fragment was selected for cloning and sequencing. PCR amplification of exon 19 to 20 

generated multiple bands, three major bands were selected for cloning and sequencing, 

these fragments had sizes of -500 bp, 900 bp and 4 kb. To amplify exons 2, 3 and 4 

sequence specific primers were designed corresponding to exons 2 and 7, PCR with 

these primers resulted in the amplification of exons 5 and 6 , the sequences of which were 

already present in cosmid 064007. The amplified fragments were gel purified, ligated 

into pCR®2.1-TOPO vector (section 2.11) and transformed into TOP 10 competent 

E.coli (section 2.13) to produce the following plasmids: pCRel-e2; pCRe2-e7; pCRel9- 

20a,b and c; pCRe20-21; pCRe21-22; pCRe22-23; pCRe23-24; pCRe24-25; pCRe25- 

26, pCRe26-27, pCRe27-28 and pCRe28-29, where e represents the exon amplified. 

The cloning of pCRel9-20a-c is illustrated in figure 3.7. Colonies containing inserts of 

the correct size were identified by blue-white screening and colony PCR (section 2.14). 

Initial sequencing was performed using T7, T3, M l3 forward and reverse primers, whose 

binding sites were present in the pCR®2.1-TOPO vector sequence, (section 2.16) 

followed by, where necessary, sequence specific primers (appendix, table A.l). PCR of 

exons 1 to 5 and exons 19 to 29 was performed with a proofreading enzyme
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Figure 3.6. PCR amplification of the Fugu NOSl gene exons 1 to 5 and 19 to 29.

PCR was perform ed on Fugu  genom ic D N A  and D N A  from  cosm id 0 6 4 0 0 7  to amplify 

the rem ainder o f the Fugu  N O S 1 gene in overlapping fragm ents. Prim er pairs used were 

as follows: 1 = G e28f + fugnos29 (for exon 28 to 29), 2 = G e27f + e28r (for exon 27 to 

28), 3 = G e26f + G e27r (for exon 26 to 27), 4 = G e25f + G e26r (for exon 25 to 26), 5 = 

G e24f + G e25r (for exon 24 to 25), 6 = G e23f + G e24r (for exon 23 to 24), 7 = G e22f + 

Ge23r (for exon 22 to 23), 8 = Ge21f + Ge22r (for exon 21 to 22), 9 = Ge20f 4-  Ge2lr 

(for exon 20 to 21), 10 = G e l9 f  + G e20r (for exon 19 to 20), 11 = G e l f l  + 5 ’RACE 1 

(for exon 1 to 2), and 12 = G e lf2  + 5 'R A C E  1 (for exon 1 to 2). 1/10^*' o f the PCR 

reaction volum e w as separated  through an ethidium  brom ide-stained 1 % agarose gel and 

photographed under U .V . light. M olecular size m arkers are indicated. A single PCR 

product was seen for all except tw o reactions (1 and 10). See text for a m ore detailed 

explanation.
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pCR2.1-TOPO 
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pCRel9-20a 
4.4 kb
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Figure 3.7. Cloning strategy used to create pCRel9-20a-c. T hree m ajor PCR 

products , o f 500 bp (a), 900 bp (b) and 4000  bp (c) p roduced  by am plification with 

prim ers designed  to exons 19 and 20 o f Fugu  N O S l, w ere T A -cloned  into the TO PO ™  

cloning site o f  the plasm id vec to r pCR® 2.1-TOPO to  create  p C R e l9 -2 0 a , p C R el9 -2 0 b  

and p C R e l9 -2 0 c .
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(section 2.15) and sequencing of multiple isolates was performed to confirm the absence 

of PCR errors. Sequence analysis was performed using BLASTN analysis (Altschul et 

al., 1990) and various programmes within the Wisconsin Package Version 10.0, Genetics 

Computer Group (GCG), Madison, Wisconsin. Comparison with human NOSl 

demonstrated that the missing exons, 1 to 5 and 19 to 29 had been isolated. Plasmid 

pCRel9-20a, containing the amplified fragment of -500 nucleotides, was found to 

contain exon 19 to 20. Using the sequence data from the overlapping fragments a 

contiguous sequence was constructed for exons 1 to 7 and 19 to 29. Exons 1 to 7 spans 

approximately 10 kb whereas exons 19 to 29 span only around 4 kb. Figure 3.8 shows a 

schematic representation of exons 1 to 7 and 19 to 29 and the relative positions of the 

exons, introns and the primers used for their amplification.

3.5 Sequence analysis of the complete Fugu NOSl gene

A contiguous sequence was constructed for the entire Fugu NOSl gene using the

sequence data obtained from pBs9.6, its subclones and the PCR amplified fragments, a

schematic representation is shown in figure 3.9. The complete Fugu NOSl sequence 

encompasses 22,203 nucleotides (appendix, figure A .l) and has 29 exons and 28 introns. 

The predicted Fugu NOSl coding sequence is 4257 nucleotides long giving rise to a 

protein of 1418 amino acids. The G + C content of Fugu NOSl is 46.3% in line with the 

44.2% G + C content of the Fugu genome (Brenner et al., 1993). Fugu NOSl also has 

microsatellite sequences which include A, C, AC/GT and TTA/TAA repeats, these are 

among the 20 most commonly found microsatellites in Fugu (Edwards et a l, 1998).
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Figure 3.8. Schematic representation of Fugu NOSl exons 1 to 7 and 19 to 29.

Sequence data obtained was used to construct contiguous sequences for exons 1 to 7 

and 19 to 29. Arrows indicate the relative positions of primers pairs used for the PCR 

amplification. Solid black boxes represent the exons of Fugu NOSl which are numbered 

according to the exons of the human NOS 1 gene.
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Figure 3.9. Schematic representation of the Fugu NOSl gene. Sequence data from 

pBs9.6, its subclones and the PCR-amplified fragments, was used to construct a 

contiguous sequence for the entire Fugu NOSl gene. Solid black boxes represent exons 

which are numbered according to the exons of the human NOS 1 gene.
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Table 3.1 shows the percentage nucleotide identity, predicted amino acid identity and 

similarity of the individual Fugu NOSl exons to their human NOSl counterparts, as 

predicted by the GAP algorithm of Needleman and Wunsch (1970). Exon 2 shows 

limited sequence similarity of 33%, this is also the case for exon 3 at both the nucleotide 

and amino acid level. Exon 2 of human NOS 1 contains a sequence motif for a discs- 

large homologous region (DHR), also known as ‘GLGF repeat’ or ‘PDZ domain’, which 

spans the amino acid residues 18-97  and is responsible for protein: protein interactions 

(Hendricks, 1995). PDZ domains are typically 80 - 100 amino acids long and proteins 

that have PDZ domains are implicated in ion-channel and receptor clustering, and the 

linking of receptors and their effector enzymes (Ponting and Phillips, 1995).

In neurons, nNOS forms heterodimers with postsynaptic density-95 protein (PSD-95) by 

the interaction of their PDZ domains (Brenman et al., 1996), this is thought to couple 

nNOS to the N-methyl-D-aspartate (NMDA) receptor and therefore NO production to 

NMDA receptor activation (Dawson et a l, 1992; Huang et a l, 1994). In muscle cells, 

nNOS heterodimerizes with syntrophin via their PDZ domains, to localise nNOS to the 

dystrophin complex (Brenman et a l, 1995), this couples NO production to muscle 

contraction. The predicted amino acid sequence of Fugu NOSl exon 2 shows only 55% 

amino acid similarity to its human equivalent, but this is due in part to the differing 

lengths of these exons, the similarity between the two exons rises to 80% for the first 

125 residues and this includes the region covered by the PDZ domain.

The first four exons of Fugu NOSl are the only ones to show any difference in length as 

compared to the human NOSl sequence. Table 3.2 shows a comparison of the Fugu 

NOSl and human NOSl exons in terms of length, both nucleotide and predicted amino 

acid, and their derived features.
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Table 3.1. Comparison of Fueu and human NOSl exons by GAP alignment

Exon nucleotide identity 
(%)

amino acid similarity 
(%)

amino acid identity 
(%)

1 32.8 - -

2 57.7 65.8 54.7
3 36.9 38.5 28.2
4 65.1 74.4 67.4
5 58.2 69.4 57.1
6 77.9 91.1 85.7
7 82.6 100.0 93.3
8 77.5 93.8 91.7
9 74.3 87.2 80.9
10 83.4 91.4 84.5
11 78.4 91.2 85.3
12 82.1 93.8 92.3
13 79.1 89.3 85.7
14 75.9 93.8 91.7
15 79.0 97.1 88.6
16 61.0 75.0 70.0
17 74.4 79.5 74.4
18 78.9 94.8 93.1
19 79.1 91.5 87.2
20 56.9 85.2 74.1
21 72.2 82.8 78.1
22 75.3 78.9 75.4
23 79.1 90.9 83.3
24 69.3 82.8 75.9
25 71.3 87.5 84.4
26 75.2 85.0 77.5
27 69.2 78.5 69.2
28 83.2 95.5 84.1
29 42.5 75.0 75.0
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Table 3.2. Comparison of exon size between Fu2 u and human NOSl.

Exon
Exon Size (bp) Amino Acids

Features^Fugu Human Fugu Human

1 193 266 - - 5’ UTR
2 759 1145 231 241 5’ UTR GLGF
3 102 127 34 42
4 138 129 46 43
5 146 146 49 49
6 163 163 54 54 Haem binding
7 92 92 31 31
8 142 142 47 47
9 140 140 47 47

10 175 175 58 58
11 102 102 34 34
12 195 195 65 65
13 86 86 29 29 Ca^Vcalmodulin
14 145 145 48 48 Ca^VcalmoduIin
15 105 105 35 35
16 59 59 20 20
17 117 117 39 39
18 175 175 58 58 FMN binding
19 139 139 46 46
20 79 79 27 26
21 194 194 64 65 FAD binding
22 170 170 57 57
23 211 211 70 70 FAD binding
24 88 88 30 29
25 122 122 40 41 NADPH binding
26 149 149 50 50
27 195 195 65 65 NADPH binding
28 119 119 40 40
29 87 2150 4 4 3’ UTR

“ Features; deduced by comparison of the sequence to human neuronal nitric oxide 

synthase (Hall et al., 1994). Amino acids with interrupted codons were assigned to the 

exon containing two of the three codon nucleotides.
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The highest identity and similarity is seen between exon 7 of Fugu NOSl and human 

NOSl however, to date no function has been assigned to the residues of this exon. High 

similarity is seen for many of the exons notably, exons 6 , 13, 14, 18, 21, 23, 25 and 27. 

These exons have been assigned as binding domains for haem, calmodulin {Fugu NOSl 

residues 713 - 733), FMN (870 - 901), FAD pyrophosphate (1014 - 1026), FAD 

isoalloxizine (1159 - 1170), NADPH ribose (1234 - 1252) and NADPH adenine (1331 - 

1347) respectively (Bredt et al., 1991; Vorherr et a i, 1993; Zhang and Vogel, 1994; 

Venema et a i,  1996). In the haem domain of all known NOS sequences there is a 

cysteine residue (NOSl C415, N0S3 C l84, NOS2 C l94) whose mutation results in the 

loss of haem binding (Richards and Marietta, 1994; Chen et a i, 1994; Sari et a l, 1996), 

at the equivalent position in the predicted FNOS sequence, residue 404, is also a cysteine 

residue. In addition, in exon 5 of the FNOS predicted amino acid sequence there is 

another cysteine residue (C319) which is conserved in all known NOS sequences. The 

mutation of the equivalent cysteine residue in human eNOS (C99) to alanine was found 

to result in a large loss of BH4 binding as measured by enzyme activation (Chen et a l, 

1995), the same mutation of the corresponding residue in rat nNOS (C331) had a similar 

effect (Martasek et al, 1998). More recent work, on the crystal structure of bovine 

eNOS (Raman et al. 1998), has shown that ClOl of bovine eNOS (C99 of human 

eNOS) is part of a Zinc binding motif (C - (X)4 - C) which is also conserved in the 

predicted FNOS sequence. The two cysteine residues of the zinc binding motif co

ordinate the zinc atom which functions both to stabilise the BH4-binding site and 

facilitate recognition of stereospecific pterin. Also present in the FNOS predicted amino 

acid sequence is a region described as a dihydrofolate reductase (DHFR) homology 

fragment, in rat nNOS this fragment (residues 564 - 715) was identified as the L-arginine
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binding domain as it was found to bind the L-arginine analogue N^-nitro-L-arginine 

(NNA) (Nishimura et a l,  1995). Residues 830 to 870 of rat nNOS were identified as a 

calmodulin inhibitory sequence which is present in constitutive NOS isoforms but is 

absent from inducible isoforms (Salerno et a l, 1996), this region is present in the 

predicted FNOS sequence.

At 22,203 nucleotides long, Fugu NOSl is approximately 7.2 times smaller than human 

NOSl (>160 kb; Hall et a l, 1994), this is in line with the overall 7.5 times reduction of 

the Fugu genome (400 Mb) as compared to the human genome (3000 Mb) (Brenner et 

a l, 1993). The predicted coding sequence of Fugu NOSl is of comparable size to the 

human nNOS coding sequence, which at 4302 nucleotides translates into 1434 amino 

acids. The reduction in the size of the Fugu NOSl coding sequence can be attributed to 

the reduction in intron size as shown in Table 3.3, this is in agreement with data 

confirming that the Fugu genome is 7.5 times smaller than the human genome but has the 

same amount of coding sequence (Brenner et a l, 1993). All of the Fugu NOSl introns 

are reduced in size, except introns 4 and 7. The greatest reduction in intron size is seen 

for intron 8, which at 92 nucleotides long is 130.4 times smaller than its human 

equivalent. 80% of Fugu introns are less than 150 bp in size although there is at least 

one large intron (greater than 400 bp) present in Fugu genes (Elgar et a l, 1996). Of the 

Fugu NOSl introns, fifteen are less than 400 bp in size, with ten being less than 150 bp, 

eight are between 400 and 1000 bp and five are greater than 1000 bp. Also shown in 

Table 3.3 is the intron/exon boundary type and in all cases the boundary type is identical 

to those of human NOSl. Table 3.4 shows that the proposed intron/exon boundaries for 

Fugu NOSl conform very closely to the Mount consensus for splice junction sequences
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Table 3.3. Comparison of introns between Fusu and human NOSl.

Intron
Type a Size (bp)

Reduction'’Fugu Human Fugu Human

1 1322 >25000 > 1 9 . 0

2 II II 1177 >25000 >2 1 . 0

3 0 0 3062 2 0 0 0 0 6.5
4 0 0 2312 2 0 0 0 Î 1 . 2

5 II II 8 8 6 1800 2 . 0

6 0 0 105 800 7 . 6

7 II II 945 800 Î 1 . 2

8 0 0 92 1 2 0 0 0 130.4
9 II II 1161 2700 2.3

1 0 0 0 87 4000 47.1
1 1 0 0 77 2300 2 9 . 9

1 2 0 0 199 1400 7.0
13 II II 545 3300 6 . 1

14 0 0 978 1300 1.3
15 0 0 80 700 8 . 8

16 II II 75 5000 66.7
17 II II 395 6000 1 5 . 2

18 0 0 747 4000 5.4
19 I I 478 600 1.3
2 0 II II 1 1 1 8000 72.1
2 1 I I 116 6000 51.7
2 2 0 0 654 1 1 0 0 1.7
23 I I 386 700 1 .8

24 II II 1 1 2 1500 13.4
25 I I 91 2 0 0 0 2 2 . 0

26 0 0 159 300 1.9
27 0 0 275 2 0 0 0 7.3
2 8 II II 989 2800 2 . 8

 ̂ Intron type; 0 indicates a splice junction between codons, I indicates a splice junction 

after the first nucleotide of a codon, and II indicates a splice junction that occurs after 

the second nucleotide. Amino acids with interrupted codons were assigned to the exon 

containing two of the three codon nucleotides. '’Reduction; as compared to the length of 

corresponding introns from human NOSl (Hall et a l, 1994). T indicates an increase in 

the Fugu NOSl intron size relative to its human equivalent.

115



Table 3.4. Predicted splice junction sequences in the Fueu NOSl gene sequence.

Intron Exon 5' Donor 3' Acceptor Exon

1 CCCG GTGAGT TCTATTTCTTTTCAG AAAC
2 CCTG GTAATT CTGTTTGACTCCCAG GGGC

3 CAAG GTAAAA TTTGTGCCCTTGCAG CCTC

4 CAAG GTGAGA ATGGTTTGTTTACAG ACGC

5 AAAG GTAAGC GTAATGTGACTGCAG GTAC
6 ACAG GTGAAA GCGCTCACATTTCAG GTTT

7 TGAG GTAAAA CTTGATTTGTTGCAG GTCA

8 TGAG GTGCGA TGCTGTCGCCATTAG ATCT
9 CAAA GTGAGT TGTACCCCTTCCAAG GTAT

1 0 GGAG GTAACG CTGTTTACTGCTTAG GAGG
11 CCAG GTAAAC GTGCTTCATTCTCAG TCAT
1 2 CCAG GTGACC TCCCATATGCAAAAG CTTG
13 CCAA GTGAGC CCCCCCTCCTTGCAG AGCG
14 AAAG GTACCA TTGTCGTCTCTGTAG GTCA
15 AGAG GTATGC TGCCCGTCTCTGTAG AAAT
16 GAAA GTGAGT GTTCCGTCCCTTCAG GAGC
17 TGAG GTTAAT TGTGTCTCTGTTTAG GTTC
18 TAAG GTCGGT TTTCCTGTGACGCAG GCCG
19 AAAG GTAAAT ATGTTCTGCCAACAG CTTT
2 0 CCAA GTAAGT CACTTGTTTCTGCAG TCGT
2 1 CTGG GTGGGT CCTTCTTCCCCTCAG GTGT
2 2 CAAG GCAAGT GGCTTCCGTCCACAG GGCT
23 AGAG GTGAGG AACCATCCTTTTCAG ATGG
24 GAAG GTAAAT TTTTTTGTTTTGAAG TGCT
25 AACG GTGAGA TTTACCCCTCTGTAG GCAT
26 AAAG GTACTA CTGTCTCCTTGTCAG AAAT
27 TCGG GTACGA TACTACCTAACACAG GATG
28 ATGA GTAAGT GTCGTCTCCCCTCAG GGTG

Mount consensus for splice junction sequences

MAG GTRAGT Y (n )N Y A G G
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(Mount, 1982). In all cases except one, intron 23, the 5' donors begin with GT and all of 

the 3' acceptors terminate with AG.

3.6 Summary

A NOSl gene has been identified and cloned from the genome of the Japanese pufferfish 

Fugu rubripes by library screening and PCR amplification of genomic DNA. Fugu 

NOSl is approximately 7.2 times smaller than human NOSl, but the predicted coding 

sequence is of a comparable size to the human NOSl coding sequence, the reduction in 

the size of Fugu NOSl is due to a reduction in intronic DNA. Fugu NOSl contains 

sequences that are known to code for functional binding domains in all NOS enzymes 

including: haem, L-arginine, calmodulin, FMN, FAD and NADPH. Specific residues, 

within these domains, are known to be essential for BH4 binding and haem binding and 

have been identified in all known NOS sequences, they are conserved in the Fugu NOSl 

sequence. The calmodulin inhibitory sequence element, seen only in constitutive NOS 

enzymes, is also present in the Fugu NOS 1 sequence. Overall, Fugu NOS 1 has greatest 

similarity to the mammalian NOSl isoforms, and in particular human NOSl, which is 

evident from the presence of sequence coding for over 200 amino acids more at the N- 

terminal end, as compared to either iNOS or eNOS isoforms. Within the 200 amino 

acids is a PDZ domain, a region known only to be found in neuronal NOS isoforms. 

Fugu NOSl contains the predicted coding sequence of an enzyme which, by comparison 

to known NOS sequences, should be produced constitutively; Ca^VCaM dependent and 

able to be localised to cell-cell junctions through its PDZ domain.
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CHAPTER 4

CLONING AND SEQUENCING OF FULL-LENGTH FUGU NOSl cDNA (fNOS)
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4.1. Introduction.

T o try and isolate the full-length Fugu  NO S 1 cD N A  (/N O S), R N A  had to first be 

isolated. D ue to a lack o f m aterial available from Fugu rubripes, the pufferfish used for 

the genom ic study, ano ther Japanese pufferfish T. poecilonotus (F igure 4.1 ) was used 

instead. T hree different species o f pufferfish w ere collected from  Y oshiham a Bay, 

Iw ate-ken, Japan by Dr. Shigero Sato , o f the K itasato U niversity School o f Fisheries 

Sciences in Japan. T he pufferfish brains were rem oved and snap-frozen ready for RNIA 

isolation, they w ere then shipped over on dry ice. The three different species of 

pufferfish brain sent w ere T. pardalis, T. vermicularis and T. poecilonotus. Pufferfish 

are phylogenetically closely related species and even the freshw ater pufferfish T. 

fluvia tilis  is estim ated to have diverged from  Fugu rubripes only approxim ately 18-30 

million years ago (C rnogorac-Jurcevic et al., 1997). T. poecilonotus, or K om onfugu, 

was chosen for this study due to its even closer evolutionary position to Fugu rubripes 

(Table 4 .1). B rain was chosen as the starting  m aterial for the R N A  isolation because the 

Fugu NO S 1 gene sequence show ed m ost similarity to the hum an N O S 1 isoform , as 

described in chap ter 3, and m RN A  transcrip ts for nN OS have been detec ted  in both the 

central and peripheral nervous system .

Figure 4.1. The Japanese pufferfish T. poecilonotus.
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Table 4.1. Partial classification of the Tetraodontiformes order of fishes.

Superfamily Family Subfamily Genus Species & 
common name

Tetraodontoidea Tetraodontoidae Tetraodontinae Takifugu T. pardalis 
(Higanfugu)
T.vermicularis
(Nashifugu)
T. snyderi 
(Syosaifugu)
T. porphyreus 
(Mafugu)
T. chrysops 
(Akamefugu)
T. poecilonotus 
(Komonfugu)
T. alboplumbeus 
(Komondamashi)
T. stictonotus 
(Gomsfugu)
T. exascurus 
(Mushifugu)
T. oblongus 
(Takifugu)
T. niphobles
T. basilevskianus 
(Kouraifugu)
T. reticularis 
(Amimefugu)
T. rubripes 
(Torafugu)
T. chinensis 
(Karasu)
T. obscurus 
(Mefiigu)
T. flavidus 
(Sansaifugu)
T. bimaculatus 
(Fitatsuboshifugu)
T. pseudommus 
(Nameradanshi)
T. xanthopterus 
(Shimafugu)
T. ocellatus 
(Meganafugu)

The three species sent from Japan are highlighted in bold type along with Fugu rubripes, 

demonstrating their evolutionary positions relative to one another.
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4.2. Isolation of total RNA from Fugu brain.

Total RNA was isolated from a T. poecilonotus brain, which weighed 164 mg, as 

described in section 2.17. A 1 in 100 dilution of the total RNA isolated was made in 

DEPC-treated distilled water and the yield of total RNA estimated using ultra-violet 

spectroscopy and the following equation:

OD260nm = 1 for approximately 40 |ig/ml RNA

Fugu total RNA = 0.345 x 100 x 50
1000

= 69 jig of total RNA

where: 0.345 = ODaeonm of the sample 
100 = dilution factor 
50 = original sample volume (|xl)

1000 = 10̂  |il per ml

The OD260/OD280 ratio was calculated as 1.64.

4.3. Amplification of /NOS.

3.5 |Lig of Fugu total RNA was used to amplify double-stranded cDNA (section 2.18). 

The yield of experimental double-stranded cDNA generated was estimated as being half 

that of the double-stranded cDNA made from the positive control human placental RNA. 

Figure 4.2 shows the agarose gel electrophoresis of 1/5^ of the reaction volume of each 

sample which was used to estimate yield. Once adaptor-ligated, the double-stranded 

cDNA was diluted according to its estimated yield. Positive control, adaptor-ligated and 

double-stranded cDNA was diluted 1 in 250, the Fugu adaptor-ligated double-stranded
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Figure 4.2. Amplification of F u g u  brain double-stranded cDNA. D ouble-stranded 

cD N A  was am plified from  3.5|ag o f total R N A  isolated from  the brain o f the pufferfish T. 

poecilonotus. 1/5'^ o f the double-stranded cD N A  was e lec trophoresed  through an 

ethidium  brom ide-stained agarose gel and photographed  under U .V . light. T he yield of 

the F ugu  cD N A  was estim ated to be half that o f the positive contro l cD N A . M olecular 

size m arkers are indicated.
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cDNA was therefore diluted 1 in 125. 5' and 3' RACE-PCR was performed using 

adaptor primers and gene specific primers designed against the Fugu NOSl gene 

sequence (section 2.18). 1/10^ of the RACE-PCR reactions were electrophoresed on an 

agarose gel (section 2.7) as shown in figure 4.3A. Nested RACE-PCR was performed 

on 5 p.1 of the primary RACE-PCR product which had been diluted 1 in 250 with TE 

buffer (section 2.18). Again, 1/10^ of the reaction volume for each sample was analysed 

by agarose gel electrophoresis (section 2.7) as shown in figure 4.3B. The original and 

nested RACE-PCR products were gel purified (section 2.9), ligated (section 2.11) and 

transformed into TOP 10 E. coli (section 2.13). Colony PCR (section 2.14) was 

performed to identify colonies containing plasmids with inserts. Plasmid DNA was 

isolated (section 2.5) and inserts sequenced using T7, T3, M13 forward and reverse 

primers, this was followed by sequencing with specific primers (section 2.16). The 5' 

RACE sequence data revealed the presence of 260 nucleotides upstream of the predicted 

ATG, these corresponded to 193 nucleotides of exon 1 and 67 nucleotides from exon 2 

(appendix, figure A.2). The 3' RACE sequence data revealed the presence of 71 

nucleotides downstream of the proposed stop codon TAG, also seen in exon 29 of the 

Fugu NOSl sequence (appendix, figure A.2). The 5' and 3' RACE sequence was used 

to design primers for the amplification of full-length Fugu NOS 1 cDNA (/NOS) which is 

shown in figure 4.3C. The primers designed were engineered to contain Not\ restriction 

endonuclease sites so that these sites would be incorporated at either end the full-length 

cDNA. Sequencing demonstrated that there was no Not\ site present in the predicted 

coding sequence of Fugu NOSl making it suitable for the cloning of full-length/NOS 

into the multiple cloning site of the baculovirus expression vector. Full-length /NOS was
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Figure 4.3. Amplification of full-length /NOS cDNA. (A), Primary 5' and 3' RACE- 

PCR was performed on double-stranded Fugu cDNA. 1/10* of each RACE-PCR 

reaction was electrophoresed through an ethidium bromide-stained agarose gel and 

photographed under U.V. light. (B), Nested 5' and 3' RACE-PCR was performed on 

5)il of a 1 in 250 dilution of each respective primary RACE-PCR product. 1/10* of the 

nested RACE-PCR products were separated through an ethidium bromide-stained 

agarose gel and photographed under U.V. light. (C), Full-length /NOS was amplified by 

PCR with primers designed from sequence information obtained from the 5' and 3' 

RACE-PCR products. 1/10* of the PCR product was electrophoresed through an 

ethidium bromide-stained agarose gel and photographed under U.V. light. Molecular 

size markers are indicated.
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digested with Notl (section 2.6) and ligated into vector pVL1393 (section 2.10) to 

produce pVL/NOS, as illustrated in figure 4.4. Transformation into subcloning 

efficiency DH5a E. coli (section 2.12) was followed by colony PCR to identify colonies 

containing pVL/NOS (section 2.14) and plasmid DNA was isolated from those colonies 

(section 2.5). The orientation of inserts was checked with diagnostic digests (section 

2.6). Figure 4.5 shows the correct orientation of one insert.

4.4. Sequence analysis of /NOS.

Sequencing of full-length /NOS coding cDNA sequence was achieved using primers 

designed from the Fugu NOSl gene sequence (appendix, table A.l). Including the stop 

codon, /NOS was found to be 4257 nucleotides long. When translated and analysed 

using the PEPTIDESORT programme in the Wisconsin Package Version 10.0, Genetics 

Computer Group (GCG), Madison, Wisconsin, the /NOS sequence gives rise to a 

predicted protein (FNOS) of 1419 amino acids with a molecular weight of 159.7kDa. 

The complete sequence of /NOS and the predicted amino acid sequence of FNOS are 

shown in the appendix (figure A.2).

4.5. Comparative analysis of /NOS.

BLASTN analysis of the /NOS nucleotide and jFNOS predicted amino acid sequences 

confirmed greatest similarity to the vertebrate NOSl isoforms. Table 4.2 shows the 

percentage similarity and identity of /NOS and FNOS, to the complete sequences of 

other known NOS isoforms, as calculated by GAP alignment to each individual
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Ampicillin

ColEl
origin

Recombination
Sequence

full-length Fugu NOS cDNA (/NOS) 
(4257 bp)

pVL1393 
9.6 kb

Recombination
Sequence

Polyhedrin 
MCS promoter

pVL/NOS 
13.9 kb

Polyhedrin promoter 

Notl

Notl
4257 bp /NOS insert

Figure 4.4. Cloning of /NOS into the plasmid vector pVL1393 to create pVL/NOS.

Full-length F ugu  N O S l cD N A  (/N O S) was d igested  w ith the restric tion endonuclease 

N otl and cloned into the N o tl site o f the baculovirus expression vec to r pV L 1393 to 

create pV L /N O S .
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Figure 4.5. Orientation of the /NOS fragment in pVL/NOS. D N A  was digested 

with E coR l, X ba l, P stl, B am H l and B g ll, separated  through an ethidium  brom ide- 

stained agarose gel and photographed  under U .V . light. M olecular size m arkers are 

indicated. T he approxim ate sizes o f the restriction fragm ents obtained w ere com pared to 

the sizes predicted  for a correctly o rien ta ted  fragm ent (calculated from the m apping of 

sequence data  obtained for the /N O S  cD N A  sequence). T he /N O S  fragm ent show n was 

correctly  orientated.

128



sequence. All of the nNOS isoforms, including the Xenopus laevis sequence, have very 

high percentage similarities and identities to the predicted FNOS sequence. Human 

nNOS has the highest amino acid similarity (82%) and identity (75%). Lower amino 

acid similarity is seen between FNOS and the endothelial and inducible isoforms, 

dropping to between 61 - 66%, and also to the reported invertebrate NOS sequences.

Table 4.2. Sequence comparisons of the /NOS nucleotide and predicted FNOS 
amino acid sequence to other known NOS isoforms using the GAP alignment 
programme.

Species and Isoform
Nucleotide 
Identity (%)

Amino Acid 
Similarity (%)

Amino Acid 
Identity (%)

Human, neuronal 72 82 75
Rabbit, neuronal 73 81 75
Mouse, neuronal 72 82 74
Rat, neuronal 72 81 74
Xenopus laevis, neuronal 68 82 74
Human, endothelial 62 66 58
Mouse, endothelial 61 66 58
Bovine, endothelial 62 66 58
Porcine, endothelial 62 65 58
Rat, inducible 59 62 54
Human, inducible 62 61 54
Mouse, inducible 59 62 54
C. carpio, inducible 57 61 52
R. prolixus 54 60 52
L  stagnalis, neuronal 50 60 50
A. stephensis 53 58 48
D. melangoster, neuronal 52 56 47

CLUSTAL W (1.74) alignment of FNOS (Thompson et al., 1994), with the amino acid 

sequences of other NOS isoforms (appendix, figure A.3), was followed by phylogenetic 

analysis using the PIE programme available through the MRC HGMP Resource Centre, 

the results of this analysis are shown in figure 4.6. Again this analysis confirmed the 

status of FNOS as being most like an nNOS isoform. Figure 4.7 shows the GAP 

alignment of the predicted FNOS amino acid sequence to human nNOS and marks the
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Figure 4.6. Phylogenetic comparison of FNOS with other known NOS isoforms.

Full-length NOS amino acid sequences were aligned using the CLUSTAL W (1.74) 

multiple sequence alignment programme and a phylogenetic tree constructed by the 

PROPARS programme (available through the Phylogeny Interface Environment (PIE) at 

http://www.hgmp.mrc.ac.uk/RegisteredAVebapp/pie/) with 1000 bootstrap replications. 

Where anonos = Anopheles stephensi NOS (Luckhart et a l, 1998; accession number 

AF053344), bovnos3 = bovine eNOS (Lamas et al., 1992; accession number M89952), 

ccnos = Cyprinus carpio iNOS (Saeij et al., 1999; accession number AJ242906), dnos = 

Drosophila melangoster nNOS (Regulski and Tully, 1995; accession number U25117), 

humnosl = human nNOS (Hall et al., 1994; accession number U17327), humnos2 = 

human iNOS (Geller et al., 1993; L09210), humnos3 = human eNOS (Janssens et al., 

1992; accession number M93718), Lymnos = Lymnaea stagnalis nNOS (Korneev et al., 

1998; AFO12531), musnosl = murine nNOS (Ogura et al., 1993; accession number 

D14552), musnos2 = murine iNOS (Kone et al., 1995; accession number U43428), 

musnos3 = murine eNOS (Gnanapandithen et al., 1996; U53142), orynosl = rabbit 

nNOS (Jeong and Yim, 1997; accession number U91584), ratnosl = rat nNOS (Magee 

et al., 1996; accession number U67309), ratnos2 = rat iNOS (Kosuga et al., 1994; 

accession number D44591), rpnos = Rhodnius prolixus NOS (Yuda, 1996; accession 

number U59389), susnos3 = porcine eNOS (Zhang et al., 1996; accession number 

U59924), xennos = Xenopus laevis nNOS (Sheinker et al., 1998; accession number 

AF053935).

http://www.hgmp.mrc.ac.uk/RegisteredAVebapp/pie/
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________________________________________ PDZ domain______________________________________
nN O S  MEDHMFGVQQIQPNVISVRLFKRKVGGLGFLVKERVSKPPVIISDLIRGGAAEQSGLIQAGDIILAVNGRPLVDLSYDSALEVLRGIASETHWLILRGP 1 0 0

| : =  I : | l | : | l l l l l l l l l l l l l l l l l  = l l l l l l l | : | | : | | | | | | | =  I h l  l l h l l l l  = l l l l l h  l l l - h  :  M  l l l l l l l
FNO S MQESEPSVCLLQPNIISVRLFKRKVGGLGFLVKQRVSKPPVIVSDIIRGGAAEECGLVQVGDIVLAVNNKSLVDLSYERALEMLKNVLPESHAVLILRGP 1 0 0

nN O S EGFTTHLETTFTGDGTPKTIRVTQPLGPPTKAVDLSHQPPAGKEQPLAVDGASGPGNGPQHAYDDGQ. . . . EAG SLPH ANG LA PRPPG Q DP. .AKKATRV 1 9 4

l l l l l l l l l l  - I I I  : | : | | | - | :  I - h  :  I I  I I I I  I = I I I I  I I I I  •'  I
ENOS E G F T T H L E T T ISG D G R Q R T V R V T R PIFP A SK SY E ........................N C S P L . . .G P F G P G . . . Q Q V NK ESQ LRA IENLSSPLQ K G SV . . . QAQDPLLLRDGGRG 1 8 3

nN O S SLQGRGENNELLKEIEPVLSLLTSGSRGVKGGAPAKAEM KDM GIQVDRDLDGKSHKPLPLGVENDRVFNDLW GKGNVPW LNNPYSEKEQPPTSGKQSPT 2 9 4

I : | l l | : | | | | | | |  | .  .  :  :  I : |  | | |  .  :  .  :  |  |  :  |  |  |  I •  :  : - l l  :  I I I
FNO S LCNGLEDNNELM KEIEPVLRLVKNSKKEINGEGQRHVGRRDAEIQV. . . . TW GAGVGIDTSLQLDSCKNKMPEK. .E P G V P Q N . . AD NDK PPA EARTSPT 2 7 5  

nN O S K . . .NG SPSK CPRFLKVKNW ETEW LTDTLH LK STLETG CTEYICM G SIM H PSQH ARRPEDVRTKG Q LFPLAK EFIDQYYSSIK RFGSKAHM ERLEEVNK  3 9 1

I l l l l l l l l l l l h l l l l l  :  n i l  I I  I I : |  I h l  h  I l h i h I M  : |  I I  :  I I I I I M  I I I :  I I I I I =11111 I
FNO S KSLQNGSPSKCPRFLKIKNW ETGAIQNDTLHNSSTKTPM CPENVCYGSLM M PNLHARKPEEVRSKEELLKLATDFIDQYYTSIKRYGSKAHTDRLEEVTK 3 7 5

H a em  a x i a l  l i g e u i d  c y s t e i n e
nN O S EIDTTSTYQLKDTELIYGAKHAW RNASRCVGRIQW SKLQVFDARDCTTAHGM FNYICNHVKYATNKGNLRSAITIFPQRTDGKHDFRVW NSQLIRYAGYK 4 9 1

I h  I l l l l l l l l l l l l l l l l l l l l - I I I I I I I I I I I I I I I I I I I I I U I h l l l l l h l l M I I I I I I I I I I I I I  l l l l l l l l l l l l l l l l l l l l l l
FNO S EIEATGTYQLKDTELIYGAKHAW RNAARCVGRIQW SKLQVFDARDCTTAHGM YNYICNHIKYATNKGNLRSAITIFPPRTDGKHDFRVW NSQLIRYAGYK 4 7 5  

nN O S Q PDGSTLGDPANVQ FTEICIQ QG W K PPRG RFDVLPLLLQ ANGNDPELFQ IPPELVLEVPIRHPK FEW FK DLG LKW YGLPAVSNM LLEIGG LEFSACPFSG  5 9 1

n i l  I I  n i l  n i l  I I  h i  i n  h i i i i i i i i i i i i n n n  n i l  = 1 1 1 1 1 1 1  1 1 1  = 1 1 1 1  = 1 i i i i  i i i i i i h i i i i i i i h i i n n
FNO S QPDGQILGDPANVEFTEICM QLGW KAPKGRFDVLPLLLQANGNDPEQFEIPEDLVLEVPIIHPKYEW FKELALKW YALPAVSNM M LEIGGLEFTACPFSG 5 7 5  

nN O S W YMGTEIGVRDYCDNSRYNILEEVAKKMNLDM RKTSSLW KDQALVEINIAVLYSFQSDKVTIVDHHSATESFIKHMENEYRCRGGCPADW VW IVPPM SGS 6 9 1

i i i i i i i i i i h i i  i i i h i i i i i  I I  I I  i i i i i i i i i i i i i h i i i i h i i i i  n i n n i i i i i i h i i i i i i i i  i n n  n n n n n n
FNO S WYMGTEIGVRDFCDTSRYNMLEEVANKMGLDTRKTSSLWKDQALVEVNIAVLHSFQSCKVTIVDHHSATESFMKHMENEYRVRGGCPGDWVWIVPPMSGS 6 7 5

___________________CaM___________________
nN O S ITPVFHQEM LNYRLTPSFEYQPDPW NTHVW KGTNGTPTKRRAIGFKKLAEAVKFSAKLMGQAMAKRVKATILYATETGKSQAYAKTLCEIFKHAFDAKVM 7 9 1

l l l l l l l l l l l l l l l l h l l l  l l h l l l l l l  l l l l l h l l l l l l l l h l l l l l l l l l l  l l l l l l l l l l h l l l l l l l l  l l l l l l l l l l l l l l  I I I
FNO S ITPVFHQEMLNYRLTPSYEYQLDPWHTHVWKGVNGTPTKKRAIGFKKIiAKAVKFSAKLMGHAMAKRVKATILFATETGKSQDYAKTLCEIFKHAFDPKVM 7 7 5



nN O S SM EEYD IVH LEH ETLVLW TSTFGNGDPPENG EK FG CALM EM RH PNSVQ EERKSYK VRFNSVSSYSDSQ K SSGDGPDLRDNFESAGPLANVRFSVTGLG S 8 9 1

l | : : | | : |  I I I I I I I I I I I I I I I I I I I I I I I I I I I l l l l l l  I I h  I I I I I I I I I I I I I :  I I • •  I I I I I I  = - I I I  I I I I I I I I I I I I I I I
FNO S SM D D YDW D LEH ETL VLW TSTFG NG DPPEN G EK FG A ALM EM R EPTSNTED RK SYK VR FN SVSSH SD TRK SSSDEPDA K IH FESTG PLANV RFSVFG LG S 8 7 5  

_______ FMN____________
nN O S RAYPHFCAFGHAVDTLLEELGGERILKM REGDELCGQEEAFRTW AKKVFKAACDVFCVGDDVNIEKANNSLISNDRSW KRNKFRLTFVAEAPELTQGLSN 9 9 1

l l l l l l l l l  l l l l l l  l l l l l l l l h l  l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l h l l l l l l :  I I I I  I I -  I
FNO S RAYPHFCAFAHAVDTLFEELGGERILRM GEGDELCGQEEAFRTW AKKVFKAACDVFCVGDDVNIEKANNSLISNDRSW KKNKFRLTYTAEAPSLTKALYG 9 7 5

FAD-PPi___
nN O S VHKKRVSAARLLSRQNLQSPKSSRSTIFVRLHTNGSQELQYQPGDHLGVFPGNHEDLVNALIERLEDAPPVNQM VKVELLEERNTALGVISNW TDELRLP 1 0 9 1

l l l | : |  l | : : |  I I I I I I I I -  I I I I I I I I I I •  I -  I I I I I I :  I I I I I I I I I -  I I I : :  I I I I I I I I I •  I I I I I I I I I I I I I I I I I I I •  I l - l
FNO S VH K KK VH AAKM LDSQNLQSPK SNRSTILVRLDTNNQ DSLK YK PGDHLG IFPGNHEDLVSALIDKLEDAPPVNQ IVK VEFLEERNTALG VISNW TNETRVP

 FAD-ISO__
nN O S PCTIFQ AFK Y YLDITTPPTPLQ LQ Q FA SLA TSEK EK Q R LLVLSK G LQ E YEEW K W G K NPTIV EVLEEFPSIQ M PATL LLTQ LSLLQ PR YYSISSSPDM YPD 1 1 9 1

I I I I  I I I -  I :  I I I I I I I •  I •  I I I I I -  I I I -  I I I I -  :  I l l l l l l l l l l l l l l  I I I :  I I I I I I I I I I I I I •  I I I I -  I I I I I I I I I I I I I I I I :  I
FNOS PC T IN Q A FQ YFLDITTPPSPVLL Q Q FA ALA TNEK EK R K LEV LSK G LQ EY EEW K W Y NNPTLVE VLEEFPSIQ M PSTLLL SQ LPLLQ PRYY SISSSPD LH PG  1 1 7 5

NADPH-Ribose____
nN O S EVHLTVAIVSYRTRDGEGPIHHGVCSSW LNRIQADELVPCFVRGAPSFHLPRNPQVPCILVGPGTGIAPFRSFW QQRQFDIQHKGM NPCPM VLVFGCRQS 1 2 9 1

h l l l l h l l l l l l l l  I 1 1 1 1 1 1 1 1 1 1 - 1 1 =  h l l l l l l  I I I I  I h l  I l l l l l l l l l l l l l l l l l l l l l  : | : : |  I -  l l h l l l l l l l l
FNO S E IH LTV AW SY RTRD G A G SIH H G VC SSW LSRIEK G EM VPCFVRSAPSFQ L PK NNQ TPCILVG PG TG IAPFRSFW Q Q R LYDLEH NG IESCPM ILVFG C RQ S 1 2 7 5

NADPH-Ade____
nN O S KIDHIYREETLQAKNKGVFRELYTAYSREPDKPKKYVQDILQEQLAESVYRALKEQGGHIYVCGDVTM AADVLKAIQRIM TQQGKLSAEDAGVFISRM RD 1 3 9 1

- M i l l  l l h l l l l l  I h l l l l l l l l l l  l l l l l l l l  l - l l l - l  I I -  h h l l l l l l l l l l l l l  I I I I  = 1 - 1 -  h i  = 1  h l h l l h  = l l
FNO S EIDHIYNEETIQAKNKNVFKELYTAYSREPGKPKKYVQDALREQLSERVYQCLREEGGHIYVCGDVTM AGDVLKNVQQIIKQEGNM SLEEAGLFISKLRD 1 3 7 5  

nN O S D N R Y H E D IFG V T L R T Y E V T N R L R SE SIA F IE E SK K D T D E V F SS* 1 4 3 4

: | | l l l l l l l l l l l l l l l l l h l l l l l h l l h l l h l l l l  I
FNOS E N R Y H E D IF G V T L R T Y E V T N R IR SE SIA Y IE E N K K D SD E V F C S* 1 4 1 9

Figure 4.7. Alignment of the Fugu NOSl predicted amino acid sequence (FNOS)with human nNOS. Domains are highlighted in bold 
and underlined. I represents identical amino acids and : represents a conservative substitution.



positions of binding domains, previously identified in the neuronal isoform, which as 

discussed previously in chapter 3, appear to be conserved in the FNOS sequence. 

Interestingly, the invertebrate DNOS amino acid sequence shows 47% identity to FNOS 

and between 46% and 48% identity to the human NOS isoforms, as measured by 

CLUSTALW alignment The identity shared by FNOS and human NOS 1 is much higher 

than this and would suggest that while the ancestral DNOS has common core sequences 

the sequences of the vertebrate NOS isoforms have evolved to become more specialised. 

Figure 4.8 shows the GAP alignment of the two FNOS amino acid sequences as 

predicted from the genomic and cDNA nucleotide sequence data. In total, 27 nucleotide 

changes are present between the Fugu rubripes, Fugu NOSl gene sequence and the F. 

poecilonotus, cDNA sequence (appendix, figure A.4). Of the nucleotide changes, 

19 are silent, with no effect on the predicted amino acid composition of FNOS, whereas 

8 result in amino acid differences. Sequencing of multiple isolates of the full-length 

/NOS cDNA, and the Fugu NOSl gene, was performed to ensure no PCR errors had 

been introduced, for the same reason a proof-reading Taq polymerase was used for all 

PCR amplifications. The predicted amino acid sequences are 99.4% identical and the 

0.6% difference most likely represents a species difference for this sequence.

4.6. Summary.

A full-length Fugu NOSl cDNA (/NOS) was isolated from the total brain RNA of the 

Japanese pufferfish T. poecilonotus and cloned into the plasmid vector pVL1393. 

Sequencing of multiple isolate of/NOS verified the Fugu NOSl gene structure discussed 

in chapter 3 and revealed a species difference for this sequence between the two 

Japanese pufferfish T. poecilonotus and Fugu rubripes. GAP alignment and 

phylogenetic analysis of /NOS sequence also verified the identification of the Fugu 

NOSl gene and/NOS as neuronal NOS isoforms.
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1 M Q E SE PSV C L L Q PN IISV R L FK R K V G G L G FL V K Q R V SK PPV IV SD IIR G G  5 0

M M M M M M M M M M M M M M M M I M M M M M M I M M
1 M Q E SE PSV C L L Q PN IISV R L FK R K V G G L G FL V K Q R V SK PPV IV SD IIR G G  5 0  

5 1  AAEECG LVQ VG DIVLAVNNK SLVDLSYERALEM LK NVLPESHAVLILRGP 1 0 0

M I I M I M I I M I I I I I I M I I M I I I M I M M M M M M I M M M
5 1  AAEECG LVQ VG DIVLAVNNK SLVDLSYERALEM LK NVLPESHAVLILRGP 1 0 0  

1 0 1  E G FTTH LETTISG DG RQ RTVR VTR PIFPASK SYENC SPLG PFG PG Q Q VN K  1 5 0

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M I I I I I I I
1 0 1  EG FTTH LETTISG DG RQ RTVR VTR PIFPASK SYENC SPLG PFG PG Q Q VN K  1 5 0  

1 5 1  ESQ LR AIENLSSPLQ K GSVQ AQ DPLLLRDG G RG LCNG LEDNNELM K EIEP 2 0 0

l l l l l l l i l l l l l l l l l l l l  l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
1 5 1  ESQ LR AIENLSSPLQ K GSVQ VQ DPLLLRDG G RG LCNG LEDNNELM K EIEP 2 0 0  

2 0 1  VLRLVKNSKKEINGEGQRHVGRRDAEIQVTW GAGVGIDTSLQLDSCKNKM  2 5 0

• l l l h l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l
2 0 1  VLRLIKNSKKEINGEGQRHVGRRDAEIQVTW GAGVGIDTSLQLDSCKNKM  2 5 0  

2 5 1  PEKEPG VPQNADNDK PPAEARTSPTK SLQ NG SPSK CPRFLK IK NW ETG AI 3 0 0

l l l l l l l l l l l l l l l l l l l i l l M I I M I I I I I I I I M I I I I I I M I I I :
2 5 1  PEKEPG VPQNADNDK PPAEARTSPTK SLQ NG SPSK CPRFLK IK NW ETG AV 3 0 0  

3 0 1  QNDTLHNSSTKTPM CPENVCYGSLM M PNLHARKPEEVRSKEELLKLATDF 3 5 0

I I I I I M I I I I I I I I I I I I I I M M I I I I i l l l l l l l l l l l l l l l l l l l l
3 0 1  QNDTLHNSSTKTPM CPENVCYGSLM M PNLHARKPEEVRSKEELLKLATDF 3 5 0  

3 5 1  IDQYYTSIKRYGSKAHTDRLEEVTKEIEATGTYQLKDTELIYGAKHAW RN 4 0 0

I I I I I I I I I I I I I M I I I I I I I I I I I I I M I I I I I I I I I I I I I I I I I I I I
3 5 1  IDQYYTSIKRYGSKAHTDRLEEVTKEIEATGTYQLKDTELIYGAKHAW RN 4 0 0  

4 0 1  AARCVGRIQW SKLQVFDARDCTTAHGM YNYICNHIKYATNKGNLRSAITI 4 5 0

M M M I I M M M M I I M M M I I I I M I M I M M M M M I M M
4 0 1  AARCVGRIQW SKLRVFDARDCTTAHGM YNYICNHIKYATNKGNLRSAITI 4 5 0  

4 5 1  FPPRTDGKHDFRVW NSQLIRYAGYKQPDGQILGDPANVEFTEICM QLGW K 5 0 0

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M I I I I
4 5 1  FPPRTDGKHDFRVW NSQLIRYAGYKQPDGQILGDPANVEFTEICIQLGW K 5 0 0  

5 0 1  APK GRFDVLPLLLQANG NDPEQ FEIPEDLVLEVPIIH PK YEW FK ELALK W  5 5 0

l l l l l l l l l l l l l l l l l l l l l  l l l l l l l l l l l l l l l l l l l l l l l l l l l l
5 0 1  APK GR FD VLPLLLQ A NG NDPELFEIPEDLV LEVPIIH PK Y EW FK ELALK W  5 5 0  

5 5 1  YALPAVSNM M LEIGGLEFTACPFSGW YM GTEIGVRDFCDTSRYNM LEEVA 6 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
5 5 1  YALPAVSNM M LEIGGLEFTACPFSGW YM GTEIGVRDFCDTSRYNM LEEVA 6 0 0

Figure 4.8. Alignment of the predicted FNOS amino acid sequences from genomic 

and cDNA sequence data. Genomic sequence data from Fugu rubripes and cDNA 

sequence data from T. poecilonotus were translated into predicted amino acid sequences 

and aligned using the GAP alignment programme. Amino acid sequence differences are 

highlighted in bold type.
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6 0 1  NKM GLDTRKTSSLW KDQALVEVNIAVLHSFQSCKVTIVDHHSATESFM KH 6 5 0

M I M M I M M I M M I M M I M M I I M M I M M I M M I I I M M
6 0 1  NKM GLDTRKTSSLW KDQALVEVNIAVLHSFQSCKVTIVDHHSATESFM KH 6 5 0  

6 5 1  MENEYRVRGGCPGDW VW IVPPMSGSITPVFHQEMLNYRLTPSYEYQLDPW  7 0 0

M M I I M I I I I I M I I M I I M I I I M I M I M I M M M M M I M M
6 5 1  MENEYRVRGGCPGDW VW IVPPMSGSITPVFHQEMLNYRLTPSYEYQLDPW  7 0 0  

7 0 1  HTHVWKGVNGTPTKKRAIGFKKLAKAVKFSAKLMGHAMAKRVKATILFAT 7 5 0

M I M M M I I I M I I M I I M I M I I I I I M M M M M M M M M M
7 0 1  HTHVWKGVNGTPTKKRAIGFKKLAKAVKFSAKLMGHAMAKRVKATILFAT 7 5 0  

7 5 1  ETG K SQ DYA K TLC EIFK H AFDPK VM SM D DYD W DLEH ETLVLW TSTFG N 8 0 0

M l l l l l i l M M I I M I M M I M M I I I M I I M M M M M M M M
7 5 1  ETG KSQ DYA K TLC EIFK H AFDPK VM SM D DYD W DLEH ETLVLW TSTFG N 8 0 0  

8 0 1  G DPPENGEK FGAALM EM REPTSNTEDRKSYK VRFNSVSSH SDTRK SSSDE 8 5 0

l l l l l l l l l l l l l l l l l l l l l l l  l l l l l l l l l l l l l l l l l l l l l l l l l l
8 0 1  GDPPENGEK FGAALM EM REPTSNAEDRK SYK VRFNSVSSH SDTRK SSSDE 8 5 0  

8 5 1  PD A K IH FESTG PLA NVR FSVFG L G SRAY PH FCAFAH AVD TLFE ELG G ERI 9 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
8 5 1  PDAK IH FESTG PLA NVR FSVFG L G SRAY PH FCAFAH AVD TLFE ELG G ERI 9 0 0  

9 0 1  LRMGEGDELCGQEEAFRTW AKKVFKAACDVFCVGDDVNIEKANNSLISND 9 5 0

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
9 0 1  LRMGEGDELCGQEEAFRTW AKKVFKAACDVFCVGDDVNIEKANNSLISND 9 5 0  

9 5 1  RSW KKNKFRLTYTAEAPSLTKALYGVHKKKVHAAKMLDSQNLQSPKSNRS 1 0 0 0

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M I I I
9 5 1  RSW KKNKFRLTYTAEAPSLTKALYGVHKKKVHAAKMLDSQNLQSPKSNRS 1 0 0 0  

1 0 0 1  TILV R LD T N N Q D SLK Y K PG D H LG IFPG N H ED LV SA LID K LED A PPV N Q IV  1 0 5 0

I I I I I I I I I I I I I I I I I I I I I I I I M I I I I I I I I I I I I I I I I I I I I I I M
1 0 0 1  TILV RLDT NN Q D SL K Y K PG D H L G IFPG N H E D L V SA L ID K L E D A PPV N Q IV  1 0 5 0  

1 0 5 1  K V E FL E E R N T A L G V ISN W T N E T R V PPC T IN Q A FQ Y FL D IT T PPSPV L L Q Q  1 1 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
1 0 5 1  K V E FL E E R N T A L G V ISN W T N E T R V PPC T IN Q A FQ Y FL D IT T PPSPV L L Q Q  1 1 0 0  

1 1 0 1  FAALATNEKEKRKLEVLSKGLQEYEEW KW YNNPTLVEVLEEFPSIQM PST 1 1 5 0

l l l l l l l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l l l l l
1 1 0 1  FAALATNEKEKRKLEVLSKGLQEYEEW KW YNNPTLVEVLEEFPSIQM PST 1 1 5 0  

1 1 5 1  L L L SQ L P L L Q PR Y Y SISSSP D L H P G E IH L T V A W SY R T R D G A G SIH H G V C  1 2 0 0

l l l l i l l l l l l l i l l l l l l l l l l l l l l l l M l l l l i l l l l l l l l l l l l l l
1 1 5 1  L L L SQ L P L L Q PR Y Y SISSSP D L H P G E IH L T V A W SY R T R D G A G SIH H G V C  1 2 0 0  

1 2 0 1  SSW LSR IEK G EM VPCFVR SAPSFQ LPK NN Q TPCILVG PG TG IA PFRSFW Q  1 2 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
1 2 0 1  SSW LSR IEK G EM VPCFVR SAPSFQ LPK NN Q TPCILVG PG TG IA PFRSFW Q  1 2 5 0  

1 2 5 1  Q R LY D LEH N G IESC PM ILV FG C R Q SEID H IY N EETIQ A K N K N V FK ELY TA  1 3 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  l l l l l l l l l l l l l  I I I I
1 2 5 1  Q RLYD LEH N G IESC PM ILV FG CR Q SEIDH IY K EE TIQ AK NK NVFK G LY TA 1 3 0 0

Figure 4.8. continued.
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1 3 0 1  YSREPGKPKKYVQDALREQLSERVYQCLREEGGHIYVCGDVTMAGDVLKN 1 3  5 0

l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
1 3 0 1  YSREPGKPKKYVQDALREQLSERVYQCLREEGGHIYVCGDVTMAGDVLKN 1 3 5 0  

1 3 5 1  V Q Q IIK Q E G N M SL E E A G L FISK L R D E N R Y H E D IFG V T L R T Y E V T N R IR SE  1 4 0 0

I I I I I I I I I I I I I I I I I M I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
1 3  5 1  V Q Q IIK Q E G N M SL E E A G L FISK L R D E N R Y H E D IFG V T L R T Y E V T N R IR SE  1 4 0 0  

1 4 0 1  SIA Y IE E N K K D SD E V F C S* 1 4 1 9

l l l l l l l l l l l l l l l l l l l
1 4 0 1  SIA Y IE E N K K D SD E V F C S* 1 4 1 9

Figure 4.8. continued.
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CHAPTER 5

EXPRESSION AND ACTIVITY OF RECOMBINANT FUGU NOS (FNOS)
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5.1. Introduction.

For the purpose of biochemical characterisation, the Fugu NOS enzyme (FNOS) was 

expressed in a baculovirus-insect cell system. This was the system of choice because 

recombinant proteins are processed, modified, targeted and generally expressed at a 

higher level than in other eukaryotic expression systems. Also, the expression of 

mammalian NOS enzymes has been well established in this system (Charles et a l, 1993; 

Moss et al., 1995; Riveros-Moreno et al., 1995, Charles et al., 1996). The baculovirus 

used for this study was the Autographa califomica Nuclear Polyhedrosis Virus 

(AcNPV). AcNPV infects lepidopteran species including the fall army worm Spodoptera 

frugiperda. In most cases, clone 21 (5/21) cells are used for expression. cDNAs to be 

expressed must first be integrated into the AcNPV genome, this is not possible by direct 

cloning due to the large size of the AcNPV genome (128 kb). Instead, cDNAs are 

cloned into the multiple cloning site of plasmid-like ‘transfer-vectors’, such as pVL1393, 

which direct the in vivo homologous recombination of the cDNA into the AcNPV 

genome. pVL1393 is a transfer vector which, when integrated into the AcNPV genome, 

complements the lethal deletion of the polyhedrin gene present in the vector used for this 

study (Baculo Gold linearised baculovirus DNA; Pharmingen). Polyhedrin is a protein 

highly expressed by AcNPV in the second half of its biphasic-life cycle, it encapsulates 

mature-virus particles within the nucleus of infected cells and is essential for lateral-viral 

transmission. In tissue-culture cells, polyhedrin is not required for viral transmission and 

can therefore be deleted and replaced by heterologous proteins, in this case FNOS.
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5.2. Identification of recombinant baculovirus producing nitrite.

Recombinant baculo viruses, containing the full-length coding sequence for/NOS, were 

constructed by transfecting 5/21 cells with pVL/NOS (figure 4.4, chapter 4) and 

linearised baculovirus DNA as described in section 2.19. Four individual recombinant 

baculovirus were identified by limiting dilution plaque assay. High titre recombinant 

baculovirus stocks were generated by infecting approximately 5 x 10̂  5/21 cells with 2.5 

ml of viral supernatant, from the previous round of bulking up, for 96 hours.

In biological systems NO has a very short half life and is susceptible to oxidation (Henry 

et al., 1991; Ignarro et a l, 1993; Radi et al., 1993; Beckman et al., 1994). However, as 

a product of NO oxidation, the presence of nitrite (NO2 ) can be reliably used as an 

indication of NO synthesis. Therefore, the NO2' concentration in each of the culture 

supernatants was measured using a chemiluminescence assay (section 2.20) (Downes et 

a l, 1976). In this assay, NO2 is first reduced back to NO and measured by the light 

emitted by the gas-phase reaction of NO with ozone. This can then be used to calculate 

the amount of NO2 present in the supernatants by comparison to a NaN0 2  standard 

curve. The chemiluminescence assay demonstrated that each of the insect cell cultures 

infected with recombinant baculovirus described above were producing NO2’ in 

approximately the same quantities, clone 1 had generated -160 pM, clone 2 -1 4 5  pM, 

clone 3 - 1 7 0  pM and clone 4 - 1 6 5  pM. The presence of nitrite in the supernatants 

indicated that FNOS was being functionally expressed in the insect cells. Clone 1 was 

chosen for the further biochemical analysis of FNOS.
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5.3. Expression of FNOS.

5.3.1. Time-course of FNOS expression.

A time-course of FNOS expression after 0, 24, 48, 72 and 96 hours of infection was 

performed as described in section 2.19. SDS-PAGE and western blot analysis of the 

lysates from the time-course (Figure 5.1) revealed that highest level of FNOS expression 

was seen after 24 hours. There was no obvious FNOS expression band seen on silver 

stained SDS-PAGE gels (section 2.21 and 2.22) at the expected molecular weight of 

~159kDa. This is in contrast to the 160 kDa band visualised for recombinant rat nNOS 

expressed in the baculovirus-insect cell system (Charles et a l,  1993) but comparable to 

recombinant murine iNOS expressed in the same system (Moss et a l,  1995). At the 24 

and 48 hour time points, western analysis with a mouse anti-human nNOS monoclonal 

primary antibody and a goat anti-mouse IgG secondary antibody (section 2.23), detected 

two major expression bands of approximately the right size. At 72 and 96 hours only the 

smaller of the two bands was detected. The presence of two bands at 24 and 48 hours 

may represent the processing or degradation of FNOS in insect cells. In addition, in the 

infected cells several lower molecular weight bands were detected by western analysis, 

these may also represent breakdown products of the full-length FNOS. A common 

protein was detected at each time-point for the infected and control cells and was 

therefore considered to be non-specific.

140



Figure 5.1. SDS-PAGE and western blot analysis of time-course of FNOS protein 

production from control and pVL/NOS-infected S/21 cells. SDS-PAGE profiles (A 

& C) and corresponding western blots (B & D) of a time-course of pVL/MOS-infected 

and control S/21 cells. Cytosols were electrophoresed through 8% acrylamide gels at a 

constant current of 5 mA/cm gel length. Gels were silver stained, dried and 

photographed. Blots were performed, using an anti-nNOS primary antibody, and 

developed as described. Lane numbers indicate hours after infection. The positions of 

molecular weight markers are indicated.
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5.3.2. Antibody specificity of FNOS.

Further western blot analysis, using monoclonal and polyclonal antibodies raised against 

all three NOS isoforms, showed that detection of FNOS expressed in insect cells was 

only possible with anti-nNOS antibodies (Table 5.1) and that the monoclonal antibody 

was more sensitive than the polyclonal antibody. This data was in agreement with the 

genomic and cDNA sequence which identified the Fugu NOS gene as NOSl.

Table 5.1. Western blot detection of FNOS with anti-NOS antibodies.

Isoform monoclonal polyclonal

neuronal ++ +

inducible - -

endothelial - -

5.4. Nitric oxide synthase activity of FNOS.

The spectrophotometric method described in section 2.24 (Feelisch and Noack, 1987) 

was used to measure the conversion of oxyhaemoglobin to methaemoglobin by NO 

between the wavelengths 401 and 421 nm.
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5.4.1. Time-course of FNOS activity.

As a preliminary experiment, the activity of FNOS from 0 to 96 hours was measured 

using the spectrophotometric assay for NOS activity (section 2.24). However, as the 

time-course was not performed in arginine-free medium the absolute activity could not 

be calculated. The activity at each time point was calculated as a percentage of the 

maximum activity seen. NOS activity was absent in lysates of uninfected control cells, 

however it was seen in lysates of infected cells, with maximum activity occurring 24 

hours after infection (figure 5.2).

5.4.2. FNOS dose-response to L-arginine and inhibition.

A large-scale 24 hour infection of SJ21 cells, grown in arginine-free medium, was 

performed specifically for the accurate measurement of FNOS activity. A cytosolic 

preparation of the infected S fl l  cells was treated with Dowex AG50 anion exchange 

resin to remove any residual arginine (section 2.24). The protein concentration of the 

cytosol was calculated as ~11 mg/ml (section 2.25) and this value was used to convert all 

assay results from jil sample to mg protein. The reaction volume used for the assay was 

600 |il and each sample always contained a final concentration of 0.1 M HEPES/0.1 mM 

DTT buffer pH7.5, 100 |xM reduced NADPH, 5 pM BH4, 5 |xM oxyhaemoglobin and 4 

|iM FAD. For each reaction, 5 pi of cytosol was added.

NO synthesis was initiated by the addition of L-arginine and measured over the two 

wavelengths 401 and 421 nm using a dual wavelength spectrophotometer. Figure 5.3 

shows the FNOS arginine dose-response curve which was constructed by initiating NO
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Figure 5.2. Time-course of FNOS activity. Spectrophotometric measurement of 

FNOS activity of cytosols from pVL/NOS-infected Sf2\ cells over a 96 hour time- 

course. For this experiment, complete medium was used, therefore activities were 

calculated as a percentage of the maximum activity (24 hours) and the results are n = 1.
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Figure 5.3. L-arginine requirements of FNOS from pVL/NOS-infected S fll  cells.

Response of FNOS to increasing concentrations of L-arginine. All measurements are the 

mean of three independent observations +/- one standard error of the mean (SEM).
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synthesis with varying concentrations of L-arginine (final concentrations of 0.1 )lIM to 30 

|iM). Maximum FNOS activity was seen at a final concentration of 10 |xM L-arginine 

and a half-maximal enzyme rate was seen at a final concentration of -0.79 |iM L- 

arginine. Exogenous calmodulin (CaM) did not have to be added for FNOS activity to 

be initiated. This Ca^'^/CaM-independent behaviour is normally associated with iNOS 

and not the constitutive NOS isoforms however, the addition of 1 mM EOT A, a calcium 

chelator, completely abolished FNOS activity (data not shown). This data suggests 

FNOS is Ca^^-dependent, as is reported for the constitutive mammalian NOSs.

The effect of the addition of NOS inhibitors on NO synthesis by FNOS, in the presence 

of 30 pM L-arginine, is shown in Figure 5.4. All three inhibitors tested showed complete 

inhibition of FNOS activity at a final concentration of 300 pM. This is in contrast to the 

different concentrations of each inhibitor required to reduce FNOS enzyme activity by 

50% (IC50). L-NMMA had an IC50 of -0.63 pM, 1400W -1.53 pM and L-Thiocitrulline 

-15.3 pM.

The response of FNOS to the addition of L-arginine, and its inhibition by known NOS 

inhibitors, demonstrates that recombinant FNOS is being expressed as a functional 

enzyme and supports the result of the chemiluminescence assay which simply indicated 

the presence of NO2 (section 5.2).

5.5. Immunocytochemical detection of FNOS expressed in insect cells.

The localisation of NOS has traditionally been performed using the histochemical 

technique of NADPH-diaphorase (NADPHd) staining which relies on the electron 

transfer from NADPH to nitroblue tétrazolium (NET), by the C- terminal portion
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Figure 5.4. Inhibitor analysis of FNOS from pVL/NOS-infected S f l l  cells. Activity 

of FNOS in response to L-NMMA (filled diamonds), L-Thiocitrulline (filled squares) and 

1400W (filled triangles) in the presence of 30|xM L-Arginine. All measurements are the 

mean of three independent observations +/- one standard error of the mean (SEM). 

Dashed lines represent the IC50 value of each drug for FNOS.
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of NOS (Norris et al., 1994). The reduction of NET results in the formation of a 

insoluble purple formazan product which is characteristic of NADPHd staining. 

However, although there is good correlation between sites of NADPHd activity and 

nNOS in the CNS (Bredt et a l,  1991; Dawson et a l, 1991), the ability to reduce 

tetrazoliums is not exclusive to NOS and outside the CNS NADPHd staining is a much 

less reliable NOS marker. Immunohistochemical detection of NOS with antibody probes 

has allowed increased specificity of NOS localisation. The antibodies used are described 

in table 2.6, section 2.23. The secondary antibodies used, goat anti-mouse or anti-rabbit 

IgG, were conjugated to Alexa 488 in place of fluorescein. Alexa 488 is a green 

fluorophore with the same spectral characteristics as fluorescein but with increased 

brightness and photostability.

A time-course of infection with FNOS was set up using Sf2\ cells adhered onto 13 mm 

glass coverslips, as described in section 2.26. Cells were fixed with paraformaldehyde, 

permeabilised with Triton X-100 and non-specific protein interactions blocked with 

insect cell medium containing 10% PCS. Figure 5.5 shows the detection of FNOS in 

Sf2\ cells by the mouse anti-human nNOS monoclonal antibody. The uninfected control 

cells were negative for NOS immunofluorescence over the 96 hour time-course. NOS 

immunoreactive protein was detected in the infected S fll  cells 24 to 96 hours after 

infection but not 0 hours after infection. After 24 hours infection, when the cells still 

looked healthy and intact, NOS immunofluorescence was at a maximum and appeared to 

be distributed throughout the cytosol. By 96 hours post-infection, when there was 

membrane disruption of the cells, the localisation of the NOS immunoreactive protein 

had moved to the nucleus. The co-localisation of the green NOS immunofluorescence 

with the red propidium iodide nuclear stain accounts for appearance of the yellow
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Figure 5.5. Immunocytochemical detection of FNOS in control and pVL/NOS- 

infected S f l l  cells over a 96 hour time course. Sf21 cells were adhered to 13mm 

coverslips, fixed and permeabilised as described. FNOS staining is visualised by the 

Alexa 488 green fluorophore. Cell nuclei are stained red by propidium iodide. Numbers 

indicate the time in hours that the cells were fixed following infection
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staining. The changing localisation of FNOS, within the insect cells over time, may 

reflect the processing, modification and targeting of FNOS by the insect cells or be due 

to changes directed by the baculovirus replication within the cell.

5.6. Purification of FNOS.

To attempt to purify FNOS, a modification of the procedure originally described for the 

purification of the constitutive NOS isoforms, nNOS and eNOS (Bredt and Snyder, 

1990; Schmidt and Murad, 1991), was used. Purification of the constitutive NOSs 

requires two affinity-chromatography steps, the first using immobilised 2'5' adenosine 

diphosphate (ADP) and the second, immobilised CaM. 2'5' ADP is a structural mimic 

for nicotinamide adenine dinucleotide phosphate (NADPH), a cofactor required for NOS 

activity, and therefore elution of NOS from 2'5' ADP resin can be achieved with 

NADPH. Constitutive NOS isoforms are then bound to a CaM resin in the presence of 

calcium, which allows the formation of a tight, but reversible complex. The addition of a 

calcium chelator, in this case EOT A, subsequently allows the dissociation and elution of 

NOS.

5.6.1. Ligand affinity-chromatography of FNOS on 2'5' ADP sepharose.

FNOS was partially purified using ligand affinity-chromatography with 2'5' ADP 

sepharose as the affinity matrix (section 2.27). Figure 5.6 shows the SDS-PAGE and 

western blot analysis of the purification. Silver staining reveals the removal of many 

proteins away from FNOS, seen as flow-through in lanes 1 and 2 on figure 5.6, some of
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Figure 5.6. SDS-PAGE and western blot analysis of fractions isolated from 2'5' 

ADP sepharose chromatography of cytosol from pVL/NOS-infected S/21 cells.

Samples were electrophoresed at a constant current of 5 mA/cm gel length through 8% 

acrylamide gels. Gels were silver stained, dried and photographed (A). Blots were 

performed with an anti-nNOS primary antibody, developed as described and 

photographed (B). Lane 1: crude cytosol. Lane 2: column wash-through (fraction 1), 

Lane 3: 0.5 M NaCl eluate (fraction 5). Lanes 4-9: 10 mM NADPH eluate (fractions 8- 

13). The positions of molecular weight markers are indicated.
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which cross-reacted with the monoclonal anti-nNOS antibody used for the western 

analysis. This included a band of -159 kDa, the expected size for FNOS, which 

indicated that the 2'5' ADP sepharose column used for the purification was fully 

saturated by FNOS and any other proteins with affinity to 2'5' ADP. Washing the 

affinity column with 0.5M NaCl removed further proteins (lane 3) but this did not 

include an immunoreactive protein of -159 kDa. Elution of FNOS from the column was 

seen on addition of NADPH (lanes 4-9) along with a number of other proteins none of 

which cross-reacted to the anti-nNOS monoclonal antibody. Of the proteins eluted with 

NADPH, only 4 bands were detected by western blot analysis, including a major band 

seen at -159 kDa, a slightly larger band and two smaller bands (less than 66 kDa).

5.6.2. Ligand affinity-chromatography of FNOS on CaM sepharose.

To further purify FNOS, following the 2'5' ADP sepharose purification, a second ligand 

affinity-chromatography step was performed using calmodulin (CaM) sepharose. 

Fractions containing FNOS, as determined by SDS-PAGE and western analysis (figure 

5.6), were loaded onto a CaM sepharose column as described in section 2.28. The 

calcium chelator EOT A was added to thé column at a concentration of 3 mM to try and 

elute FNOS from the column and this was then followed by 10 mM EOT A. SDS-PAGE 

of the eluted fractions suggested that FNOS was still bound to the column and 

subsequent SDS-PAGE analysis of a sample of column material itself verified that this 

was the case (data not shown). Even after the addition of 1 M NaCl and 6 M urea, 

FNOS remained bound to the CaM sepharose column (data not shown).
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5.7. Summary.

A functional FNOS enzyme has been expressed in an insect cell-baculovirus expression 

system. The expression, activity and immunocytochemical detection of FNOS, over a 96 

hour time-course, demonstrated that FNOS expression was at its highest level 24 hours 

after infection. Activity of FNOS, in the presence of NADPH, BH4 and HEPES:DTT 

buffer, was initiated by L-arginine but did not require the addition of exogenous 

calmodulin. The addition of EOT A completely abolished NOS activity suggesting that 

FNOS was Câ "̂  dependent but already bound to calmodulin. The most potent inhibitor 

of FNOS was L-NMMA and surprisingly, the iNOS selective inhibitor, 1400W was a 

more potent inhibitor than the nNOS selective inhibitor L-Thiocitrulline. Partial 

purification of FNOS was achieved by 2'5' ADP ligand affinity-chromatography but 

further purification with CaM ligand affinity-chromatography was not possible.
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6.1. Molecular characterisation of a Fugu NOSl gene.

The experiments described in chapter 3 detail efforts to clone and characterise NOS 

genes from the genome of the Japanese pufferfish Fugu rubripes. Screening of the Fugu 

genomic cosmid library resulted in the isolation of a Fugu NOS 1 gene.

The NOSl gene isolated from Fugu was found to have the same organisation as the 

human NOSl gene previously cloned and characterised by Hall and colleagues in 1994. 

With the exception of exon 1, all of the Fugu NOSl exons were identified by direct 

comparison to the human NOS 1 gene sequence. Exon 1 was identified by comparison of 

the genomic sequence data upstream of exon 2 with 5' RACE sequence data obtained as 

part of the experiments detailed in chapter 4. The 5' donors of all the Fugu NOSl 

introns begin with the consensus GT, except for intron 22 which begins with GC, and all 

the 3' acceptors terminate with the consensus AG, and in all cases the intron type, 

whereabouts the splice junction occurs in a codon, is conserved between the Fugu and 

human NOSl genes.

The Fugu NOSl gene spans only 22.2 kb, when compared to the approximately 160 kb 

covered by the human NOSl gene (Hall et al., 1994). This represents a reduction in size 

of at least 7.2 times which is in line with the overall reduction in the size of the Fugu 

genome (Brenner et al., 1993). At 4257 bp, the length of the predicted coding sequence 

of Fugu NOSl is comparable to the 4302 bp of human NOSl and this is consistent with 

many of the Fugu genes that have been cloned and characterised to date (Mason et al., 

1994; Baxendale et al., 1995; Yeo et al., 1997). Differences in the lengths of exons 2, 3 

and 4 account for the 45 bp, 15 amino acid, size difference between the Fugu and human 

NOSl coding sequences. Therefore, as for other Fugu genes, the majority of the size
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reduction of the Fugu NOS 1 gene is due to a reduction in the amount of intronic DNA 

(Elgar era/., 1996).

It was reported previously that 80% of Fugu introns are less than 150 bp long (Elgar et 

a l, 1996). In contrast to this, only 36% of the Fugu NOSl gene introns are less than 

150 bp long. This phenomenon has been reported for several other Fugu genes including 

the Fugu TUPLE 1/HIRA, Huntington’s disease (FrHD) and Neurofibromatosis Type 1 

(NFl) genes, where only 50, 70 and 75% of introns respectively are less than 150 bp 

long (Baxendale et a l, 1995; Kehrer-Sawatzki et a l, 1998; Llevadot et a l, 1998).

To substantiate this finding, Villard and colleagues (1998) demonstrated that AT-rich 

genes (40% GC) have 3-fold larger introns than GC-rich genes. Furthermore, evidence 

from isochore analysis, that AT-rich regions are the most gene poor and GC-rich regions 

are the most gene dense, was used to predict that the base composition of a human gene 

could be used to estimate the relative compaction of the Fugu homologue. To illustrate 

this they cloned and characterised the Fugu homologue of the beta-amyloid precursor 

protein (AFP) gene (Villard et a l, 1998). The human APP gene is an AT-rich (40% 

GC) gene which is mutated in some forms of familial Alzheimer’s disease. Fugu APP 

was found to be approximately 30 times smaller than the human APP gene with a 50-fold 

average reduction in intron size. In comparison, the human HD gene is 45% GC-rich 

and the overall reduction in the size of the FrHD gene is approximately 7.4-fold. 

Another example, where the reduction in Fugu gene size is reflected by the GC content 

of the human equivalent, is the 47% GC-rich human p55 gene. In humans, the p55 gene 

spans 30 kb whereas in Fugu, the distance covered is approximately 6 kb and represents 

an overall reduction of between only 4 and 6-fold (Elgar et a l, 1995). There is no 

information available on the entire GC content of the human NOS 1 gene, due to the lack
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of sequence data for the large introns present in the gene, but the ~7.2-fold reduction in 

the size of the Fugu NOSl gene suggests that it is GC-, rather than AT-, rich.

Although most Fugu introns are small, it appears to be a characteristic of Fugu genes 

that the first intron is large (Elgar et a i, 1996). Large introns are described as those 

over 400 bp long and in addition to the first large intron, a further one is also normally 

found located towards the middle of Fugu genes (Elgar et a l, 1995). The Fugu NOSl 

gene actually has 13 large introns and 5 of these are over lOOObp. Consistent with other 

Fugu genes the first intron is 1322 bp long and another of 1161 bp is found towards the 

middle of the gene. It has previously been suggested that when introns are significantly 

longer than 100 bp in length an intron-specific function may be present (Cecconi et a i, 

1996). However, database homology searches failed to identify any known regulatory 

elements within Fugu NOSl intronic DNA. Additionally, comparison of the non-coding 

sequence of the human and Fugu NOS 1 genes failed to detect any conserved regulatory 

elements between the two. The dramatic reduction in size of several of the Fugu NOSl 

introns also suggests that these regions may not contain any essential function, for 

example intron 8 is reduced by 130-fold from 12 kb in the human NOSl gene to just 92 

bp in the Fugu NOS 1 gene.

Originally, only exons 5 to 19 of the Fugu NOSl gene were isolated from cosmid 

064007. In an attempt to isolate the remainder of the Fugu NOSl gene upstream of 

exon 5, additional restriction fragments from cosmid 064007 were cloned and sequenced 

(section 3.3). Database homology searches failed to identify any further restriction 

fragments with obvious NOSl homology. Instead, coding-sequence from the Fugu 

homologue of the kinase suppressor of RAS {ksr) gene was identified. The ksr gene
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encodes a protein kinase (KSR) that is an evolutionarily conserved component of RAS- 

dependent signalling pathways (Michaud et al., 1997). It has been isolated from 

Drosophila melangoster and Drosophila virilis, C. elegans, humans and mice (Komfeld 

et al., 1995; Sundaram and Han, 1995; Thierren et a l, 1995).

These findings indicate that the Fugu ksr gene lies on the same cosmid as the Fugu 

NOSl gene. Assuming that cosmid 064007 contains a contiguous stretch of DNA, and 

taking into consideration that the Fugu NOSl gene is not present beyond exon 19 in 

cosmid 064007, then the ksr gene must he upstream of NOS 1. Additionally, if cosmid 

064007 contains an insert of 40 kb, the average for the Fugu genomic library 

constructed (Elgar et al., 1999), then the ksr gene would have to lie within 

approximately 20 kb of the NOSl gene. Unlike the human NOSl gene, which has been 

mapped to chromosome 12q24.2, the chromosomal location of the human ksr gene is 

unknown. Considering the conserved synteny that is seen across large regions of the 

human and Fugu genomes, it is possible that the ksr gene may also map to human 

chromosome 12. However, evidence for conserved linkage and gene order is not so 

compelling and therefore it is not possible to predict whether the ksr gene would also lie 

upstream of the NOS 1 gene in the human genome.

Thierren and colleagues (1995) identified the mouse homologue of ksr by a database 

homology search. The partial open reading frame was named hb and they used this 

sequence as a probe to screen a mouse cDNA library. They isolated a 4 kb cDNA clone 

that encoded a protein of 873 amino acids which they named mKSRl (Thierren et al., 

1995). The hb sequence had originally been isolated as part of an exon-trapping strategy 

to establish the transcription map of a 1 Mb region around the mouse NFl locus (Nehls 

et al., 1995; Genbank accession number X81634). The murine NFl gene maps to
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chromosome 11 and the human NFl gene to chromosome 17qll.2. In contradiction to 

the idea that the human ksr gene would be present in the vicinity of the NOSl gene on 

chromosome 12, this data suggests that the human ksr gene should also lie on 

chromosome 17. Interestingly, the NOS2 gene maps 0.46 cM upstream of the NFl 

locus on mouse chromosome 11 and in humans it has been mapped to 17qll-ql2. 

Therefore, the genes for NFl and N0S2 form a synteny group across the mouse and 

human genomes. A Fugu NFl gene has also been characterised (Kehrer-Sawatzi et a l, 

1998). Analysis of the NFl locus in Fugu identified three additional genes, AKAP84, 

BAW and WSBl, 3' of the NFl gene (Kehrer-Sawatzki et al., 1999). The human 

homologues of these genes are not in the immediate vicinity of the NFl gene but do map 

to human chromosome 17. None of these genes is a Fugu NOS2 homologue however it 

is possible that a Fugu NOS2 homologue would lie 5' of NFl as it does in the mouse 

genome.

Taken together this data questions the conservation of synteny between Fugu and 

humans for the NOSl and NFl regions and the evolution of these genes and their 

respective loci. To be more certain it would be necessary to map the human ksr gene, to 

isolate a Fugu NOS2 homologue and see if it maps in the vicinity of the Fugu NFl gene. 

Interestingly, the 148 kb stretch of genomic DNA analysed around the wntl locus of 

Fugu rubripes identified eight genes which have all been mapped to human chromosome 

12ql3 upstream of NOSl (Gellner and Brenner, 1999). The wntl and wntl Ob genes 

identified are tightly linked within 2.3 cM on murine chromosome 15 and the Drosophila 

wntl homologue (wingless) and Dwnt4 are closely linked. In addition, the human wnt3 

and w ntl5 are both present on chromosome 17q21 within 125 kb of each other. These 

authors suggested that the linkage of the wntl genes occurred once in evolution and that

161



in the evolution of vertebrates this pattern was duplicated on several chromosomes. 

Taking this suggestion into consideration, and the fact that the wnt genes lie on both 

human chromosomes 12 and 17 as do human NOSl and N0S2, it could be inferred that 

there was a single NOS gene that was also duplicated onto several chromosomes.

Analysis of the Fugu NOSl sequence identified putative co-factor binding sites 

characteristic of the NOS family of enzymes. A more in-depth analysis of individual 

exons revealed differences in the degree of identity seen between the human and Fugu 

sequences. Five of the Fugu NOSl exons show over 90% amino acid identity when 

compared to their human counterparts. Unsurprisingly, this includes exons which are 

known to have functional roles in the activity of the NOS enzyme.

Exon 12 has 92% amino acid identity and forms part of the dihydrofolate reductase 

(DHFR) homology fragment. The DHFR homology fragment binds the L-arginine 

analogue N°-nitro-L-arginine (NNA) and is the location of the L-arginine binding site 

(Nishimura et a i, 1995). The remainder of the DHFR homology fragment is comprised 

of exons 10, 11 and part of exon 13. Although all three of these exons have over 80% 

identity to their human counterparts, no individual residues of importance for L-arginine 

binding have been identified in exons 11 and 13. In exon 10, however, six amino acid 

residues have been singled out as important for binding, as well as one in exon 8 which is 

also conserved. All except one of these residues, identified by Raman et al. (1998), are 

predicted to be present in the Fugu NOSl gene, they are W358, E363, Q249, V338, 

F355 and Y359. The residue that differs between the bovine eNOS studied and the 

predicted FNOS amino acid sequence is N368 which was identified as important for 

amino acid carboxylate binding. In Fugu the equivalent residue is D368, this aspartic
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acid residue is also present for the other vertebrate nNOS isoforms and the vertebrate 

iNOS isoforms. It is only an asparagine residue for the eNOS isoforms.

Further comparison has shown that exon 14 has 92% amino acid identity with human 

nNOS exon 14 and comprises part of the Ca^VCaM binding domain, whilst exon 18 has 

93% amino acid identity and forms the region responsible for FMN binding. In addition, 

exons 7 and 8 show over 90% identity but to date have no defined functional role. These 

exons lie next to the haem binding domain, which is present in exon 6, and may therefore 

be structurally important.

Another 10 exons are over 80% identical at the amino acid level and include the 

remaining part of the Ca^VCaM binding domain and the FAD isoalloxizine and NADPH 

ribose-binding domains. Again the remainder have no defined functional role. Of the 

eight exons that have over 70% amino acid identity to their human counterparts, exons 

16 and 17 form the CaM inhibitory sequence and exon 21 the FAD pyrophosphate- 

binding domain.

Two exons with -60% amino acid identity are exons 4 and 27. Exon 27 contains the 

sequence for the NADPH adenine-binding domain and within this defined region the 

conservation of amino acids is good. In comparison, for exon 4 there are very few 

conserved amino acid residues. Of note are the aspartic acid and threonine residues 

which are conserved (D303 and T304). These residues are the equivalent of rat nNOS 

D314 and T315 which have been identified as important for the catalytic activation of 

molecular oxygen by rat nNOS (Sagami and Shimizu, 1998). Activation of molecular 

oxygen is required for the conversion of the NO intermediate A/^-hydroxy-L-Arg (NHA) 

to NO and L-citrulline. Site-directed mutagenesis of the D314 residue in rat nNOS
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completely abolished NO formation activity and it was therefore proposed as a residue 

crucial for catalysis.

Exon 5 of Fugu NOS 1 shows a predicted amino acid identity to human nNOS exon 5 of 

only 57%. However, this exon encompasses the zinc binding motif, C - (X)4  - C, first 

identified by Raman et al. (1998), and further characterised by Miller and colleagues 

(1999). The two cysteine residues are conserved in all known NOSs and are indeed 

present in the predicted FNOS amino acid sequence in the same C-(X)4-C arrangement. 

Also conserved in FNOS is a serine residue in the equivalent position of the bovine 

eNOS S104, this residue has been shown to form a direct hydrogen bond to the pterin 

side chain hydroxyl. However, the valine residue at position 106 in bovine eNOS, which 

has been shown to form a direct non-bonded contact with pterin, is not conserved in 

FNOS. The equivalent position is filled by a methionine residue which is also present in 

all other nNOS and iNOS isoforms.

The other exon showing low amino acid identity with its human equivalent, just over 

50%, is exon 2. As is evident from the alignment of the predicted amino acid sequence 

for FNOS, translated from /NOS, and human nNOS this low conservation is due in part 

to the differing lengths of these two exons. Exon 2 in human NOSl contains the 

sequence for the PDZ domain and this domain is also shown to be present in the Fugu 

sequence. Over the first 125 amino acids of Fugu and human nNOS sequences, which 

encompasses the PDZ domain, the amino acid similarity between the two rises to 80% 

and the identity to 67%. This suggests that FNOS has a PDZ domain which can form 

protein-protein interactions as described for other nNOS isoforms. This is not the first 

PDZ domain to be identified in Fugu. The human p55 gene is an erythrocyte membrane 

protein and was one of the first proteins to be identified as having a PDZ domain, like

164



nNOS it has a single PDZ domain which is conserved in the Fugu p55 homologue (Elgar 

et al., 1995).

At 33%, exon 1 of FNOS shows limited amino acid identity to the human nNOS exon 1 

reported with the gene sequence by Hall et al. (1994).

The lowest amino acid identity seen between the two sequences is for exon 3 which 

differs in Fugu for length and sequence, in total there are only 6 conserved amino acids.

A major theme in the regulation of nNOS expression is the structural and allelic mRNA 

diversity which has been found for human, mice and rats. Allelic diversity of human 

nNOS was reported for exon 1 where 4 alleles of an imperfect microsatellite were found 

on chromosome 12 from 36 individuals (Hall et al., 1994). The structural variations 

found for nNOS include cassette exon deletions, cassette exon insertions, multiple use of 

exon 1 and promoters and the use of alternate poly adénylation signals.

To date nine exon 1 variants have been reported for human nNOS (Wang et a l, 1999). 

All nine variants arise from the use of alternative promoters of the single NOSl gene, 

making NOSl the most structurally diverse human gene, in terms of promoter usage, 

described thus far. These nine exon 1 variants, designated la, lb, Ic, Id, le. If, Ig, Ih, 

and li according to their 5' to 3' order over 105 kb upstream of exon 2, are all spliced to 

the common exon 2. The exon-intron boundaries of each variant conform to the GT/AG 

consensus and there are stop codons present prior to the AUG translation initiation 

codon in exon 2. Therefore, the protein sequence encoded is not affected and the 

diversity present is within the 5' UTR of the nNOS mRNA. Analysis of the Fugu gene 

sequence upstream of exon 2, which totals 1515 bp and includes the exon 1 sequence 

identified by 5' RACE PGR, did not identify any sequences homologous to the exon 1
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variants. One possible explanation for this is the much smaller distance covered, taking 

into consideration the reduction in genome size, the equivalent of 105 kb of human DNA 

would be approximately 13 kb in Fugu. In addition to this, the single Fugu exon 1 

identified by 5' RACE PGR is smaller than and shows only 32.8% nucleotide identity to 

the exon 1 first reported for human nNOS (Hall et al., 1994). This also presents the 

possibility of a more simple regulation of/NOS transcription as compared to mammalian 

nNOS.

The first cassette exon deletions described for human nNOS mRNA transcripts were 315 

bp of exon 9 and 10 and 175 bp of exon 10 respectively which both result is a truncated 

nNOS protein (Ogura et al., 1993; Hall et al., 1994; Fujisawa et al., 1994). Another 

example of a truncated nNOS protein is the one encoded by the nNOS (3 transcript which 

entirely lacks exon 2 (Brenman et al., 1996). Obviously, from the Fugu NOSl gene 

sequence it is not possible to tell if any of these alternative nNOSs, resulting from 

cassette exon deletions, exist as that would only be possible by looking at mRNA from 

the various tissues where these transcripts have been found to be expressed.

The nNOS Y transcript, first identified in mice, lacks exon 2 but uses an alternative exon 1 

(Brenman et al., 1996). Translation is initiated from an ATG in exon 5 and results in a 

125 kDa protein. Further studies demonstrated that in humans a testis-specific mRNA 

transcript existed, also named nNOSy, and that translation was also initiated from an 

ATG codon in exon 5 to encode a 125 kDa protein (TnNOS) (Wang et ah, 1997). The 

additional exons used by the human nNOSy transcript (Texl, Tex lb and Tex2) were all 

found located in intron 3. Interestingly, exon 5 of the predicted FNOS amino acid 

sequence does contain 3 methionine amino acid residues from which translation of a
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truncated FNOS could be initiated. However, whilst the Fugu NOSl intron 3 is large,

over 3 kb, comparison to the sequence of the alternative exons identified for human

nNOSy, by GAP alignment, did not identify any regions of significant similarity. There

was 69% nucleotide identity over 36 bp when compared to Texl, 65% identity over 52

bp for Texlb and 83% identity over only 18 bp for Tex2. Therefore, although /NOS has

the potential for an alternative exon 1 to be spliced to exon 4 and translated from an

ATG in exon 5, it would appear that a Fugu nNOSy transcript does not exist.

An alternative nNOS transcript that results from a cassette exon insertion is the nNOS

transcript named nNOSp. nNOSjii has been identified in humans, mice and rats

(Silvagno et al., 1996; Magee et a l, 1996; Larsson and Phillips, 1998) and has an

insertion of 102 bp between exons 16 and 17, that translates into an additional 34 amino

acids. In addition, in humans two further alternative insertions of 42 and 67 bp were also
1

identified, although both of these result in the introduction of a stop codon and thus a 

truncated nNOS protein. Analysis of the Fugu NOSl gene sequence for intron 16 

reveals that it is highly unlikely for Fugu to have this alternative nNOSp transcript 

because the total length of intron 16 is only 75 bp. The sequence of the 102 bp, 34 

amino acid insert is well conserved between human, mouse and rat. However, 

comparison of the nucleotide and possible amino acid sequences of Fugu NOSl intron 

16 did not reveal any regions with similarity to the 102 bp, 34 amino acid insert or to the 

smaller 42 and 67 bp human inserts.

Together, the potential lack of splice variants and reduced number of exon 1 variants 

may reflect a less complex regulation of the Fugu NOSl gene than that seen for the 

mammalian NOSl genes.
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6.2. Characterisation of /NOS.

The aim of the experiments detailed in chapter 4 was to isolate full-length Fugu NOSl 

cDNA (/NOS). For this, material from the Japanese pufferfish Takifugu poecilonotus 

was used due to a lack of material available from Fugu rubripes. Problems of this nature 

have been experienced by other groups who have used the freshwater pufferfish T. 

fluviatilis as an alternative because it is easier to keep in a laboratory environment and 

therefore obtain material from (Crongorac-Jurcevic et al., 1997). The use of T. 

fluviatilis has been proposed on a complementary basis to Fugu rubripes and several 

groups have now used T. fluviatilis for their studies. From data obtained from 

mitochondrial DNA, T. fluviatilis is estimated to have diverged from Fugu rubripes 

approximately 18-30 million years ago (Crongorac-Jurcevic et al., 1997). The Japanese 

pufferfish T. poecilonotus and Fugu rubripes share the same habitat and are even more 

closely related. For this reason, and the availability of material, T. poecilonotus was used 

for this part of the research project.

Total RNA was isolated from T. poecilonotus brain and double-stranded cDNA 

synthesised. /NOS was successfully amplified and cloned into the baculovirus-transfer 

vector pVL1393. Sequencing of/NOS confirmed the structure of the Fugu NOSl gene, 

as deduced in chapter 3 by comparison to the human NOSl gene i.e. length of exons and 

positions of splice-junctions. Amplification and sequencing of /NOS also identified the 

non-coding exon 1, which as discussed in section 6.1 does not have any identity to the 

sequences of known variants of mammalian NOSl exon 1.

The predicted amino acid sequence of FNOS, translated from the/NOS sequence, was 

used to construct a phylogenetic tree with all the known full-length NOS amino acid
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sequences. This phylogenetic analysis was performed using the PIE package available 

through the bioinformatics web site provided by the HGMP Resource Centre. The PIE 

package aims to simplify the generation of phylogenetic trees from multiple sequence 

alignments. In this case CLUSTAL W (Thompson et a l, 1994) was used to perform the 

multiple sequence alignment of all the known full-length NOS sequences including the 

invertebrate NOSs isolated from Drosophila melangoster, Anopheles stephensis, 

Rhodnius prolixus and Lymnaea stagnalis (appendix, figure A4).

There are several different methods that can be used to create phytogenies, or 

evolutionary trees, such as the PROTML and PROTDIST programmes. PROTDIST 

uses a distance matrix programme to generate a phylogenetic tree from distance 

measurements computed by maximum likelihood estimates for the protein sequences. In 

comparison, the PROTML maximum likelihood method produces a phylogenetic tree 

which is the most obvious explanation for the observed sequences, taking into account 

that some mutations are more likely to occur than others. All methods have their 

advantages and disadvantages according to the size of alignment file used or how 

difficult the data set. The phylogenetic programme used to create the unrooted 

phylogenetic tree for the NOS multiple alignment was the PROTPARS protein sequence 

parsimony method. PROTPARS is a combination of the methods of Eck and Dayhoff 

(1961) and Fitch (1971) that produces the most parsimonious tree, that is one where the 

fewest number of mutations during the evolution of the sequences has occurred. It 

insists that any amino acid changes that occur are consistent with the genetic code. The 

assumptions of this method have been described by Felsenstein 

(http://www.hgmp.mrc.ac.uk/Menu/Help/phylip-protpars.html) as follows:

“1. Change in different sites is independent.
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2. Change in different lineages is independent.

3. The probability of a base substitution that changes an amino acid sequence 
is small over the lengths of time involved in a branch of the phylogeny.

4. The expected amounts of change in different branches of the phylogeny do 
not vary by so much that two changes in a high-rate branch are more 
probable than one change in a low-rate branch.

5. The expected amounts of change do not vary enough among sites that two 
changes in one site are more probable than one change in another.

6 . the probability of a base change that is synonymous is much higher than 
the probability of a change that is not synonymous.”

It is also possible to test the robustness of phylogenetic trees created using PROTPARS 

by bootstrapping. Bootstrapping works by resampling the multiple sequence alignment 

file (i.e. in this case the CLUSTAL W multiple sequence alignment file) to test whether a 

feature of the tree is likely to be real. The new data set is the same size as the original 

with randomly sampled characters replaced. The multiple trees produced by 

bootstrapping are then resolved to produce a single unrooted phylogenetic tree as seen in 

figure 4.6, chapter 4. In this case, 1000 bootstrap replications were specified and the 

/NOS predicted amino acid sequence was grouped with the nNOS isoforms. For 

example, out of 1000 trees, FNOS, all of the iNOS and eNOS isoforms and the 

invertebrate NOSs grouped to the right of murine, rat, rabbit, human and Xenopus nNOS 

953.5 times. The iNOS, eNOS and invertebrate NOS isoforms then all grouped to the

right of/NOS 1000 times (appendix, figure A5).

As previously described in section 6.1, one of the primary aims of this research project 

was to isolate and characterise NOS genes from the model vertebrate genome of the

Japanese pufferfish Fugu rubripes. The initial library screening was performed with a

full-length human iNOS cDNA probe and identified many positive cosmid clones. This
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number was significantly reduced by screening the library for a second time with a 5' 

iNOS cDNA probe. After the secondary screening, 12 cosmid clones were selected for 

further study and sequence scanning performed at the HGMP resource centre. However, 

out of the twelve, only two of the clones were positively identified as containing NOS- 

like sequences, these were cosmids 064007 and 066F06. Both cosmid 064007 and 

066F06 showed the highest degree of similarity to the nNOS isoforms. As already 

discussed, cosmid 064007 was chosen for further study and the Fugu NOSl gene exons 

1 to 19 characterised.

The isolation of a Fugu NOS 1 using an iNOS probe is not totally surprising when one 

considers the high degree of sequence identity seen between the three NOS isoforms in 

mammals. In addition, as from the outset it was not known how similar the Fugu and 

mammalian NOS sequences would be, the stringency of the hybridisation was reduced 

and therefore may not have been high enough to discriminate between the three isoforms. 

Although in this case a Fugu NOS 1 was isolated it does not mean that the other positive 

cosmid clones identified did not contain Fugu N0S2 or N0S3s. Furthermore, despite 

the fact that sequence scanning only identified two cosmid clones out of the twelve 

selected cosmids as containing NOS-like sequences does not necessarily mean that the 

other 10 didn’t contain NOS-like sequences. The method of sequence scanning 

performed at the HGMP Resource Centre involves sonication of cosmid DNA and 

subcloning into the plasmid vector pBsKS(+) for sequencing from the M l3 forward and 

reverse primer sites. This may not have picked any other NOS genes up because the 

average Fugu cosmid has an insert size of 40 kb and approximately 8  genes on it and the 

sequence scanning was not totally exhaustive. The other possibility is that Fugu does 

not have either a NOS2 or NOS3 gene but only has a NOS 1 gene.
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Searching the Fugu genomic cosmid library for NOS-like sequences through the HGMP 

bioinformatics web pages does identify putative N0S2 and NOS3 sequences. However, 

on closer inspection the regions aligning to the NOS2 and NOS3 isoforms are very 

limited in their length. The alignments to NOS2 and N0S3 are poor over regions 

common to both the constitutive and inducible isoforms and the same regions show 

higher identity to other non-NOS sequences. This is unlike the alignments produced by 

064007 and 066F06 where the regions of identity span several hundred bases and are of 

high quality i.e. they demonstrated the highest degree of similarity to NOS sequences. 

Also, the cosmids identified by this search as containing putative NOS2 and N0S3 

sequences were not positively identified by either the primary or secondary screening of 

the Fugu genomic cosmid library with the human iNOS cDNA probes.

Evidence for the existence of other NOS isoforms in teleosts has been shown by the 

partial nNOS cDNA sequence isolated from the Atlantic salmon Salmo salar, another 

teleost fish (Oyan et al., 1998, unpublished; accession number AJ006). It covers the 

CaM binding domain and the CaM inhibitory sequence and on GAP alignment shows 

80% nucleotide identity, 93% amino acid similarity and 89% amino acid identity to the 

same region of the Fugu NOSl coding sequence. In addition to the Cyprinus carpio 

full-length iNOS mRNA sequence, partial iNOS sequences have been isolated from the 

rainbow trout Onchorhyncus mykiss and the goldfish Carassius auratus (Grabowski et 

ai, 1995; Laing et al, 1996). Both were identified in macrophage cell lines that had been 

immunologically challenged. In addition, endothelium-dependent responses in the 

ventral aorta of the rainbow trout have also been demonstrated (Miller and Vanhoutte, 

1986). This supports the hypothesis that these teleost fish have all three NOS isoforms.
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As Fugu is a teleost fish, as are all of these fishes described above, this suggests that a 

NOS2 and NOS3 isoform should be present in the Fugu genome. However, none of the 

fish that these isoforms have been identified in belong to the same order as Fugu, i.e. the 

tetraodontiformes, nor do they have such small genomes as Fugu rubripes. Fish from 

the Cypriniformes order, which includes the goldfish and crucian carp, have a haploid 

DNA content of approximately 2pg per cell, those from the Salmoniformes, including 

both the atlantic salmon and the rainbow trout, have a haploid DNA content of 3-3.3pg 

per cell (Hinegardner 1968; Hingardner and Rosen, 1972). These values are more 

comparable to the 3pg per cell haploid DNA content of humans. Hinegardner (1968) 

showed that the more highly specialised, or evolutionarily advanced, a fish was then the 

less DNA per cell it would have as compared to the more generalised, or less evolved, 

fishes. Hinegardner and Rosen (1972) went on to discuss the distribution of DNA within 

the teleostei. They suggested that during evolution the amount of DNA present could 

remain constant and be modifed by either recombination or mutation, that it could 

increase by duplication or that it could decrease. They concluded that all three changes 

had occurred, alone and in combination with each other. They went on to suggest that 

the loss of DNA, driven by evolution, causes or is caused by, more and more 

specialisation. Eventually a species may have so little DNA left that can be modified 

without affecting essential components, that almost any environmental change could lead 

to its extinction.

This would suggest that, with the smallest vertebrate genomes, the tetraodontiformes 

order of fishes have undergone significant specialisation and have been left with a 

minimal amount of DNA. Therefore, if there are differences to be seen in terms of the 

number of NOS isoforms present in fish then it could be argued that it would be most
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likely for it to occur in this order of fish. If indeed Fugu was to have only a single NOS 

gene, with highest identity to the other vertebrate NOSl isoforms, then it would be 

required to fulfil the roles played by the NOS2 and NOS3 isoforms.

To date all of the NOS isoforms described for invertebrates have also shown the highest 

level of homology to the vertebrate nNOS isoforms (Regulski and Tully, 1995; Yuda et 

al., 1996; Korneev et a i, 1998; Luckhart et a i, 1998; Luckhart et a i, 1999).

The first invertebrate NOS sequence to be reported was the Drosophila (<iNOS) gene 

which encodes DNOS, a 152 kDa protein of 1350 amino acids (Regulski and Tully, 

1995). DNOS shows 43% amino acid similarity to rat nNOS but does not have a PDZ 

domain characteristic of the vertebrate nNOSs. In place of the PDZ domain, DNOS has 

214 N-terminal amino acids that contain a stretch of 24 glutamine residues. These 

regions have been implicated in protein-protein interactions, and the regulation of the 

activation of transcription, in Drosophila. Therefore, this domain in DNOS may act to 

localise and/or regulate DNOS activity by forming protein-protein interactions, possibly 

in the same way as the PDZ domain does for vertebrate nNOS isoforms. In common 

with the vertebrate constitutive NOS isoforms, DNOS was also shown to be dependent 

on Ca^VCaM for its activity. Regulski and Tully propose that, with the presence of a 

NOS gene in Drosophila, that this gene must have existed for at least 600 million years 

in an ancestor common to vertebrates and arthropods. Furthermore, in their study it was 

reported that multiple NOS transcripts were produced in Drosophila and that there was 

preliminary data to suggest that N0S2 and NOS3 isoforms were present in the 

Drosophila genome. However, no further evidence of any other NOS isoforms in the 

Drosophila genome has since been published.
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In 1996 the cloning of a NOS cDNA from the salivary glands of the blood-sucking insect 

Rhodnius prolixus was described (Yuda et al., 1996). This sequence encodes a protein 

of 1174 amino acids and has putative binding sites for haem, tetrahydrobiopterin, 

calmodulin, FMN, FAD and NADPH. The sequence of the R. prolixus NOS had 48%, 

46% and 44% identity to human eNOS, nNOS and iNOS respectively. It didn’t contain 

the internal deletion seen for iNOS isoforms between the CaM and FMN-binding sites 

nor did it contain either a PDZ domain or a myristolation motif as is characteristic for the 

nNOS and eNOS isoforms. When expressed in a baculovirus insect cell expression 

system, the recombinant R. prolixus NOS was dependent on Câ '̂ , CaM, NADPH, FAD, 

FMN and BH4. For these reasons, the group described the R. prolixus NOS, which they 

named salivary-gland NOS, as a structurally and functionally unique NOS isoform. 

Multiple NOS transcripts were also shown to be produced in R. prolixus.

In 1998 the first molecular evidence for the presence of a NOS gene in the mollusc 

Lymnae stagnalis was presented (Korneev et al., 1998). The L. stagnalis NOS sequence 

(Lym-nNOS) was identified as a NOSl isoform and showed the occurrence of 

alternative splicing. In addition, using a 5' probe, to a well-conserved region of all NOS 

isoforms, this group identified two major NOS transcripts in all the tissues examined 

including the CNS. In comparison, a probe made from the 3' untranslated region (UTR) 

only identified a single transcript in the CNS. The explanations offered for this were, (i) 

the presence of multiple messages was due to alternative splicing, a well known 

phenomenon for mammalian NOS Is, or, (ii) that there are different messages transcribed 

from different genes and that as such there is more than one NOS isoform present in L. 

stagnalis. As for Drosophila, Korneev’s group report preliminary data suggesting that 

there is more than one NOS isoform present. Although Lym-nNOS has been identified
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as a NOSl isoform, in part due to its higher amino acid similarity overall and in 

particular in the CaM binding domain, it does not have a PDZ domain. The Lym-nNOS 

amino acid sequence is truncated at its 5' end and does not start until after the Zn binding 

motif that has been identified in all other NOSs including the Drosophila sequence. No 

further evidence of the existence of any other NOS isoforms in the L  stagnalis genome 

has since been published. Database and literature searches failed to identify any other L. 

stagnalis NOS isoforms.

In 1998 Luckhart and colleagues described the inducible synthesis of nitric oxide by the 

mosquito Anopheles stephensi as a means of limiting the development of the malaria 

parasite Plasmodium. They isolated -30 kb of genomic DNA which encompassed the 

mosquito NOS gene AsNOS. AsNOS encodes an open reading frame of 1247 amino 

acids that contain all of the characteristic NOS binding domains. AsNOS, like dNOS and 

Lym-nNOS, shows the highest degree of similarity to the vertebrate NOSl sequences. 

Further work on the gene structure of AsNOS identified 19 exons and repetitive 

elements within some of the larger introns (Luckhart et a l, 1999). In addition, multiple 

transcription start sites were identified within -250 bp of the initiation methionine and 

transcription factor binding sites were identified for lipopolysaccharide and inflammatory 

cytokine-responsive elements very similar to the murine N0S2 promoter. The presence 

of any additional NOS genes within the A. stephensi genome is unknown to date. 

Luckhart et al. (1999) took the data from the A. stephensi NOS gene and the NOS 

sequences isolated from Drosophila, R. prolixus and L. stagnalis and speculated that a 

single insect NOS gene type is associated with diverse physiologies. Therefore, together 

the invertebrate NOS data supports the idea of a single NOS gene being able to act as all
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three and that an ancestral NOSl gene evolved first, followed by the gene duplication 

and diversification of the NOS2 and N0S3 genes present in mammals.

6.3. Expression, activity and purification of FNOS.

To enable functional studies of FNOS to be performed, recombinant FNOS was 

generated in a baculovirus-insect cell expression system. This system is well established 

for the expression of mammalian NOS enzymes and was chosen because of its ability to 

express high levels of protein and perform post-translational modifications. As 

previously described, the 5' and 3' ends of /NOS were engineered to incorporate Not\ 

restriction endonuclease sites to permit cloning into the Not\ site of the baculovirus 

transfer vector pVL1393. Restriction endonuclease digestion and sequencing confirmed 

both the correct orientation and reading-frame of /NOS in the vector. The creation of 

/NOS-containing recombinant baculovirus generated NO2 in culture supernatants of 

5/21 insect cells infected with these viruses and thus provided the first evidence that the 

FNOS protein translated from /NOS was functional.

No obvious FNOS expression band was noticeable upon staining of SDS-PAGE gels of 

infected 5/21 cells as compared to uninfected cells over a 96 hour time-course. A 

number of immunoreactive protein species were detected by western blot analysis of the 

time-course with a monoclonal anti-nNOS antibody. Of these proteins the two largest 

represent the most reasonable FNOS candidates, the presence of the immunoreactive low 

molecular weight proteins may represent proteolytic breakdown of FNOS.

Further western blot analysis revealed that recombinant FNOS was only detected by anti- 

nNOS antibodies and that the monoclonal antibody was more sensitive than the
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polyclonal antibody. This difference in sensitivity could reflect post-translational 

modifications carried out by the insect cells such that in recombinant FNOS epitopes 

may not be available for recognition by the respective antibodies.

In addition, western blot analysis and the spectrophotometric measurement of NOS 

activity demonstrated the maximal expression and activity of FNOS at 24 hours. After 

24 hours, activity and immunoreactive protein levels began to decline. 

Immunocytochemical detection of FNOS expression in pVL/NOS infected-5/21 cells 

over a 96 hour time-course confirmed these findings.

Activity of recombinant FNOS was assayed by measuring the conversion of 

oxyhaemoglobin to methaemoglobin by NO on a dual-wavelength spectrophotometer. 

In order to assess the L-arginine requirements of recombinant FNOS, L-arginine-free 

TCI00 medium was used for the culturing of Sf2l cells followed by the use of Dowex 

anion-exchange resin to remove any residual L-arginine from the cell cytosol. NADPH, 

FAD, BH4 and oxyhaemoglobin were included in the reaction mix and activity initiated 

by the addition of L-arginine. For this reason it is not possible to assess the exact 

requirements of recombinant FNOS for any of these co-factors. In a crude cell lysate, 

maximum enzyme activity of -3.75 pmol NO/min/mg of protein was seen on the addition 

of 10 jxM L-arginine with a half-maximal rate at -0.79 }iM L-arginine.

The addition of exogenous calmodulin had no effect on the kinetics of recombinant 

FNOS activity. This was surprising because this behaviour is more indicative of the 

iNOS isoforms. However, to assess the Ca^  ̂ dependence of recombinant FNOS the 

calcium chelator EOT A was added to the reaction mix. At 1 mM EOT A, FNOS activity 

was completely abolished. This phenomenom is characteristic of all constitutive NOS 

isoforms. Charles et al. (1996) expressed all three human NOS isoforms in the
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baculovirus-insect cell expression system and found that the addition of EGTA had no 

effect on recombinant human iNOS activity but reduced the activity of recombinant 

human nNOS and eNOS to approximately 10% and 5% of their maximums respectively. 

The Ca^^-dependent/CaM-independent, constitutive/inducible behaviour of recombinant 

FNOS is contradictory. One possible explanation is that recombinant FNOS has bound 

endogenous calmodulin produced by the 5/21 insect cells, and that this has remained 

bound throughout the preparation of the cell cytosol for the assay of FNOS activity. If 

this is case, it suggests that recombinant FNOS is Ca^VCaM-dependent and similar in 

activity to the mammalian constitutive NOS enzymes.

Recombinant FNOS was inhibited by all three of the NOS inhibitors used in these 

studies. The most potent inhibitor of recombinant FNOS activity was the non-specific 

NOS inhibitor L-NMMA, IC50 = 0.63 |xM, which has a similar potency for all three NOS 

isoforms (Southan and Szabo, 1996; Griffith and Kilboum, 1996; Vallance, 1996). 

1400W is a highly selective mechanism based inhibitor of iNOS isoforms whose IC50 for 

recombinant FNOS was -1.5 |iM. 1400W binds to all NOS isoforms but only 

irreversibly inhibits certain isoforms, the selectivity ratio of 1400W for iNOS is 5000 as 

compared to 25 for nNOS and 1 for eNOS isoforms (Garvey et a l, 1997). L- 

Thiocitrulline has a K, for nNOS of 0.06 |liM and 3.6 |iM for iNOS (Frey et al., 1994), 

the IC50 of L-Thiocitrulline for recombinant FNOS was -15 |llM. The exact action of 

each NOS inhibitor is dependent on the system in which is being used. From the IC50 

values obtained it can be concluded that FNOS was most strongly inhibited by a general 

NOS inhibitor followed by an iNOS selective inhibitor and then an nNOS inhibitor. 

However to be able to interpret what this means the same inhibitors would have to be
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Table 6.1. IC<n values for the NOS inhibitors L-NMMA, L-Thiocitru!line and 

1400W.

Isoform L-NMMA L-thiocitrulline 1400W
nNOS 0.65 tim 0.26 |im* 8 . 6  p,m*
iNOS 3.9 |im 15.6 \im* 0.03 |im*
eNOS 0.70 |xm - 216 |xm*
FNOS 0.08 |im* 15 p.m* 0 . 2  |im*

IC50 and K. values from Rees et al., 1998; Frey et a i, 1994 & Garvey et a i, 1997. 

* Values calculated with the assumption that the inhibitor follows Michaelis Menten 

kinetics. * IC50 values for FNOS are estimates taken from the inhibitor analysis curves 

seen in Figure 5.4.



used on a mammalian recombinant nNOS, iNOS and eNOS expressed in exactly the 

same system. In addition, the results would be more meaningful if they could be 

compared to the-IGsoS of these inhibitors on a recombinant Fugu iNOS or eNOS.

Initially, purification of recombinant FNOS was attempted using affinity chromatography 

on 2',5' ADP sepharose, a technique that relies on the similarity of the molecular 

structure of ADP and NADPH. Using this method, proteins in cell cytosols that showed 

an affinity for NADPH were adsorbed onto 2',5' ADP sepharose columns and retained 

through an interaction between the NADPH-binding domain of the protein and the ADP 

moiety attached to the sepharose. Proteins that bound through a non-specific 

mechanism, for example by hydrophobic interactions, were removed from the column by 

increasing the ionic strength of the wash buffer. This was achieved by raising 

concentrations of NaCl to 0.5 M. Elution of the column with relatively high 

concentrations of NADPH (10 mM) could then be used to remove specifically bound 

proteins through competition for the NADPH binding-site on the protein. The fact that 

proteins eluted from the column using this technique demonstrated that, (i) proteins were 

bound to the column in the first instance, (ii) some of the proteins were refractory to 

elution by buffers of high ionic strength and (iii) these particular proteins were adsorbed 

via their affinity for NADPH and that this affinity was higher than that displayed for the 

structural analogue, 2'5' ADP. SDS-PAGE and western analysis with the monoclonal 

nNOS antibody confirmed that one of the partially purified proteins was NOS 

immunoreactive.

Further purification of recombinant FNOS was attempted using affinity chromatography 

on CaM sepharose. This technique relies on the predicted affinity of recombinant FNOS 

being most like an nNOS isoform for calmoduHn. NOS immunoreactive eluates from the
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2%5" ADP sepharose column were adsorbed onto the CaM sepharose column and 

retained through an interaction between the CaM-binding domain of the protein and the 

CaM moiety attached to the sepharose. Non-specifically bound proteins were again 

removed from the column by the addition of wash buffer containing NaCl. Elution of the 

column was then attempted by the addition of increasing concentrations of the calcium 

chelator EGTA. When this failed to elute any specifically-bound protein, elution of the 

column was attempted with 1 M NaCl followed by 6 M urea, yet neither succeeded. 

From this it can be concluded that a very strong bond formed between the recombinant 

FNOS and the CaM on the CaM sepharose column. This was confirmed by SDS-PAGE 

and western analysis on a sample of the CaM sepharose column itself. From the activity 

studies it was suggested that recombinant FNOS was bound to endogenous CaM from 

the ^^1  insect cells. If this is the case then FNOS must have a higher affinity for the 

mammalian CaM of the CaM sepharose column than the S fll  CaM and an irreversible 

exchange taken place on the column,

6.4 Conclusions.

At the outset, the primary aims of this work were to isolate, sequence and analyse NOS 

genes from the genome of the Japanese pufferfish Fugu rubripes, to isolate Fugu NOS 

cDNA and to purify and characterise any recombinant Fugu NOS protein.

Initial experiments, detailed in chapter 3, identified a Fugu NOSl gene. A significant 

part of this thesis was therefore devoted to the molecular cloning, sequencing and 

genomic characterisation of the Fugu NOSl gene, which in its entirety spanned 22,203 

bp. In comparison to the -160 kb encompassed by the human NOSl gene this
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represents a reduction in size of -7.2 times which is in line with the overall reduction in 

size of the Fugu genome. There was conservation of exon length and intron-exon 

boundaries between the two genes, all predicted NOS co-factor binding domains were 

conserved and a NOS 1 specific PDZ domain identified.

To obtain information on the structure, regulation and biochemistry of the enzmye 

encoded by the Fugu NOSl gene a recombinant version, FNOS, had to be produced. 

First, a full-length Fugu NOSl cDNA (/NOS) was cloned from the brain mRNA of the 

Japanese pufferfish T.poecilonotus. The full-length cDNA was itself characterised by 

sequencing and phylogenetic analysis. Sequence information from /NOS identifed an 

open reading frame of 4257 bp, which translated into 1419 amino acids, and confirmed 

the genomic organisation deduced for the Fugu NOSl gene. Phylogenetic analysis 

grouped /NOS with the vertebrate nNOS isoforms as expected. /NOS was then cloned 

into the baculovirus transfer vector pVL1393 and transfected into 5/21 insect cells for 

expression.

The baculovirus-directed expression of FNOS permitted a preliminary enzymological 

study of the recombinant enzyme. FNOS was first shown to be functional by nitrite 

production as measured by the chemiluminescence assay. The NOS activity of FNOS 

was confirmed by the measurement of oxyhaemoglobin to methaemoglobin conversion 

by NO and its inhibition by NOS inhibitors. In addition, FNOS was partially purified by 

2 \5 ' ADP sepharose affinity chromatography.

182



6.5 Future research.

A major piece of future research would have to be attempting to isolate NOS2 and 

NOS3 genes from the Fugu genome. In addition to the brain material supplied from the 

Japanese pufferfish T. poecilonotus, hearts were also provided. This would be a good 

starting point for the possible isolation of a eNOS isoform. Use of the TRIZOL 

Reagent, which was used for the isolation of total RNA from the brain (as described in 

section 2.12), would be ideal because it not only allows the isolation of total RNA but 

also of DNA and protein. This would allow a comprehensive study into the possible 

existence of an eNOS isoform. PCR primers could be designed from the Fugu NOS 1 

gene sequence to amplify a region, such as the CaM inhibitory domain, that can be 

defined as nNOS, iNOS or eNOS by sequencing. For the isolation of a Fugu iNOS 

mRNA the best option would be the isolation of macrophages and RT-PCR following 

induction with a bacterial pathogen. The detection of an iNOS mRNA was described 

previously by Grabowski et al (1996) following the in vivo challenge of rainbow trout 

with a genetically attenuated (AroA ) fish bacterial pathogen (Aeromonas salmonicida). 

Two days post-challenge, gills were isolated and snap-frozen and head kidneys dissected 

and enriched for macrophages. RNA was isolated from both preparations and 

degenerate primers used to successfully amplify iNOS mRNA by RT-PCR. Additionally, 

RT-PCR was used successfully to detect an iNOS mRNA in a goldfish macrophage cell 

line both before and after challenge with E. coli LPS (Laing et al., 1997). In addition to 

the heart and brain supplied from the Japanese pufferfish T. poecilonotus, gills were also 

supplied. Unlike the rainbow trout used for iNOS mRNA isolation, the T. poecilonotus 

from which the gills were isolated had not been maintained in a laboratory and had not
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been intentionally exposed to an immunological challenge. It is therefore not clear how 

likely it would be that these gills would be expressing iNOS mRNA. As an alternative, 

the use of Fugu cell lines would be possible. Fugu cell lines were set up to provide 

easier access to biological material from the pufferfish (Bradford et al., 1997). Cell 

cultures were established from T. niphobles (kusafugu) fry and F. rubripes (torafugu) 

eye, brain, liver, spleen, fin, kidney, swimbladder and muscle. Unfortunately the 

corresponding author of this paper did not respond to requests made for the availability 

of these cell lines.

Northern blot analysis of RNA isolated from the brain, heart, gill and any other available 

pufferfish material, including the Fugu cell lines, would allow a more meaningful 

investigation into the structural and allelic diversity of the /NOS isolated through these 

studies. Using a probe specific to the nNOS isoform could help to answer the question 

trf whether there are multiple transcripts and alternative splicing of /NOS as seen for 

other nNOS isoforms. Equally using a probe general to all three NOS isoforms may 

identify different sized transcripts that could indicate the presence of more than one 

isoform.

Investigation into the promoter sequence of the Fugu NOSl gene would also be of 

interest. As described previously, Fugu has been used to identify conserved enhancer 

elements for both the Hoxb-1 and Hoxb-4 genes (Marshall et a l,  1994; Aparicio et a l, 

1995).

In addition, more work on the Fugu ksr gene would be required to confirm its position in 

the Fugu genome, upstream of the Fugu NOS 1 gene. This may be useful in establishing 

the evolution of this region
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Future research could also include a more detailed biochemical characterisation of the 

recombinant Fugu NOSl protein (FNOS). This would include a study of the exact co

factor requirements of recombinant FNOS necessary for enzyme activity. In addition, 

the use of a calmodulin antagonist would be assessed for its effect on FNOS activity to 

try and deduce the Ca^VCaM requirements. The effect of more NOS selective inhibitors, 

such as L-NIL and L-NIO, on enzyme activity would be used to produce a more detailed 

inhibition profile for FNOS.

Further purification of FNOS would be attempted by methods other than CaM sepharose 

affinity chromoatography including size selection or anion-exchange methods, which 

have been used successfully for mammalian NOS isoforms.
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Table A.I. Primers used for the sequencing of the Fueu NOSl gene

Primer Sequence 5’ 3’ Position
gelf2 CAAGCGTGCCTCGTCTCTAGAGAGGCAG 4 3 -7 0
gilf2 CGCACTACGATTGTTTGACTCCT 218-240
gilf GTCGGTTAAAGGACAAAAGAGGGG 339 - 362
gilf3 AAGCCGAACATCCAGCGGGATGCG 734 - 757
gilf4 CATACGCGTCCGTGTACGTGCGCG 1226 - 1249
gilf5 AAGAGTCCGAGCCTTCCGTGTGCC 1587- 1610
nN0S2F0RA GCCCTGGAGATGTTGAAGAATGTGCTGC 1820- 1847
e2f GAGATTGAACCAGTGCTGCGC 2171-2191
gi3b TCCTCGAACTACCTGACCTAACCG 2485 - 2508
gi3a CTCAGTTGCTGACACTTCCAGCTG 2643 - 2666
g3Dl CCACAGTCTCGTTGACTCAGTCTC 2985 - 3008
g3D2 CTCATTTGGAGTACGTGGATGAGG 3109-3132
r4D GGTGTAGGAATCGACACATCTCTG 3458 - 3481
g4Dl AATCCACGACTGTCTCTGCCCAGC 3668-3691
n42 CCTCAGACCTGCAGAATACAGAGT 4086-4109
n48 ATGTGTGAGACTGTTCCAG 4274 - 4292
n55 TTGTGAGTCGGTAGTTCCTGTGTC 4708-4731
n65 CGCCTTTGTGTGTTCCCACATTAC 5158-5181
n66 ATGCTGTGCTCTTAGCATTGGCTG 5565 - 5588
n68fg GACCTTCTTCCCTCCTGCATTTCC 5770 - 5793
n67fg CAAATTGTCCCGTCAGTGTGGC 5954 - 5975
gi4f CTCGGCATCACTGCGAGTCAAACA 6516-6539
g4D AGAATGATGGAGAGGACTCAGAGC 6821 -6844
n41rga CGTGCATTAGACGGCTTTCGCTTC 7121 -7144
n41rgb TGCCCTCCGCTTCCACGTCAGTGC 7491 -7514
n41rg GTCGTGTCTGGAGTTACTGTCCAAAACCG 7822 - 7850
n5 GGTGACTTATCAAATGGGCTCTGC 8268 - 8291
n8 AGGTCTGAGTCAGTGGTGAGAAGAG 8617-8641
nl4 TCATGTGTCACTGGCCACACG 8866 - 8886
nl8 CACAGTGTTTGCATGCACATCGGT 8987 - 9010
n21 CCTTATGATGCCCAACCTGCACGC 9099 - 9122
n20 GGAGCGCAGGTATGTCACATTTGT 9323 - 9346
n26 GACCCTCATCTTACGCTCAGCTGCA 9691 -9716
n28 GCTAACCGCTCCAACCAAACTGGC 9964 - 9987
n38 TTGATGCCAGAGACTGCACAACAG 10368- 10391
n37f GAGCCTCAGCCTTGCTGTGGGTAC 11226- 11249
n29f TGCCAATAATACACCCAAAGTGAG 11756- 11779
n23 GAAGAAGGCATTTGAACTGCTCCG 12167- 12190
835nNOS ATGTACTGCGCGTACCCCTGAAGG 12434- 12457
nl9 TGTGGGATCCCACATTACCTTCTG 12776 - 12799
n25 TAACGTCCAGCCCGTTTGGACTAC 13112- 13135
el2f TCATGCAAAGTGACCATAGTGGAC 13377- 13400
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Primer Sequence 5’ -» 3’ Position
n30 GCTCAATTACCGCCTCACGCCTTC 13535 - 13559
n36 GCTTGCCAAGTGAGCGCGCAAACA 13849- 13871
n35f CTGAGGATACGACGGTCTGGGTTC 14211 - 14234
n27f AGATGCCAGCTGAGAACACTGACG 14687- 14710
n il CGCACCATGTTATCATCTCGTTAG 15303 - 15326
nl TGCCAGGTTAAATTGATG 15653- 15670
nl2 CCTCGCTCGGTTTGTCAGGACTTT 16015 - 16038
nl6 GTCTATGTTTGGGCTTTGGCT 16291 - 16311
nl5f ACTGTGTGCAGTTACCGTCATTGT 16718- 16741
n7 CTAATCATGGTCTTGTAGGAATG 17004 - 17026
Ge22fl GGAGTGAGCTGGAGCATTTAAGCC 18713 - 18736
Gi28fl GGCAAAGCGGCACAGGCAGCGGGC 21333-21356
gilr4 AGACAAGCATGAGATGGAGGTGCG 498 - 475
gilr3 TATCGCATCCCGCTGGATGTTCGG 760 - 737
gilr ACGCTCCGCTTCGACTGTCCTCCG 1183-1160
gilr2 CGCGCACGTACACGGACGCGTATG 1249- 1226
5RACE3 TAGGCACACGGAAGGCTCGGACTC 1612-1589
gi3arl CAGCTGGAAGTGTCAGCAACTGAG 2666 - 2643
gi3ar2 GGAATGCGTGGAGGGTATGCAGGG 3053 - 3030
g4u CAGAGATGTGTCGATTCCTACACC 3481 -3458
n42rga CAGTGACTCTCCGACCTGTGAGC 3900 - 3978
n48r TGCCCTACAAGAGGTACTGGAACAG 4308 - 4284
n55r CAGACACAGGAACTACCGACTCAC 4733 -4710
n65r GTAATGTGGGAACACACAAAGGCG 5181 -5158
n66r GACAGCCAATGCTAAGAGCACAGC 5590 - 5567
g3u TTGAGGTCCTGTGCCACACTGACGG 5987 - 5963
gi4rb GAGTAATCAATCCCCATGGAAGC 6212-6190
gi4ra CCCAACTAATGCCGTTCCATTTCC 6318-6295
e4r GTCTCCCAGTTCTTGATCTTCAG 6709 - 6686
n62rga CTGAGTCCTCTCCATCATTCTTCC 6841 -6818
n62 AAAGTCTCGCTGCTCTGTGAAGAC 6922 - 6899
n49 TCAACCAGGAGACTGGAAGATATG 7019-6986
n56 TGTGCACACTTATGTGCTTCCAGT 7032-7018
n41 CTCAGCGAATGACCCTGTGAGTTG 7307 - 7285
n9 ACAAAGCCGAGGCAGAAAGACACG 8538 - 8515
nl7 GAGGAAATTTGACAACGAGCCTGCC 8767 - 8744
n20r ACAAATGTGACATACCTGCGCTCC 9346 - 9323
n26r GTGCAGCTGAGCGTAAGATGAGGGTC 9716-9691
n28r GCCAGTTTGGTTGGAGCGGTTAGC 9987 - 9964
gi7r TCATCTACTGCGGTGATTTTGGCG 10934 - 10911
n37 GTACCCACAGCAAGGCTGAGGCTC 11249- 11226
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Primer Sequence 5’ -> 3’ Position
n29 CTAATGGCGACAGCATGTTAAGGG 11634- 11611
n22 GGAGTCATGCTTCTTGGCAGAAAG 11914-11937
828nNOS CGGAGCAGTTCAAATGCCTTCTTC 12190- 12167
n24 CCTTCAGGGGTACGCGCAGTACATT 12451 - 12433
n25r GTAGTCCAAACGGGCTGGACGTTAC 13135-13111
el2r CTGGTACTCATAGGAAGGCGTGAG 13571 - 13548
n36r GAACCCAGACCGTCGTATCCTCAG 14234- 14219
n35 GCTTTGACTCTCTTGGCCATTGCG 14458 - 14435
n27 CACCGCGCCGCTCAACGCTTCAGT 14824 - 14801
nlO CCACACACTTGCATGTACGATTCTC 15090- 15066
n2 ATGGTGTTATTATCACTC 15451 - 15434
nl3 GGGACGGAACAATCACTGATGTAG 15838 - 15815
nl5 GTCCGAGCTAATGAAACC 16553 - 16536
n6 TCCTCATGATTGTTGCTACTGGGCG 16848 - 16824
n3 TCTCTTTGGAGGGGACTG 17213-17196
Gc22rl CCCTCTCGCATTAGCATAAGCTGG 19070 - 19048
Gi28rl CGAGCGTGCGTGAAGTGTCTAATC 21919-21896
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GTTGCTCTGTATTTATAAAGCGCCACGGTGCGCGGAACGGCACAAGCGTGCCTCGTCTCT 
AGAGAGGCAGAGCGCATCAGTTTCCACTTGGAGACGGGCTTTTGGGGAGAAGATCGACCT 
GTGCAGCCGCCAAAGGAGAGTCGCGGCAGAGTAGGACTTTTGGACCAACTTGGGTGCGAG  
C T T G G T G T C C C C G g t g a g t t g t t t t t g g a t g t t t t a a c g c a c t a c g a t t g t t t g a c t c c t  
c a a t c g g t t g c t g t t g a a a a t t c c t c a g a t g g a t t g c a g a g a t t a a t t a a t c a t c a t t a a  
t c a c t g a t t a a t c c c g a t g a a t t a g t t t g a a a t a a t g t g t c g g t t a a a g g a c a a a a g a g g  
g g t t g a a c a t t t a t t a t a a t a g c a a t t a t a t g a a t a a t a a t c a t a t t t t a t g c g c a a a a t  
a a a c t t g t t g c t t t t g t a a a t c g g c c t a c a a t a t g c a c c a a t t t a g t t c t t a g t c g c a c c  
t c c a t c t c a t g c t t g t c t t g t t g a c c t g t c t c g c a t t a a a g a g a t g c t g a g c g c g g a a g a  
c g c a c c t g c t t c t g g t t c t t a t t g t g c c t t t t t t t t g g t g t t t t t t t t g t g t t t t t g g t g  
c a t t t t g t g t g c a g a t g c a a t t t t t a a a g t t g c t c t t t g a t t t c a g a t t t t a t t t c c t t t  
c t g t g c t g t g t c c g g a a t g t c t t t t g t t t g g t t t t t a a t g t c c c t t t g g g g g a g g t t g t g  
a g a c c g a g t g t t g a a g c c g a a c a t c c a g c g g g a t g c g a t a a a c a g g t g a c g c t t c t c a c t  
g c t c c a g a a c t t t g g g c c a t t t a a a g c a t g t g c c a c c g g g t c t g c c c c c t t c c a t c a c a c  
t t a a c c g t a t c c t g a a g c t g a a a g c g g c g t g c g g t a g a t a t t t a t g a a t a t t a c a a g c g g  
c t g c c t t t c a a g a a a g t t t c c a a t t t c t a t a t t c t g a g c a c a t t c t c a t c a a t a t t c a c a  
g c g g t t a t t g g t a a t a t c g c a t c g g c g g a g g a t t a a a g g g c c g c c t g c t g a a a t g a t t c c  
c a t g c t c c a g g a t g g t t t g g t c t g t a t t t g t g a a a c c c c c c c c c g c g c t c c c a c t t c a c a  
t c c c c c g g c g c c t t c a c c c a a a c c g g t t c t t c g g a t a a t g g a a t a t a c a t t t a a t t t t t c  
c t t a t a t c a a g a g c a a t a t c g g a g g a c a g t c g a a g c g g a g c g t g t g t g c g t g t g c g t g t g  
c g t g g g a g g g g g g c a c g a a a a g t g g c a t a c g c g t c c g t g t a c g t g c g c g c t a t a a c t t g t  
c a t c t c t t c a t t t a a t c a t t t t a t g t a t t c a t t t c c t t t t t t t c t g t t g t c t t t t g c t t a  
t a a c c a c a a t a a a a a a a a c a c t g a c a c a t t g t c c a a c a a g a a t t a a t t a c c t g c a t a a t a  
t t t c a t t t a a a g a c a c c t t g a c c c c c c c c c c c c c c c c t t g a c a g a c t g t a a a c a c a t c a t  
g c a g t g a a g a t t a t t t a c t c t c a a a t t a a t a g a a c t c c c a t t t c c c c t c a t c t g c c t c c c  
t c t a t t t c t t t t  cagAAACAGCCCTGGGGAGACATTATACTGCTTTCAATAGTCACTAAC

ACACACTCACAACGCAGGCACCATGCAAGAGTCCGAGCCTTCCGTGTGCCTACTGCAGCC
M Q E S E P S V C L L Q P

CAACATCATCTCTGTCCGCCTTTTTAAGAGAAAAGTTGGTGGTCTTGGTTTTTTGGTAAA
N I I S V R L F K R K V G G L G F L V K

ACAAAGGGTGTCCAAGCCCCCTGTCATTGTGTCTGACATCATCCGCGGCGGCGCCGCCGA  
Q R V S K P P V I V S D I  I R G G A A E

GGAGTGCGGTCTGGTGCAAGTGGGCGACATCGTGTTAGCGGTCAACAACAAGTCCCTGGT
E C G L V Q V G D I V L A V N N K S L V

GGATCTGTCCTACGAAAGGGCCCTGGAGATGTTGAAGAATGTGCTGCCAGAGAGCCACGC
D L S Y E R A L E M L K N V L P E S H A

TGTGCTGATTCTCCGTGGACCAGAGGGTTTCACCACGCACCTGGAAACAACCATATCCGG
V L I L R G P E G F T T H L E T T I S G

AGATGGCCGCCAACGGACAGTTCGGGTCACGCGTCCCATCTTCCCGGCCTCAAAGTCTTA
D G R Q R T V R V T R P I F P A S K S Y

Figure A.I. Complete nucleotide sequence and predicted amino acid sequence of 

the Fugu NOSl gene. Lower case letters represent introns, upper case letters represent 

exons. Exon-intron boundaries are underlined. The ATG start and TAG stop codons 

are highlighted in bold. Amino acids are shown in single-letter symbols.
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CGAGAATTGCTCCCCGCTCGGTCCATTCGGGCCAGGGCAGCAGGTCAACAAGGAGTCCCA
E N C S P L G P F G P G Q Q V N K E S Q

GCTCAGGGCCATTGAGAACCTGTCCTCTCCACTGCAAAAAGGAAGCGTGCAGGCTCAGGA
L R A I E N L S S P L Q K G S V Q A Q D

CCCCCTGCTGTTGAGGGACGGGGGCCGGGGACTGTGTAACGGGCTGGAGGACAACAATGA
P L L L R D G G R G L C N G L E D N N E

GTTGATGAAGGAGATTGAACCAGTGCTGCGCCTCGTCAAAAACAGCAAGAAGGAGATCAA
L M K E I E P V L R L V K N S K K E I N

TGGAGAGGGCCAGAGGCACGTAGGGAGAAGAGATGCTGAGATTCAAGTGACCTGgtaatt
G E G Q R H V G R R D A E I Q V T W

t g t g t c g t g a t a t t g a t g t c g t c g t t g t a g t g t t c t t t g t g a t t g t t t c c c t g c t c g g t g
t g g t t g g c t a t a g a g c c c c g c g a g a a t t a a g g c c g a g a t t t g g g t c a a g a g c c c t t c a a c
g a g g t g a t t a t t a g c t g a c a c c a g a g t c t a t a a c t t g t c t t c t g a t t g a a a g c g t g t c c t
t t t a t t t g c t t t c t c a c c t t g a a a t c c t c g a a c t a c c t g a c c t a a c c g t g t t a g t t a t c a
a a g a c a c g g t c t a a a a t t a t a g c g g g c c c c t c c a a g a a c a c t t a a t a t c t g c a t a c t g c g
a g a t a a a a a a c g a a a a c a c a a a t c a g a g a a g c a a a a g t g a a g c a t t t a a t g t t g a a a t t a
a c c t c a g t t g c t g a c a c t t c c a g c t g t g g g t g g g g a g g g a a a g c a a g a c t c g a a g g g t t t
a a a g g c t t c c c a t g a a a a a g a a c g t a t t a a c t g g c t t c t t t g t a t t g a g g a g t g a c a c t t
t t g a c a c a g c a t t c c a a g t g t t g a g g a a g c a a a a g g g t t t g a t g g a g a c t c a a a a g a g t t
g g c t t t a c a g g t t t t t t c t g t c c t t t t g a c t g t t c a c t c t g t g g t a t a c t t t c a t c a g g c
t t c a c a g t c c g a g c c t g t a t t c c a t t c c a a a c t c t g g a t g a a c c a t a t c g g c a t c c c g g t
t a t a t g c t t t t g t a c t c c c a c a g c c a a t t g a a a t c a g a t t g a g g c c a c a g t c t c g t t g a c
t c a g t c t c a a c a c t t c a t t c c t g a c c a a t c c c t g c a t a c c c t c c a c g c a t t c c t g a a t a c
a t t t c g a t t g a t t t t g t t g a t a t g a g a g t c t c a a a g c a t t a g c a a t a g c t c a t t t g g a g t
a c g t g g a t g a g g a t g a a a a c c t g c t a a c a c a t g t c a a c c t t t t g a t c a a g g t g c t t t t g g
g c a a c a t c a t g t c a c a a t t t t t c g c a t g t c a t g c a a a c a a c a t g a a a g a g a g c t g c c a g a
g a g c c a c a g c a t g a g g t t g c t t a a g c c g c a c g a c a g c g c t a g c t c t a a t g a c a t g t a a c a
t a c t g t a t g t c a c t t t g c t a g a a g a t g c c g t a c a c t g g g a c t c a c g t g c g c c t g c a a a g t
t t g g c a c c t g g c g c t a a c a t t t a g a a c g c g a g t t g c t t t g c a t c g g g t g t t a g c g g g t a c
a a a c c ta a c c ta c a a c tg t t tg a c tc c c a g G G G C G C T G G T G T A G G A A T C G A C A C A T C T C T

G A G V G I D T S L

GCAGTTGGACTCCTGTAAGAACAAAATGCCGGAAAAAGAGCCCGGTGTGCCGCAGAACGC
Q L D S C K N K M P E K E P G V P Q N A

C G A C A A T G A C A A G g t a a a a a a c t g t c t g c c t c c a t t a a a c a t g a t t g c t t t a a t t c c c a t  
D N D K

c a t t c c c a c a t g t c t c t g t t t t c a t g t c t t t a t c t a a a t c a a g c t g t g t t t t t g t c c a a c
a c g t t g g a a t c c a c g a c t g t c t c t g c c c a g c t g t g c a a t a a t c c a a a c g t c c a a c g c g t t
c c g t g c c t c t a g a a a c c c a g t g c c t a c a t c t g t g t t g g t t c t t t g c a g a g a g t a g c a a a g
c t t t t c c c t a a g a t c c c a t c a c a t a g g g c a t t a g c t c t t t c c g g g g a a a g c t g g c g c a g c
a t t a a a t c c a g c t t a t g c c t c t c c c a c a g a a g g g t c c g c t c a c a g g t c g g a g a g t c a c t g
a c a g g g g a t a g t g t c g t a a t c t g c a c a t g a t c t g c a t t a t c c a c c c a c t t g t g a c g t c g c
t t g a g c c c g t c t c a a t g g g a c c g g a a g a g g t g a a a t t a c t c c a g g g t g c a t a a t g a a t g t
g t g c a g c t g c t g a t c c c c c c c c c a t c c c c t c c a a c a a a t g t g a c c c c t g c t g a a a a g a t t
c a g c c c c t c a g a c c t g c a g a a t a c a g a g t t a a t c t g a a t c t t t g g g a g a t t a t t t g t t g t
g t g g g c g g a g g g c t g g a c c t g g a a g a a t g c a c a c t t a a g a g t g g a t g a a g a g g a c g t g t g
t g t g t g t t t g t c t g t g t g t g t g t g t g t g t g t g t g t g t g t g t g t g t g c c a c a c a c t c a g g a
a a t a t a c t t g t g c a t g t g t g a g a c t g t t c c a g t a c c t c t t g t a g g g c a c c g g t t g c a c a a
c t g g t g t c t g c g a a a c c c a g a a a c c a a g a t t t t t t t t t t c t t t t t t a a c t c t c t g g g a t t
a a t t a c a g a g a t t t t a a g c g a c g t g t c a g t a g c c t t t a g a c a a a c t c t c a g t t g g g c g a g
g g a t c g c t c a t g a g a c t g c a g t g t g a g a t c c t g c c t g t c g t t t c a t g c t t a a t a a t g c t g
c t g c c a a c a g c t g a a t t t g c t a t c a t c c a t c a g g a a t c a t c c a t c a t c a g g a a t c a g t t t
t c a c g t c a g a t g a t t c a t c t t t t c t t t t g c a t t a g t t c c a a t a t c t t t t t t c a c c c c t g c

Figure A.I. continued.

229



t t t t t g a t c c t t t g a t c t g g t g t c t t g a t g a t t c t t t a t a c g t g t t g a a a t a t c t g a t c c
t g t t c a t t t c t a t g c a g t t a c g t t g t t t t g t g a g t c g g t a g t t c c t g t g t c t g c c t a g c c
t c a c c t g t g c c t c g g c g c c t c c t c c c a c c t a t a t g c g c t t t c t t t a g c t g g t g a a t c t t g
t t g c t t c a t g t g t c a a a a t g g g g t g a t a a t g t a a c c a g t a c g g c a t c c c t t a a a g a a t g c
t a t t a t t c t g t t a t t c c t g a g a t c a g t t c c a g t c a t t a t c c a g t t c c t c t g a t a c t g g a a
a c c a g g a c a g a t c a t t g a t a c g t g a t g g t a t t t a a a c a t g t c a g c t g a t a a g t c t t c t g g
c a a c a t t c a c a a c a c a a c a g c a a t t a t a a g a a g g c t t t g c t g t t a c t a a a t g t g c t t t g t
t a c t t a g c a a c c a c a g a c a a a g g a t c a g a c a t a t c t g t t a a a c t t g g t t c a t t c a g t g t t
g t t g a g t t g t a t t a t t a t t a t t g t t g t t a t g t t t a t t g t t a t t a t t a t t a t t t t a t g c g c
c t t t g t g t g t t c c c a c a t t a c t t a a a c a t t a c a g t g a t a a a t g a a g a t g g a c a g t g c t t t
a t g t g a c a c t t t t a c t t t a c t t t t c c t g t g t t c t g t t t t c c a g g a t g c t g t a t a a a c a t g
t t a g a a a c g t a c t a g c a g t g a t c t g t a t a t a t c a g t t a a a a c a a g c c g a a a t g c t a a t g t
t a t c g t c c a t c a t a t g a g a a t g g a c t t c t g a a a a a a c a t g a g c a a a a a t g c t c a t g t t t t
c t t c c a g c c c a t t c a a g g g t c g g a t a a g a g c t g a a g t g t t t a c a t g c g c t g c a g a g g t g g
a a c a a t c t g g t t t c c c t t t t t t c a g t a t a t t t a t t a g a t t t c t t t c a g a c t a t g t t c c t a
g t a a g a t t c a a c c a c t c t g c t a t t t c a g t c c a g c a g g a t t t a t c a t g c t g t g c t c t t a g c
a t t g g c t g t c c a a a t g t g g g a g c t a a t a g a a c c t g a a a a g a g a g c t a c a c g c t g c t t c t g
c t g c t g t c c t t t g t t t a t g g t c a t a t g a a c c t t c t c a g t g a t g c a g a a t t t a c c t t t c a g
g a g t g g c a c c t a g g g g t t c t t c g c t g a a a g t c c a a a t t a g a a t c t c t t t t t a a c c g a a a t
t c t a t t g a a g a c c t t c t t c c c t c c t g c a t t t c c a c t c t g a c t t t a a a a a t a a g a g a t a a a
a t c a c c c g t t t a g g t g t t t t t g a t g t t g g a g a a t c a t t c t c t g a a g t g t t t t t t c t c a g c
t t c a t t t c a a a t c c t a a g a t t g t t g c g t t t t c t t t t a t g t g t t t c c t c t t t c t t t c c t c a
a t t t t g g t g g a a a c a a a t t g t c c c g t c a g t g t g g c a c a g g a c c t c a a a c t t t c t t t t t g c
t t c t c t c c t t g t g c a a a a t c a a a c g t a a t t t a g t c c a c c t c a c t c c t c t c c a a c t g t t t g
a a g a c a g c a a a t c a c a g t g a a g t t t g g t a t t c c c a c t t t t c a t c g g c c c c a c g a g t c g a g
g g a t t g t g t c g c t g t t g t t c a g a g g c t t t t c t g c t g t g c g t t a c a g a t g c t g g g g g a t a t
t a t g a a a g a g c t t c c a t g g g g a t t g a t t a c t c t g a t c t t a g g c a a t c a a a c t g t g c t t t t
c t c t a g a g c c a g t g c t c a g g t t a a a t t g c a g g c a t t c a t c a g t c a a t a g g a g t t g g a a a t
g g a a c g g c a t t a g t t g g g g a g a a t c t a g g t g g t t g c t g t c t g t g a g a g a g a c t c a a g c a t
a a t a g a g a a a a g c a a c t c t c a a a c g a a a g t c c a c c a a g c t g t g a c g g c t g g c a t t g c t t t
g t a t a a c t g c t c a a a t t g a c t t t a c c a g t c g g t a a c c a a t c a g g g c a t t t a t c c a g c g c c
g c a c c g t g a g g a g a t c g a a t g t c t c t t c a g c t t t c c t c g g c a t c a c t g c g a g t c a a a c a g
c t g g t a t t a a a t g c a t c c c a g a g g t t g c a c a c g g t t g a a a a g c a c g c a a t a a t g a c t c a t
ttg tgcccttgcagC C T C C T G C C G A G G C C A G G A C C T C A C C T A C T A A A T C C C T G C A G A A C G

P P A E A R T S P T K S L Q N G

GAAGCCCCTCCAAATGCCCTCGCTTCCTGAAGATCAAGAACTGGGAGACCGGCGCCATCC
S P S K C P R F L K I K N W E T G A I Q

A A A A T G A C A C A T T A C A C A A C A G C T C C A C C A A G g tg a g a g g ca tg g a a a tg t g t t t c a t t a  
N D T L H N S S T K

a t g g t t g t a a t a a g c t g a a g g a a c c a t c t g g t a g a g g g g a a g a a t g a t g g a g a g g a c t c a
g a g c t g a g a t t t g c a a a g g t g a a t g c g g g a g a c g a c t g t c g g c t g c c a a c a g g c t c a c g t
c t t c a c a g a g c a g c g a g a c t t t g g t t t g a g g g c g c c a a c g t g c a t c t t t c c a t c t c t g g g
t c a a t g c t t t a t a a g c c c t g a t g t g c a t a t c t t c c a g t c t c c t g g t t g a c t g g a a g c a c a
t a a g t g t g c a c a c t c a t c a a c g c a t c a t t t g c a a g t c a a g t a g a t t g a a g a a t a a t a g c a
c a t c g c a g c a c g t c t c c t c t c c g c t t c a c a c t c t g c c a c t c g t g c a t t a g a c g g c t t t c g
c t t c c c a a a t t t t g g c g a t t a a g c t c a t t a c a a t c a a a a a t g a a a a a t g g g g t g g g c t g g
g g g g g t g t t g g g g g t g t t a a g c g g t t a g c g c c t g c t g a a c a a t g a a c c a c t g g g a g a g a a
a a t a c g g a c t t a c c t t a t g g g g a c a a c t c a c a g g g t c a t t c g c t g a g t c a c a t t a t t a c g
c a g c a t t t t c a t g a a a g t g a g a a a t c c g a c g t g a c g t t t g g c a g a t a t t t t t a t a c t g c c
t c a a t t t a t g c c a g g a g g g g c t c a a g a a a g c a g a a a a a g c t a t t c a t c a a t c c g g t t a t g
c t c t t a t t g c t c t t g a a a a t a a c a a c t g c t g t t t g c t a a t t g t c a c t t t a t g c c c t c c g c
t t c c a c g t c a g t g c a a a a c a a c a c a a g a a a a c a a c a t t a t t t a c t t t t a t a t a t g t g g g g
t c c a t g t t g c t a a g c a t g t c c t c a g c t g t c a c c c a t t a g t c c t g a t c t g a c c g a c a t t g c
t a a c g c t a a g t g a a a c a a c a a a a t c a t t a c a a g a c a a g c a c g c a a a g t t t a t t c t t c a g t
c t a t a a t c a g t t t c a t g t t a a g t c a c a t c t t t c c t t a t t c t t a t c g c a t g t t a t t t a t a t
a t c a c a t g t g c t g t g a a a a c t a c t g c a g t t a t a g c c t a t a a a t g g g c a t a t c a t g t t t c t
c a t t t a t c t a a t t t t a t c a t t g t c g t g t c t g g a g t t a c t g t c c a a a a c c g t t g t t a a t t g
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t t a g c a g a t t t a a c c g g c t a t t g a t c g g c c t t a a a c g t t c a t g a a t t c a g a a g c t t c t a c
a a t g a c a a a c t c a g c t c a c c t t t g c g g g a c c g t g g t c a t a c t a a t c a c g c a c c c c a g c c a
g c c t t t g t c a c t t t a a c a g a c a t t t c a g c c t c a g c c a a t a g c a g c c t a t a a a g a t a a t a c
g a g a t g a c c c a a a g c t t t g t t t a a a g t g a a a a t g g c t g t t g a a a a a a a t c a a c a g a g a g a
a t t g g t t c c t t a t c c c a a a t c a t c t c c c c c t c a t c t c g g g c t t g g t g g t g a a a t t t c a a t
c a g g t t t c c t c t t g t g c c a c c t g t t c c c g t c g a g c a c a a g g t g a a c c g c g t t a g c a t t c a
c c c c c c g a a a t g c c g c a g c c a t t t g t a a a c a g c a g c c a a a t g a c t t t g g t g a c t t a t c a a
a t g g g c t c t g c a t c c c a a t g a a a g g c c t g t t g t g g c a t c t t c a g a t t t a t t a t a t a t c a c
a g a t g c t g c c a t a t t g g a g c c t g a t t t g t c t g t t t c a a a a a g g a c a g c t g g c t g g c a t g a
a t g c c c g g a g c a g t a t g a t g a g c g g a c a t g c t g c a g c a g a a g t g a t t c c t t t g t t t t a t t
t t t a a c a t t c c c t g t g c t g c t c a t c a c g t c t t t t t t c a c t t a t c t t a c g t c g g c c g t g t c
t t t c t g c c t c g g c t t t g t t c c a g c c t c g t g t t g t t a t a c a c c c t t t a t c c t t t t t t t a a a
c c c c t t c t g g c t g c g a t g g g t a t a t t t t a a t a a a t t a g g t c t g a g t c a g t g g t g a g a a g a
g g a g g a a g t t t a t t t t g g a t g g t c c t c a t c t a g a g a g a g t g a g a g a g g a a g a g a g a g a g a
g a g c a c c a a t g t g t g c g t c t g c a t t a a a a g a g c g a c t t t a a c g g c a g g c t c g t t g t c a a a
t t t c c t c g c t g a c c c g t t c c a t c t a t c g t t t c t g c t g c c c g c t c a c t c g t t t g a g c t g g t
g a a a a c t t t t a a g c a a a c c a a a g t g a c a g c c g a c t t c a t c t c t c a t c a t g t g t c a c t g g c
c a c a c g a a g c t g c c t t c a g c c a c g a a c a g c t c c a g t t t c a t a t t t t c a t a t t t g c t t t t t
c g c t c t t t t a g g t t c t g t t t a a t g a a g g a a g a g a g t c g g t g a c t c a c a c a g t g t t t g c a t
g c a c a t c g g t c c t g t g t g a g c c t t g a a t g t g a t g a t g t g a t g g g c a g a a t g g t t t g t t t a
cagACGCCAATGTGCCCCGAGAACGTGTGCTACGGCTCCCTTATGATGCCCAACCTGCAC

T P M C P E N V C Y G S L M M P N L H

GCCCGCAAACCGGAGGAGGTCAGGAGCAAAGAGGAGCTTCTGAAACTGGCCACCGACTTC
A R K P E E V R S K E E L L K L A T D F

A T T G A C C A G T A T T A C A C C T C C A T C A A A A G gtaagc c c a g t c c g t t c c g t c c g t t c c g t t a  
I D Q Y Y T S I K R

t c a a a t g t a a t t c t g a g c g c t t a a a g t c a a a g c t g g g t g a g g a g c a g a g a a g g g g a t t c t
t t t t a a c a c a t t g g t g g c g t t t g g a g c g c a g g t a t g t c a c a t t t g t g a g a a a t a a a g c a c
c t a a c g t g t a a a c c t t t c c a c a t c a c a g t g a a g g c g g g g g c a a g g a t t t g g a a a a t g g g t
a a g a c a g t g a c c a g a t g a a g g t t t g a g t g a c t g g a a a a c a t g t g c a t t c a a a a c a a g a c t
t t t c t t g a g c t a a t c a g a c c c a c t a a a g t c t g a g g t a a c g g t t t t c t a a a c t c a t g g a t t
t c a g g a g g t c a t t g a a a a t g a t t t t c c t t g a t c c g g a a g g t t t g a a a c a a c c t t t c t t t t
c t c c g g a t a c a c c t g a a g t t t a g a a c t t c t g t g c a c c g c t t t c c t c a a a c t t t c a t a t t g
a t t c a g c t t t t c t t t a a t t a a a a g c c t t t t g a c c c t c a t c t t a c g c t c a g c t g c a c g t g g
t t c a c a a t c a a t a t c a g a t t t t g g a t t t t c t g c g t c a t g t t a g c a g c t c t g g g t g t a a g a
t g a t g a c c c c a c c c c c c c g c a c a c g g a t c t c c c g g t g c a t g g g g g g g c a g c a t c g g t t t a
c t g t c g c t c t a c t t t c t g t g a a a c a t c g t c g c a t c a c a g g a c a g t c t g t g a g t c c t c g c t
g a g a a a a a c t g g t t a c c a c g a t g g a a c a a c a g c g a g t g g c c g a g c c c t t c t t g a a c t c t t
t a t g c t a a c c g c t c c a a c c a a a c t g g c t a g c t t g c c g a g c c t a a g g c a g c c a t t c t a a c t
a c a g t t g g c t t t t c t g g t t t g g c t t g a a g c t c t g c t g t g g a g t c t a a t t a a g g c c t g t c t
gtaatgtgactgcagG T A C G G C T C C A A G G C C C A T A C G G A C A G A C T G G A G G A G G T G A C C A A

Y G S K A H T D R L E E V T K

GGAGATTGAAGCGACTGGAACCTACCAGCTGAAAGACACAGAACTGATTTATGGAGCCAA
E I E A T G T Y Q L K D T E L I Y G A K

ACATGCCTGGAGGAATGCTGCCCGTTGTGTGGGAAGAATCCAGTGGTCTAAACTACAGgt
H A W R N A A R C V G R I Q W S K L Q

g a a a g a c g c c t a t a a t c t t g t t g c a c g g t g c t c t a a t t a t a t c t t t t a t a t c g a g t c t g g

t c t t t t t a c a a a c a a t g g a a a a a c t c t t g c g c t c a c a t t t c a g G T T T T T G A T G C C A G A G A
V F D A R D

CTGCACAACAGCTCATGGAATGTACAACTACATCTGTAACCACATCAAGTACGCTACCAA
C T T A H G M Y N Y I C N H I K Y A T N

Figure A.I. continued.
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C A A A G G G A A T C T G A G g t a a a a c a c a g a g a c g c g c a c c c a c a c a g g c a t g c g t g c a c a c a a  
K G N L R

a c c t g a t g t a t g t a g c c a t c t t t t a t t t g c t t t t t t g g t c a a c t t a c c t c c c g t t c c t t c
a a g t g c t c t t g c a c a t c t c t c c a g c t g t c c g t c t t c c c t t g c c c g a c t a a c c c g a c t t g a
c c c g c c g t c c c a t c t g t c a t g t g t g t g t t c t c c g t c t c t g a a a g g g g t c t c t g a c a c t a t
c t g c t g c c t g t c t g t c a c c g c c t c a g c a c t a a t c g c t g c c t c t g t c a g c g a g g c g g c g g a
c c t c g c c a g c c a g c g c a c a t t t g t c a g a c c t g c g t a g c g a t g g c t t g g g t t t c c t g c c a a
g t c c t a a t c a c a t g t g a c a t c t c g c a t t t a c t t c g t g g g t g a t g g a t a g c t t g t g a g t c a
t t a c t a c a g t t a t c c t g g c c c a c a g a t g g a c g g t g a g a a c a t t a a c g g g g c g c c a a a a t c
a c c g c a g t a g a t g a t c t t a a g a t g a t a a a a g a g g a c g g a t c c a t t g t g t g g t c a a t c t t a
a a t t g t g t a a c g t t g t a a a t g a t c t a t t a c t g c t a a t a t t a c g g t g g c t a c a c c a g a t t g
a g a a g a t c a g a t t c a g g c a g a g t t c a g t g c a g a t g t a g a g g g c t g g t g c g a c t g g c c c a g
a t t c a c a c c a g c t g c t c t c c c t c c t c g g t g a c t t a g a a a c g g c t t a g c a g c a t t a g g a c t
t t t t t t c c g g g t t a t g a c a t g a a a a g c a c c a c t g t c a t a t a t t t a a g a g c a g g c c a a a g g
t a g c t g a g c c t c a g c c t t g c t g t g g g t a c t t t a g t c c a g c a t c t a t t a a c a a c a g c a g c a
c a t t t g g a t g a t g g t t a c g t c a g g a a a a a g t t c c a c a g t c t g a g a t g t t c t a t t t a g g g t
g t a a t a a t t g c a a t t a t c t a a g c a c a a c g c t g a c t t t t t t g g g c c c t t g a t t t g t t g c a g

GTCAGCTATCACCATATTTCCTCCGAGGACAGATGGCAAACATGACTTTCGAGTGTGGAA
S A I T I F P P R T D G K H D F R V W N

CAGTCAGCTGATTCGTTATGCTGGGTACAAACAGCCTGATGGTCAGATCCTGGGGGACCC
S Q L I R Y A G Y K Q P D G Q I L G D P

T G C T A A T G T T G A A T T T A C T G A G g t g c g a g a a a a a a a a c a g c a g t a g t t t a a a c c c a c a g c  
A  N V  E F T E

t a c t a a a a a g a a a c a t c t t a t c c c t c t a t a c c c t t a a c a t g c t g t c g c c a t t a g A T C T G C
I  C

ATGCAGCTGGGATGGAAAGCTCCAAAAGGTCGCTTTGATGTTCTGCCCCTCCTCCTGCAA
M Q L G W K A P K G R F D V L P L L L Q

GCTAACGGAAATGACCCCGAGCAGTTTGAGATCCCCGAAGACCTGGTCCTGGAGGTGCCA
A N G N D P E Q F E I P E D L V L E V P

A T A A T A C A C C C A A A g t g a g t a g t t a c c t t c t t g t a t g t g g a c g g a a t a c t c a a a a g c a a a  
I  I  H P K

a c a a t a a a t g a a a a a a a a a c c c a g c a g g g t c c t a a t a a a a g a g t c a g c c a c a c g c c c c c a
c t t c t t a t a a t a a c a t t t c a t a c a a t a g g t t a c c t t t c t g c c a a g a a g c a t g a c t c c a a t
t c c a a c t g t t c t g a a t a t t c c c t g a a a g c a c a a a g g g c g g t a c t t t c a g t t g c t a t g c c a
g c t t t t g t g g t a a c c a t g g t g c c c a t t a c t g a g g t c t c a a g t t c c t g c t t g g t t t t c a t c
a t c t t t a t a t t g c a c t g c t a a a t t a a c c a t t t c a c t t g t g a c t a t a g a a a a t a t c c t t g g
g a t c t a a a a t a t t c a t g g t c a c c t t t g a a a a c a t c t c c a c a t t a a a g a a g a a g g c a t t t g
a a c t g c t c c g g t t t t c a c c g a c t a g c a c a a a c a c a g a t g c a g g c a g a g c t a t c a t t a c a t
t g g t t c a c a c c a c a g a g a g c a t t t t a g c a t c c c t t g a c a c a c t g c t g c t c t t g c c a a a c t
g t c c c t a g a a t t g g c a a c t c c t g c t c a a c a c c c g c c a t c a a c t g g c c c t t a g c t c t g g a a
g c t t c t t g g c a c g g t a g c t t g a c c a c c g a c t g t g t c c c a t t a t t g c a c g a g a t t a t a c c c
a g c t c t g c a a a t a a t g t a c t g c g c g t a c c c c t g a a g g g t t g a g a g t t g t g t g t g t g t g t g
t g t g g g g g g g g g g g g g g g a a t t t t c t g c t g t a t a t t t t g a c c g g t t t a c a a a t t a a a t t t
t c a a a g a t a a t t t c a t t t c a a c a c t c t t t a t t g a t g g c t g c t t t c a t c t t c c c t t t a t t a
t t c t t g t t t t a t t t a t t a t a a t t t t c a g g c t a a a a c t t t c c t t g t t t c t c t t g a t g a g t c
g a c t c a a a c a a t c t g t g a a t t a g a t c a t t t c t a t a t a a c g c a g t t c a a t t t a t g a t t t a t
t a t a a t t t t t c t t g a a t g a a c t c g a a c c a t a t a a t t a t a t g t g g a c c a a t c a t a a t g t g g
g a t c c c a c a t t a c c t t c t g a c a g t t t t g a t a a t t a c g t g t c a c t a c t t a a t g t a t g t t t t
a a c a a a c a a t c t t a t c a g a a t g t a a g g c t g t a g t t t a a a t g a c c t c a g g c c a g a a g g g c t
a g c a t g t a a g c t c t t c c t c c t g t a c c c c t t c c a a g G T A T G A G T G G T T C A A A G A A C T G G C T

Y E W F K E L A

Figure A.l. continued.
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CTCAAGTGGTACGCCCTCCCTGCTGTCTCAAACATGATGCTGGAGATCGGAGGCCTGGAG
L K W Y A L P A V S N M M L E I G G L E

TTCACTGCCTGTCCCTTCAGTGGCTGGTACATGGGCACAGAGATCGGCGTGAGGGACTTC
F T A C P F S G W Y M G T E I G V R D F

T G C G A C A C G T C C C G C T A C A A C A T G C T G G A G g ta a c g tc c a g c c c g t t tg g a c ta c a g a g a
C D T S R Y N M L E

g a t g c a g a c t g a g a c t a g c a g g t a g t t a a a t g c a a t a t t t c c c t g t t t a c t g c t t a g g a g

GTTGCAAACAAGATGGGCTTGGACACCAGAAAGACCTCCTCCCTCTGGAAAGATCAGGCT
V A N K M G L D T R K T S S L W K D Q A

T T G G T G G A G G T C A A T A T C G C C G T C C T T C A C A G C T T C C A G g ta a a c a ttcc ca c c ttg a g e  
L V E V N I A V L H S F Q

t c t c c c g t c g a a c t c c c t c g a g a a g a a a a c a c a t c a g t t c t g t g c t t c a t t c t c a g T C A T
S C

GCAAAGTGACCATAGTGGACCATCACTCGGCGACCGAGTCCTTCATGAAGCACATGGAGA
K V T I V D H H S A T E S F M K H M E N

ACGAGTACCGGGTGCGAGGCGGCTGCCCCGGAGACTGGGTGTGGATTGTGCCTCCCATGT
E Y R V R G G C P G D W V W I V P P M S

CCGGAAGTATCACGCCGGTTTTCCACCAAGAAATGCTCAATTACCGCCTCACGCCTTCCT
G S I T P V F H Q E M L N Y R L T P S Y

A T G A G T A C C A G g t g a c c g c c g c c c t c a g c a c a g c t g c a c a t a c a c a c t c g t g c t t g a t a A  
E Y Q

a c c a g g c g c a c a g a g a g c a c c a t g a a a g t c a t t t c c t g t t a g a a a c a a a g c a a a c t g a g c
a c c t t a g a g a a g g a a a g g g a t g c a t g g a a t t g t g a a t t a c a g a t a c g a g a c t g c a t c t a a
a c t c t t a a t t t c t t c t c c c a t a t g c a a a a g C T T G A T C C C T G G C A T A C C C A T G T G T G G A A A

L D P W H T H V W K

GGAGTCAACGGGACGCCCACAAAGAAACGAGCCATTGGATTCAAAAAGCTTGCCAAgtga
G V N G T P T K K R A I G F K K L A K

g c g c g c a a a c a g a a a t a t t a g a c a a g g c g g a c a t t c g g t g t t c c c g a a g t g g c t a t t t g t
t t t t c t c a t c t t c c t c t t t c t g c a t c c g t a a t c t c a t t g t t a c g t t a a a t c c c t a a t c c c
c g g a c t t g a t a t g t a a t a t a g a g c c g g a t g t g a t a a t c c a g g g c c a a a c g a a g t c a t c g a
c t t c t t g g a a a a a a a a a a a a a a a a g t c a g a c a c a t g g g a t g c a a g c t c g a g c a c t c a g c a
a t g t g a t t t a t t c a a t c a g c c c c t g g g g g a g t a a t c a a a g c t t t t c c a g g g t t t t a t c a g
a c t a t g c g t g c g c t c a t g c a t g c a t t t g t c c t g c t a t t a a t a t a g t t t c c c t g a g g a t a c
g a c g g t c t g g g t t c t a a t c g t c a t c t a t c t g c t g c t t t g a c a t a a a a a t a a c a a a a a t g a
t c c c c t t g a a a t c t g t t a t c a g c t c t g g t t t t a t g c t c t a t g t a a t t t a a t g a a c c t c t t
t g a a t t t g a a t g c c c a t t t t a g c t c t a a c t g t t c a t t t t c t t a a c c c c c c c c t c c t t g c a
gAGCGGTGAAGTTTTCAGCCAAACTCATGGGTCACGCAATGGCCAAGAGAGTCAAAGCCA

A V K F S A K L M G H A M A K R V K A T

CCATATTGTTCGCCACCGAGACGGGAAAATCGCAGGATTACGCCAAAACTCTCTGCGAAA
I L F A T E T G K S Q D Y A K T L C E I

T C T T C A A G C A C G C A T T C G A C C C A A A G g t a c c a g g t t g c a t c a c t t t g a t a a g c a g t c g g g
F K H A F D P K

c a c a g a a a g g a c g a a a a a t t t g g g g g g g g g g g g g g t t c a a a a g g a t c a c g c t g c g g c c g g
t c t t c g g c c c t c c g c t c t c c c t c t t c t c t g g c t g a a a a a g a c g a g c a g a t g c c a g c t g a g

Figure A.I. continued.
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a a c a c t g a c g a g a g g g t a g a a g a a c a a a a t g t g t c a t t t g t c a c a t t t g t c t t c g t c t c t
c a t g c a g c g a a g c g c c g c c g g t g g a a g g c a a a a t t t a a c c a c t g a a g c g t t g a g c g g c g c
g g t g g t t t a a g a c c a g a t c c g g a g g c a c c t c t g g c t g t g c a a a t c a g t t t a g c g g a a g t g
t g t g t g t g t g t g t g t g t g t g t g t g t g t g t g t g t g t g t g t g t g t g c g t g a g t g t g t g t g t g
t g t t g g g g g t a g a g a g a g a a g a a g a t g a a c g t c a g t c a a c c a c t t t g t g c a t t t c c t c c a
t g t c a t a a c t c a t t c c c c g t c a c c c c c c g c c c c c c c t t c c a t g a c t a t g a t c a a t c t c t a
a a c a a g a g a a t c g t a c a t g c a a g t g t g t g g a t g t g t g a g t g g g t g t t g a g g c a c a g a t g a
a t g c c c g t g g c t c t t t c t t t t g c t t t t t t c c c c c c c c g c t t t t c t t t t t c t t g t c g t g g g
g c t a a a g c c t g c g t c t t t t t c a c g c c t t t g c t c a t g c g c g t g c g c g c g a g c a a t g t c a g a
t g c a t g c c a c g g t a g a g a a a t a c c a c g c t g a a a g g t g t g a t t c a c g g g c g g t t g t t g t g c
g c c g c a c c a t g t t a t c a t c t c g t t a g a g g c g a g g a g a g g g t g g t c a t t a c a a t t t c t t c c
t g c t a g c t t t c t g t g t g t t c a a c c t t t c a t t t a c a g t c t c a a g c c a t c t g t g a a g a g t g t
g t g t c t a g a a g a a g a g t g a t a a t a a c a c c a t t a c a c a a g t g g a g g c t t a c g a c t c c c c c t
c c g t g a g c c g t c t a a t t c t t t t t t t t t t t t t g t c g t c t c t g t a g G T C A T G T C T A T G G A C G

V  M S M D D

ATTATGATGTGGTGGATCTGGAGCATGAGACGCTGGTGTTAGTGGTGACCAGCACGTTTG
Y D V V D L E H E T L V L V V T S T F G

G C A A C G G C G A C C C C C C T G A G A A C G G A G A G g ta tg c g c g c g a g g a a g c a g c g t tg c c a g g t
N G D P P E N G E

T A a a t t g a t g t t a g g c a c a g t t c a c t g a g a g t c a t g c c c g t c t c t g t a g A A A T T T G G A G C
K F G A

CGCCTTAATGGAGATGCGGGAGCCGACGTCCAACACAGAAGACAGAAAgtgagt c c a g t c  
A L M E M R E P T S N T E D R K

t t g g t t c c c c c t c t c c c t c c t c c c t c c a g t g t a a c t a c a t c a g t g a t t g t t c c g t c c c t t

cagGAGCTACAAGGTCCGTTTCAACAGCGTGTCCTCCCACTCCGACACTCGCAAGTCCTC
S Y K V R F N S V S S H S D T R K S S

AAGTGACGAACCGGACGCCAAGATTCACTTTGAAAGCACCGGACCTCTGGCCAATGTCAG
S D E P D A K I H F E S T G P L A N V R

g t t a a t a a a c t c t c a t t c t c t t t t t t t t g a g g g g g g a a t a g a t t g a a t t t t a a a c c t c g c
t c g g t t t g t c a g g a c t t t c t t g c t t c t g a a g c a a t t t g g g g c t g a c g g a t g t t a t c a g a c
a g t t t g c t g a c c t g t t a a a g c a c c a g a g g a g a c c g a a c t t g a t g t g g g c t g a c t g a t t c a
c g a a g g a a g g a t g a c t t a t c c g c t c c a g c a g g a g c g t t t g c a t t c a t c t a a a a c c a g a c g
g t g c a t c t a t t c a g a a a c a c g t c t g c t g a a t t t c c a c t t t t c a a g g c a g a a g g a g g a g a t
a g t t g c t g a c g t g g g g a a g g c c g c c t c c a t g t c t a t g t t t g g g c t t t g g c t g c t t c t c t c
g c t c c a t c t c t t c c c t c a c t c g t g t g t c t c t g t t t a g G T T C T C T G T G T T T G G C C T T G G A T

F S V F G L G S

CCAGAGCCTACCCACACTTCTGCGCCTTTGCCCACGCCGTGGACACGCTGTTTGAAGAGC
R A Y P H F C A F A H A V D T L F E E L

TCGGGGGGGAGCGCATCCTACGCATGGGAGAAGGGGATGAGCTGTGTGGACAAGAGGAGG
G G E R I L R M G E G D E L C G Q E E A

C T T T C A G A A C C T G G G C G A A A A A G G T T T T T A A G g tc g g t t t c a t ta g c tc g g a c a c t t tg t  
F R T W A K K V F K

a t g t g g t a c g t g g a t g t t g g a c g t c a a a g g t t t a c t g t t g c a t a g t t t t g a t a a t c c c c a
a a g g t g a t g t g t a a a a t c a a c a c t a c t a c t a t t t t t g t g a t t t t g t a g g t t t t t t g a a t c
a c t a t a a t t t t a g c c t g c g a g t a a t a t t t t t g a g a g a a c t g t g t g c a g t t a c c g t c a t t g
t a t t t t t g a t a g c a g c a a t a g g c a c c a a a c a t t g c t c a g t g a c a c c t g a g a c t t a t g a t c
c g t g t t a c c a g a g c c c a a a c a c t c g c c c a g t a g c a a c a a t c a t g a g g a a g a a c g t c c a t a
t t t g a a c a g t t t t a a t g g g g a g g g t c t g g t t c a g a a c c g c t t c a g a g g t g t t g a c c t c a t
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c a a g a g a c t c c a t g t g a t c a c t t t a g a c t t t a g c c t c t g g t a a a a g g g g g a a a a a c c t t t
t c t a a t c a g a c c t a a t a g a a a c t c t a a t c a t g g t c t t g t a g g a a t g a g a a a g a a a g t t t c
a g a t a t a a a t a g a a a a a a c t c t c a a a a t g a a a t a g t t g c t c t g a t g t a t g t t t g a g a t c t
a g t a a t t t a g a t t t g c t c a g a t g t a t t c c a c c t g g t g a g c a a c g g a t c g g g a c c t t t t t g
g a c t c a a a a c t a t t g g a t t a a t a t t g c t t t c c t a t c a g t c c c c t c c a a a g a g a g a c g c g g
g g a g a c t c t g c t g g c c c c t g t t g a g t c g a t g a a g g g t t g t g t t c t t t c c t g t g a c g c a g G

A

CCGCCTGCGACGTGTTCTGTGTCGGCGATGACGTGAACATCGAGAAGGCCAACAACTCCC 
A C D V F C V G D D V N I E K A N N S L  

TGATCAGCAACGACCGCAGCTGGAAGAAAAACAAGTTCCGTCTGACATACACGGCCGAGG  
I  S N D R S W K K N K F R L T Y T A E A

C G C C G A G C C T C A C A A A A G g t a a a t g a t c a t g g g g g g g g g g c a g a t g a a a t a a g t t t t a c a  
P S L T K A

g g a g g g g g t c g a t a a a g g c a a a t a t g c a c t g c a g t g t g a a a t g a c c a c a a t g c a t c t g g a  
t g a g c g a t g g t a a t g t t a t t g a t t a a a g c c a t t c a c t c t t t c a t t a c a c t g t t t g g t g c g  
c a g c a c a t t g g c t c c a c t c t g g c a t g a a g a a t a g t a a a g c a a t t g a g c t t a a a g a a c c c c  
t c t a c a a a a g g g g t c g a t c g a c c c a a g a a c a a g g t c t g a a a c t g a c t g a t g g c t c c t g t c  
c c t g a t t t g c a t t a t g t a a t t c c a a g t c t t t c a t a g c g c t c t g g g g c t t t a a a t g a g a t t  
g g a a c a t c a g g a a c a a c a g c t g c t a g a a t a c a g a c g a g c g t c a t a a a t c a g a a a a t a t t g  
t a t g t t g a a c t t t a a t t g t g a g g a g a g a c g g t t c t t t t t a g c c t c t a a a a g c a t c c g t g t  
g a t g t t c t g c  c  a a c  agCTTTGTACGGCGTGCACAAGAAGAAGGTCCATGCAGCAAAGATG

L Y G V H K K K V H A A K M

C T C G A T T C T C A G A A T T T A C A G A G T C C G A A A T C C A A g ta a g t tg g a g c tg t tg c g a tc tg c
L D S Q N L Q S P K S K

t c t g t t c g a t g t c a a c a t g g t g c g a a c t t a a c g g c a a c g g g c a c a a a a t g g c g t c g c t t c
tc ta a a g g g t tc a c ttg t t t c tg c a g T C G T T C C A C C A T T C T C G T A C G G C T G G A C A C A A A T

R S T I L V R L D T N

AACCAAGACAGCCTGAAATACAAGCCAGGAGACCATCTGGGCATCTTCCCTGGCAACCAC
N Q D S L K Y K P G D H L G I F P G N H

GAGGACCTGGTGTCGGCTCTCATAGATAAGCTGGAGGATGCGCCGCCTGTCAATCAGATT
E D L V S A L I D K L E D A P P V N Q I

G T A A A A G T G G A G T T C T T A G A G G A G A G G A A C A C T G C C C T G G g tg g g tg a ca ca a tg g ca cc
V K V E F L E E R N T A L G

g c a t g g a a t a a g t g t g c a t c c t g a g a a t t t a t g g t g t a a a a t c t g c g t c t c a c t a c t c c a
a t c c a t g c c t g t c g t g t g c a a c c t t c t t c c c c t c a g G T G T G A T A A G T A A C T G G A C C A A T G

V I S N W T N E

AGACTCGGGTCCCTCCCTGCACCATCAACCAGGCCTTCCAGTACTTCCTGGACATCACCA
T R V P P C T I N Q A F Q Y F L D I T T

CCCCGCCCAGCCCCGTACTGCTGCAGCAGTTCGCTGCTCTGGCCACTAATGAGAAAGAGA
P P S P V L L Q Q F A A L A T N E K E K

A A C G G A A A C T C G A G G T C C T C A G C A A G g c a a g t c c t c a c a c a t t c g c t c t t c a g a a a t a c a
R K L E V L S K

g g c t a a a a g a c a g t g t t c a c a c a a t t a g c a t a g c c a c t t c t a a a a c a a c a g g c c a a c a g g
c c a c t c t c t t t t g c c t g t a a c g t g c g t t g c g t t g a t c c a a a t a t g t a c a t t t g g a g t g a g
c t g g a g c a t t t a a g c c a g c a a c c c c c c c t g c t g t g c c t c c c a c a g t t c a c t c t t g a t t t c
t g t c a g t g t g t g g a a g a g g c t g a c t g a g g c c g t g c g c t g a c t c a t g c t t a t a t a t g g a a t
c g c t g t c a c c a a a c c a c c a g a c a a t g a t g g a g g a a a a a a g t a g t g c c c c c g a c a a c a g a a
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g c g t t t t t a c c a g c g c g c t a a c g t t c a g g c c t g g t c g g a c a a g a a c t t c t a c t t a t c c g c  
c c a g a a a c t t g t t g t c a t g t g t a a g a c g g a a g c a a c t t t a a c a a t a t g c a g a a a a a c a c c  
g t c t t t g t c a a g g c t a a t a g c t g t a g c c a g c t t a t g c t a a t g c g a g a g g g g t c a g g a g g c  
a g t t t t a a g a t g a c c a t t a c t c a t c a c t g g t t c g a g c c t g t c a t c g c t g a c a c a a a c a c a  
c c c a g c a a a t g g g g a t t t t t g t g t t t t c c t g c c a a t g g c t g c t c a c g t a a t t c c g t c c t t  
t c c t t g g c t t c c g t c  cacagGGCTTGCAGGAGTATGAGGAGTGGAAGTGGTACAACAACC

G L Q E Y E E W K W Y N N P

CCACCCTTGTGGAGGTACTAGAGGT^TTCCCCTCCATCCAGATGCCTTCTACGCTGCTGC
T L V E V L E E F P S I Q M P S T L L L

TCTCCCAGCTTCCCCTGCTGCAGCCTCGTTACTACTCCATCAGCTCCTCTCCAGACCTGC
S Q L P L L Q P R Y Y S I S S S P D L H

AC CCG G GAGAGATCCACCTCACG G TTGCTG TGG TCTCCTACCG TACCAG AG gtgaggaac
P G E I H L T V A V V S Y R T R D

t c c t g c g t c c a t c a c a c a t g t a a t g t c t a a t a t a a t g t g a a t a g g t c t t a t t t c a a c a t c  
c a a t a a c c c a a a t a a a a g g a a a c t g c c c a g t c t g t c c a g c a g c a t t t g g g g a t t t g g t g t  
t a g c t t c a c t g c t a g c g c t g a a g t a c c c g t c a c a t t t t t c c a g t a t a t c c t c a c a g c t a c  
g t t c a t c t a t a a t a t g c a t t t a c a t g t a g g t t t g a t t g t a t a g t t g g g c t g a a t t a t a g c  
a a t t t c t g t t g a g t g a g a g a g c g a g a g a a t t g g a c c t t t g c t c t g a a a t t c a g g t t c g g g  
g c c a t t t t t t t t t g c c a c t t a a a g a g c g g a a g c g a a g a g a a a c a g g t a a a a t c t t g c t t g  
g c a a c c a t c c t t t t  cagATGGAGCAGGGTCGATCCACCATGGAGTGTGTTCGTCGTGGCT

G A G S I H H G V C S S W L

CAGCAGGATAGAGAAGGGGGAGATGGTGCCGTGTTTTGTCCGAAGg t  a a a  t a t c a g t g g g  
S R I E K G E M V P C F V R R

g a g t t t t t c c a g g t t g t a c t g a c a a a c a a g g g t g g g a t c g t c c c g c a t g g c t g a c a t t t t

a c t a a c g a g a t t t t t a t t g g g t t t t t t t g t t t t g a a g T G C T C C A T C C T T C C A G C T T C C C A
A P S F Q L P K

AAAACAACCAAACACCTTGCATCCTGGTGGGTCCGGGAACCGGAATCGCCCCATTCCGGA
N N Q T P C I L V G P G T G I A P F R S

G C T T T T G G C A A C A G C G A C T G T A T G A C C T T G A A C A C A A C G g tg a g a tc cc c tca tc a g c tg  
F W Q Q R L Y D L E H N G

c a t t t c c a t c g t a t t t a g a g c a a a t g t a c a g t a t a a c a a c t c t t t a t a c t c t t c c t t t a c

ccctctgtagG C A T C G A G T C A T G C C C A A T G A T C C T G G T G T T T G G C T G T C G A C A G T C T G A G
l E S C P M I L V F G C R Q S E

ATTGACCACATCTACAATGAGGAGACCATCCAAGCCAAGAACAAGAACGTGTTCAAGGAG
I D H I Y N E E T I Q A K N K N V F K E

CTGTACACGGCCTATTCCAGAGAGCCCGGCAAACCAAAGg t  a c t a a c a g c  1 1 1 t a a a t g t  
L Y T A Y S R E P G K P K

c c a t a a t t t a a c a c a g c a t g t a c a a a a t t g a c a a a t g g c a c t t t t t t c a t t t t c c c t g c c  
t c t c a g t g g t c t c c t g g a t c t t c t g c t c t c t t c a t t t c c a t g t g t g a c t t t g t c a t t t t c  

c c t c t g t c t c c t  tgtcagAAATATGTGCAGGATGCACTGCGTGAGCAGCTGTCGGAGCGG
K Y V Q D A L R E Q L S E R

GTGTACCAGTGCCTGAGGGAGGAGGGAGGACACATCTACGTGTGCGGGGATGTTACGATG
V Y Q C L R E E G G H I Y V C G D V T M

Figure A.I. continued.

236



GCCGGGGATGTTCTCAAGAACGTCCAGCAGATCATCAAGCAAGAGGGCAACATGAGCCTG
A G D V L K N V Q Q I I K Q E G N M S L

G A G G A A G C C G G C T T G T T C A T C A G C A A G C T T C G G g ta c g a c a g a tg g ta g c g g tg c tg ttc
E E A G L F I S K L R

a t c g c t g a a g c a g c a g c g c c a a c a c g a c a g t g t g a a t g t a t g g c a a g a a a a t a t a g c g a g
t a t t t c c t c a g a g g a a g g a t g a c a a a g c a c c g a t t a g c t t t t g g c t a a t c a t g c t a a t g t
t t a c a c c t g c c c t t c c c t t g g t c g t a g t t t a g a g a g c a a c c a t a g a a g a a g a c t t g t t g t
a a a g t a g g t g t g g g a g a t a a t c t c g g c a t t a g c a t t g a c c c t t t t c t c g c c t t t a c t a c c
taacacagGATGAGAACCGCTACCATGAGGACATCTTTGGAGTCACCCTGCGCACCTACG

D E N R Y H E D I F G V T L R T Y E

AGGTCACCAACAGGATTCGGTCAGAGTCCATTGCCTACATCGAAGAGAATAAAAAGGACT
V T N R I R S E S I A Y I E E N K K D S

C C G A T G A g t a a g t g a t t c a c a c c t a t t t g t g t a t t t g c a t a c a t t g g g t c c a g g t t a a a t  
D E

g g g g t t a g c g t a g t g t t a g c t t t c c t t c t g g a g t t t g c a t g t t g t c c c t g t c c c t a t g t a
g g c t t t a t t g a g t g c t t g g t a g t a t c t a t a a c c a a a t c t c c a t g c a g a a t t t a c a c a g c t
t t a t a a a t g t g g t g a g a t a t t t g a a a c a t a a t g g c a a a g c g g c a c a g g c a g c g g g c g t t g
t g t t g c c a a c c a t a g c t a t a g c t a g c t a a a g c t c a c t c c c g t c t a g c a c a t a t a t a t g g a
g a a t t c t a c c a c t t t a t c c a t t t t c t a c t g g a c a c t g a c g c t g t g g t g a c t c a g t t c t g a
g t g c a t t a a c c a t c t t c c a g g c t t c t t t g a t g a t a a t a t t c c t t t t c t g c g t g c a g c a t t
t a a c a c c t g a a t g c c t g a a t a g t g g a g g a a g c t a a a g a a c g t g c g g c c a t a t t t g t t c a t
c t t t t c c c a t a a g g a a c c t t t c t g t c a c a t t t c t t c a a a a t c t t g g g a t t t t t a t c c a a a
c c g g c c a g a t t a t c a g a g c g c c t c c g t c t c c g a a g a g c g t c t g t g t a a a t c c g a c t g c a a
t c t g c a a c c t g t a g t t g c t g g c g a c g g c g c c g t g c g a t c g c t g c c g c g c t t c a g a t g a a a
a c a g a g c g g g t a a c c a t g g a a a c c t g c c g a c a g t g g c a t t c t c t a a g c c a g c a g g a t t a c
a g c g a a c t g a a g t g g c t c t g t g t t t c c t g t t t t t g t t t c c a c t g c a c a t a t t t a a g a t t a
g a c a c t t c a c g c a c g c t c g t t g t g a g a g c c a a a c a a g a g c c c t a c a t c g g c g c c g g g g c t
c a t c g a g c g c c a g c a a a a t g c a t c a c t g a t g a c a c t t c c t g t g t g a a t t g t c a c t t g a a t
t t t a c a t t t g g c c a t c a a a c c c c c c c c c t c t g t t c c c c g a g t g a g t a t t g g c t g c g a c t g
t t t c c c t g c c t t t a t c t c t c t g t c g t c t c c c c t c a g G G T G T T C T G C T C A T A G G T C T C T G A

V  F C S

ATCCGGGCCTTTCTGACCACGACCAGGCTGGACGAGGCGGCGGCGCTGGCTGAAGAATAC
TGT

Figure A.I. continued.
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GTTGCTCTGTATTTATAAAG
CGCCACGGTGCGCGGAACGGCACAAGCGTGCCTCGTCTCTAGAGAGGCAGAGCGCATCAG
TTTCCACTTGGAGACGGGCTTTTGGGGAGAAGATCGACCTGTGCAGCCGCCAAAGGAGAG
TCGCGGCAGAGTAGGACTTTTGGACCAACTTGGGTGCGAGCTTGGTGTCCCCGAAACAGC
CCTGGGGAGACATTATACTGCTTTCAATAGTCACTAACACACACTCACAACGCAGGCACC

ATGCAAGAGTCCGAGCCTTCCGTGTGCCTACTGCAGCCCAACATCATATCTGTCCGCCTT
M Q E S E P S V C L L Q P N I I S V R L

TTTAAGAGAAAAGTTGGTGGTCTTGGTTTTTTGGTAAAACAAAGGGTGTCCAAGCCCCCT
F K R K V G G L G F L V K Q R V S K P P

GTCATTGTGTCAGACATCATCCGCGGCGGCGCAGCCGAGGAGTGCGGTCTGGTGCAAGTG
V I V S D I I R G G A A E E C G L V Q V

GGCGACATCGTGTTAGCGGTCAACAACAAGTCCCTGGTGGATCTGTCCTACGAAAGGGCC
G D I V L A V N N K S L V D L S Y E R A

CTGGAGATGTTGAAGAATGTGCTGCCAGAGAGCCACGCTGTGCTGATTCTCCGTGGACCA
L E M L K N V L P E S H A V L I L R G P

GAGGGTTTCACCACGCACCTGGAAACAACCATATCCGGAGATGGCCGCCAACGGACAGTT
E G F T T H L E T T I S G D G R Q R T V

CGGGTCACGCGTCCCATCTTCCCGGCCTCAAAGTCTTACGAGAATTGCTCCCCGCTCGGT
R V T R P I F P A S K S Y E N C S P L G

CCATTCGGGCCAGGGCAGCAGGTCAACAAGGAGTCCCAGCTCAGGGCCATTGAGAACCTG
P F G P G Q Q V N K E S Q L R A I E N L

TCCTCTCCACTGCAAAAAGGAAGCGTGCAGGTTCAGGACCCCCTGCTGTTGAGAGACGGG
S S P L Q K G S V Q V Q D P L L L R D G

GGCCGGGGACTGTGTAACGGGCTGGAGGACAACAATGAGTTGATGAAGGAGATTGAACCA 
G R G L C N G L E D N N E L M K E I  E P

GTGCTGCGCCTCATCAAAAACAGCAAGAAGGAGATCAATGGAGAGGGCCAGAGGCATGTG
V L R L I K N S K K E I N G E G Q R H V

GGGAGAAGAGATGCTGAGATTCAAGTGACCTGGGGCGCTGGTGTAGGAATCGACACATCT
G R R D A E I Q V T W G A G V G I D T S

CTGCAGTTGGACTCCTGTAAGAACAAAATGCCGGAAAAAGAGCCCGGTGTGCCGCAGAAC
L Q L D S C K N K M P E K E P G V P Q N

GCCGACAATGACAAGCCTCCTGCCGAGGCCAGGACCTCACCTACTAAATCCCTGCAGAAC
A D N D K P P A E A R T S P T K S L Q N

GGAAGCCCCTCCAAATGCCCTCGCTTCCTGAAGATCAAGAACTGGGAGACCGGCGCCGTC
G S P S K C P R F L K I K N W E T G A V

CAAAATGACACATTACACAACAGCTCCACCAAGACGCCAATGTGCCCCGAGAACGTGTGC
Q N D T L H N S S T K T P M C P E N V C

Figure A.2. Complete nucleotide and predicted amino acid sequence of full-length 

Fugu NOSl cDNA (/NOS). ATG start and TAG stop codons are highlighted in bold. 

Amino acids are shown in the single-letter code.
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TACGGCTCCCTTATGATGCCCAACCTGCACGCCCGCAAACCGGAGGAGGTCAGGAGCAAA
Y G S L M M P N L H A R K P E E V R S K

GAGGAGCTTCTGAAACTGGCCACTGACTTCATTGACCAGTATTACACCTCCATCAAAAGG
E E L L K L A T D F I D Q Y Y T S I K R

TACGGCTCCAAGGCCCATACGGACAGACTGGAGGAGGTGACCAAGGAGATTGAAGCGACT
Y G S K A H T D R L E E V T K E I E A T

GGAACCTACCAGCTGAAAGACACAGAACTGATTTATGGAGCCAAACATGCCTGGAGGAAT
G T Y Q L K D T E L I Y G A K H A W R N

GCTGCCCGTTGTGTGGGAAGAATCCAGTGGTCTAAACTACGGGTTTTTGATGCTAGAGAC
A A R C V G R I Q W S K L R V F D A R D

TGCACAACAGCTCATGGAATGTACAACTACATCTGTAACCACATCAAGTACGCTACCAAC
C T T A H G M Y N Y I C N H I K Y A T N

AAAGGGAATCTGAGGTCAGCTATCACCATATTTCCTCCGAGGACAGATGGCAAACATGAC
K G N L R S A I T I F P P R T D G K H D

TTTCGAGTGTGGAACAGTCAGCTGATTCGTTATGCTGGGTACAAACAGCCTGATGGTCAG
F R V W N S Q L I R Y A G Y K Q P D G Q

ATCCTGGGGGACCCTGCTAATGTTGAATTTACTGAGATCTGCATACAGCTGGGATGGAAA
I L G D P A N V E F T E I C I Q L G W K

GCTCCAAAAGGTCGCTTTGATGTTCTGCCCCTCCTCCTGCAAGCTAACGGAAATGACCCC
A P K G R F D V L P L L L Q A N G N D P

GAGCTGTTTGAGATCCCCGAAGACCTGGTTCTGGAGGTGCCAATAATACACCCAAAGTAT
E L F E I P E D L V L E V P I I H P K Y

GAGTGGTTCAAAGAACTGGCTCTCAAGTGGTACGCCCTCCCTGCCGTCTCAAACATGATG
E W F K E L A L K W Y A L P A V S N M M

CTGGAGATCGGAGGCCTGGAGTTCACTGCCTGTCCCTTCAGTGGCTGGTACATGGGTACA
L E I G G L E F T A C P F S G W Y M G T

GAGATCGGCGTGAGGGACTTCTGCGACACGTCCCGCTACAACATGCTGGAGGAGGTTGCA
E I G V R D F C D T S R Y N M L E E V A

AACAAGATGGGCTTGGACACCAGAAAGACCTCCTCCCTCTGGAAAGATCAGGCTTTGGTG
N K M G L D T R K T S S L W K D Q A L V

GAGGTCAACATCGCCGTCCTTCACAGCTTCCAGTCATGCAAAGTGACCATAGTGGACCAT
E V N I A V L H S F Q S C K V T I V D H

CACTCGGCAACCGAGTCCTTCATGAAGCACATGGAGAACGAGTACCGGGTGCGAGGCGGC
H S A T E S F M K H M E N E Y R V R G G

TGCCCCGGAGACTGGGTGTGGATTGTGCCTCCCATGTCCGGAAGTATCACGCCGGTTTTC
C P G D W V W I V P P M S G S I T P V F

CACCAAGAAATGCTCAATTACCGCCTCACGCCTTCCTATGAGTACCAGCTTGATCCCTGG
H Q E M L N Y R L T P S Y E Y Q L D P W

CATACCCATGTGTGGAAAGGAGTCAACGGGACGCCCACAAAGAAACGAGCCATTGGATTC
H T H V W K G V N G T P T K K R A I G F

Figure A.2. continued.
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AAAAAGCTTGCCAAAGCGGTGAAGTTTTCAGCCAAACTCATGGGTCACGCAATGGCCAAG
K K L A K A V K F S A K L M G H A M A K

AGAGTCAAAGCCACCATATTGTTCGCCACCGAGACGGGAAAATCGCAGGATTACGCCAAA
R V K A T I L F A T E T G K S Q D Y A K

ACTCTCTGCGAAATCTTCAAGCACGCATTCGACCCAAAGGTCATGTCTATGGACGATTAT
T L C E I F K H A F D P K V M S M D D Y

GATGTGGTGGATCTGGAGCATGAGACGCTGGTGTTAGTGGTGACCAGCACGTTTGGCAAC
D V V D L E H E T L V L V V T S T F G N

GGCGACCCCCCTGAGAACGGAGAGAAATTTGGAGCCGCCTTAATGGAGATGCGGGAGCCG
G D P P E N G E K F G A A L M E M R E P

ACATCCAACGCAGAAGACAGAAAGAGCTACAAGGTCCGTTTCAACAGCGTGTCCTCCCAC
T S N A E D R K S Y K V R F N S V S S H

TCCGACACTCGCAAGTCCTCAAGTGACGAACCGGACGCCAAGATTCACTTTGAAAGCACC
S D T R K S S S D E P D A K I H F E S T

GGACCTCTGGCCAATGTCAGGTTCTCTGTGTTTGGCCTTGGATCCAGAGCCTACCCACAC
G P L A N V R F S V F G L G S R A Y P H

TTCTGCGCCTTTGCCCACGCCGTGGACACGCTGTTTGAAGAGCTCGGGGGGGAGCGCATC
F C A F A H A V D T L F E E L G G E R I

CTACGCATGGGAGAAGGGGATGAGCTGTGTGGACAAGAGGAGGCTTTCAGAACCTGGGCG
L R M G E G D E L C G Q E E A F R T W A

AAAAAGGTTTTTAAGGCCGCCTGCGACGTGTTCTGTGTCGGCGATGACGTGAACATCGAG  
K K V F K A A C D V F C V G D D V N I  E

AAGGCCAACAACTCCCTGATCAGCAACGACCGCAGCTGGAAGAAAAACAAGTTCCGTCTG
K A N N S L I S N D R S W K K N K F R L

ACATACACGGCCGAGGCGCCGAGCCTCACAAAAGCTTTGTACGGCGTGCACAAGAAGAAG
T Y T A E A P S L T K A L Y G V H K K K

GTCCATGCAGCAAAGATGCTCGATTCTCAGAATTTACAGAGTCCGAAATCCAATCGTTCC
V H A A K M L D S Q N L Q S P K S N R S

ACCATTCTCGTACGGCTGGACACAAATAACCAAGACAGCCTGAAATACAAGCCAGGAGAC
T I L V R L D T N N Q D S L K Y K P G D

CATCTGGGCATCTTCCCTGGCAACCACGAGGACCTGGTGTCGGCTCTCATAGATAAGCTG
H L G I F P G N H E D L V S A L I D K L

GAGGATGCGCCGCCTGTCAATCAGATTGTAAAAGTGGAGTTCTTAGAGGAGAGAAACACT
E D A P P V N Q I V K V E F L E E R N T

GCCCTGGGTGTGATAAGTAACTGGACCAATGAGACTCGGGTCCCTCCCTGCACCATCAAC
A L G V I S N W T N E T R V P P C T I N

CAGGCCTTCCAGTACTTCCTGGACATCACCACCCCGCCCAGCCCCGTACTGCTGCAGCAG
Q A F Q Y F L D I T T P P S P V L L Q Q

TTCGCTGCTCTGGCCACTAATGAGAAAGAGAAACGGAAACTCGAGGTCCTCAGCAAGGGC
F A A L A T N E K E K R K L E V L S K G

Figure A.2. continued.
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TTGCAGGAGTATGAGGAGTGGAAGTGGTACAACAACCCCACCCTTGTGGAGGTACTAGAG
L Q E Y E E W K W Y N N P T L V E V L E

GAATTCCCCTCCATCCAGATGCCTTCTACGCTGCTGCTCTCCCAGCTTCCCCTGCTGCAG
E F P S I Q M P S T L L L S Q L P L L Q

CCTCGTTACTACTCCATCAGCTCCTCTCCAGACCTGCACCCGGGAGAGATCCACCTCACG
P R Y Y S I S S S P D L H P G E I H L T

GTTGCTGTGGTCTCCTACCGTACCCGAGATGGAGCAGGGTCGATCCACCATGGAGTGTGT
V A V V S Y R T R D G A G S I H H G V C

TCGTCGTGGCTCAGCAGGATAGAGAAGGGGGAGATGGTGCCGTGTTTTGTCCGAAGTGCT
S S W L S R I E K G E M V P C F V R S A

CCATCCTTCCAGCTTCCCAAAAACAACCAAACACCTTGCATCCTGGTGGGTCCGGGAACC
P S F Q L P K N N Q T P C I L V G P G T

GGAATCGCCCCATTCCGGAGCTTTTGGCAACAGCGACTGTATGACCTTGAACACAACGGC
G I A P F R S F W Q Q R L Y D L E H N G

ATCGAGTCATGCCCAATGATCCTGGTGTTTGGCTGTCGACAGTCTGAGATTGACCACATC
l E S C P M I L V F G C R Q S E I D H I

TACAAAGAGGAGACCATCCAAGCCAAGAACAAGAACGTGTTCAAGGAGCTGTACACGGCC
Y K E E T I Q A K N K N V F K E L Y T A

TATTCCAGAGAGCCCGGCAAACCAAAGAAATATGTGCAGGATGCACTGCGTGAGCAGCTG
Y S R E P G K P K K Y V Q D A L R E Q L

TCGGAGCGGGTGTACCAGTGCCTGAGGGAGGAGGGAGGACACATCTACGTGTGCGGGGAT
S E R V Y Q C L R E E G G H I Y V C G D

GCTACGATGGCGGGGGATGTTCTCAAGAACGTCCAGCAGATCATCAAACAAGAGGGCAAC 
A T M A G D V L K N V Q Q I  I K Q E G N

ATGAGCCTGGAGGAAGCCGGCTTGTTCATCAGCAAGCTTCGGGATGAGAACCGCTACCAT
M S L E E A G L F I S K L R D E N R Y H

GAGGACATCTTTGGAGTCACCCTGCGCACCTACGAGGTCACCAGCAGGATTCGGTCAGAG
E D I F G V T L R T Y E V T S R I R S E

TCCATTGCCTACATCGAAGAGAATAAAAAGGATTCCGATGAGGTGTTCTGCTCATAGGTC  
S I A Y I E E N K K D S D E V F C S  *

TCTGAATCCGGGCCTTTCTGACCACGACCAGGCTGGACGAGGCGGCGGCGCTGGCTGAAG
AATACTGT

Figure A.2. continued.
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d n o s
a n o n o s
r p n o s
o r y n o s l
h u m n o s l
r a t n o s l
m u s n o s l
x e n n o s l
f u g n o s l
s u s n o s 3
b o v n o s 3
h u m n o s 3
m u s n o s 3
m u s n o s 2
r a t n o s 2
h u m n o s 2
c c n o s 2
l y m n o s

M EEH V FG V Q Q IQ PN V ISV R LFK R K V G G LG FLV K ER V SK PPV IISD LIR G G A A E Q SG LIQ A  
M ED H M FG VQ Q IQ PNV ISV RLFK R K V G G LG FLV K ER VSK PPV IISDLIRG G A AEQ SG LIQ A 6 0  
M EEN TFG V Q Q IQ PN V ISV R LFK R K V G G LG FLV K ER V SK PPV IISD LIR G G A A EQ SG LIQ A  
M E E H TFG V Q Q IQ PN V ISV R LFK R K V G G LG FLV K ER V SK PPV IISD LIR G G A A EQ SG LIQ A  
M EEYEFSVK Q LQPNVISVRLFK RK VG GLG FLAK QRRNK PPVIISDLIRGG AAEQ SG LVQ V  
M Q E SE PSV C L LQ PN IISV R LFK R K V G G LG FLV K Q R V SK PPV IV SD IIR G G A A EEC G LV Q V

d n o s
a n o n o s
r p n o s
o r y n o s l
h u m n o s l
r a t n o s l
m u s n o s l
x e n n o s l
f u g n o s l
s u s n o s 3
b o v n o s 3
h u m n o s 3
m u s n o s 3
m u s n o s 2
r a t n o s 2
h u m n o s 2
c c n o s 2
l y m n o s

-M SQHFTSIFENLRFVTIKRATNAQQQQQQQQQQQL  
- M ADTTTVW ERREVAEGRE S S K A N H IG E ERRG YDV

G D IIL A V N G R PL V D L SY D SA L E V L R G V A SE T H W L IL R G PE G F T T N L E T T F T G D G T PK T I
G D IIL A V N G R PL V D L SY D SA L E V L R G IA SE T H W L IL R G PE G F T T H L E T T FT G D G T P K T I 1 2 0
G D IIL A V N D R P L V D L SY D SA L E V L R G IA SE T H W L IL R G P E G FT T H L E T T F T G D G T PK T I
G D IIL A V N D R P L V D L SY D SA L E V L R G IA SE T H W L IL R G P E G FT T H L E T T F T G D G T PK T I
G D IIL A V N D R P L V D A S Y E S A L E IL R S IS S E T F W L IL R G P E G F T T H L E T T F S G D G T P K T I
G DIV LAVN NK SLV DLSY ERALEM LK NVLPESH A VLILR G PEG FTTH LETTISG DG RQ RTV

d n o s
a n o n o s
r p n o s
o r y n o s l
h u m n o s l
r a t n o s l
m u s n o s l
x e n n o s l
f u g n o s l
s u s n o s 3
b o v n o s 3
h u m n o s 3
m u s n o s 3
m u s n o s 2
r a t n o s 2
h u m n o s 2
c c n o s 2
l y m n o s

QQQQQQLQQQKAQTQQQNSRKIKTQATPTLNGNGLLSGNPNGGGGDSSPSHEVDHPGGAQ  
SR K R-------------------------------------------------- C S IS V H G ------------GGTEGGGGNMRTNYR-------------------

RVTQPLGAPTKAVDLSHQPPSAGKEQPRPVDGAAGPGSW PQPTQGHGQEAGSPSRANGLA  
RVTQPLGPPTKAVDLSHQPP-AGKEQPLAVDGASGPGNGPQHAYDDGQEAGSLPHANGLA 1 7 9  
RVTQPLGPPTKAVDLSHQPS-ASKDQSLAVDRVTGLGNGPQHAQGHGQGAGSVSQANGVA  
RVTQPLGTPTKAVDLSRQPS-ASKDQPLAVDRVPGPSNGPQHAQGRGQGAGSVSQANGVA
R V T R P L C SK SK SA E L T SQ SL  YSKDHM VDSATSSAG SS--W Q EV H Q LLN LN G LD
R V T R P IF P A SK SY E N C S P L G — PFG PG Q Q V N K E SQ L R A IE N L SS--PL Q K G SV Q A Q D PL L

Figure A 3. Clustal W (1.74) multiple sequence alignment of full-length NOS amino 
acid sequences. Names abbreviated as per figure 4.6, with human NOSl numbered .
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d n o s  G A Q A A G G L P SL SG T P L R H H K R A SIST A SP P IR E R R G T N T SIW E L D G SG SG ---------------------
a n o n o s  ---------------------E L S P A S L R IH R K -S --------- SH DIRNTL LG PDG EVLH LH DP-----------------------------
r p n o s  -------------------------------------- MVHAECVW------ W LG IRILFV PPVSLEM H SVNV NNM ---------------------
o r y n o s l  PRTSSQDPAKKSGW AGLQGSGDKN-------E L L K E IE  P V LTLL AGG S KAVDGGG PAKAETR
h u m n o s l  PRPPGQDPAKKATRVSLQGRGENN-------ELLKEIEPVLSLLTSGSRGVKGGAPAKAEM K 2 3 4
r a t n o s l   IDPTM K STK ANLQ DIG EHD-------ELLK EIEPVLSILNSG SK ATNR G G PAK AEM K
m u s n o s l   IDPTM KNTKANLQDSGEQD-------ELLKEIEPVLSILTGGGKAVNRGGPAKAEM K
x e n n o s l   G G K G D D ISISP SL N R G E K A N -------DILK EIEPIVSLLQ N AG K EL NG DEH RNV EQ K
f u g n o s l ----- ----------------- LRDGGRG— LCNGLEDNN-------ELM KEIEPVLRLVKNSKKEINGEGQRHVGRR
s u s  n o  s 3  --------------------------------------------- MGNLK-----------S  VGQEPGPPCGLGLGLGLGLCG---------K----------
b o v n o  s 3  --------------------------------------------- MGNLK-----------S  VGQEPGPPCGLGLGLGLGLCG---------K----------
h u m n o s 3  --------------------------------------------- MGNLK-----------SVAQEPGPPCGLGLGLGLGLCG---------K----------
m u s n o s  3----- MGNLK-----------SVGQEPGPPCGLGLGLGLGLCG---------K----------
m u s n o s 2  ------------------------------------------------- MACPW-------K FL FK V K SY Q SD L T E E K D IN N N ----------------------
r a t n o s 2  ------------------------------------------------- MACPW-------K FLFK VK SYQ G DLK EEK DINNN----------------------
h u m n o s 2  ------------------------------------------------- MACPW-------KFLFKTKFHQYAM NGEKDINNN----------------------
c c n o s 2  --------------------------------------------- MGNQA----------- TK ANK NATPH Q ITPNTQ CENNN---------------------
l y m n o s  --------------------------------------------------------------------------------------------------------------------------------------------------

d n o  s ------------ ------------------------------------------------SGSGGGGVGVGQGAGC P PSG SC T A SG K S SR E L S P S  PKNQQ
a n o n o s  ------------------------------------------------SGKGGDGMG----------------------------------------------------------------------------
r p n o s  ------------------------------------------------SIQQQQQHQ----------------------------------------------------------------------------
o r y n o s l  DTG VQVDRDFDAKSHKPLPLGVENDRVFSDLW GKGSAPW LN------------------NPY SEK EQ PP
h u m n o s l  DM GIQVDRDLDGKSHKPLPLGVENDRVFNDLW GKGNVPW LN-------------------N PY SE K E Q PP 2 8 6
r a t n o s l  DTGIQVDRDLDGKSHKAPPLGGDNDRVFNDLW GKDNVPW LN------------------N PY SE K E Q SP
m u s n o s l  DTGIQVDRDLDGKLHKAP PLGGENDRVFNDLWGKGNVP W L N ------------------N PY SE N E Q SP
x e n n o s l  DAEVQVE-------------SNSQTQPSMQKDQVNGIW KNNNKMPW LN------------------- NPYLECEQVT
f u g n o s l  DAEIQVTW G AG VGIDTSLQLDSCKNKM PEKE— PGVPQ------------------N — ADNDKPP
s u s n o s 3  -----------------------------------------------------Q G P A T P A P E P SR A PA PA T P ----------------------------- H APEH SP
b o v n o s 3  -----------------------------------------------------Q G P A SPA PE P SR A P A P A T P ----------------------------- HAPDH SP
h u m n o s 3  -----------------------------------------------------Q G P A T P A P E P SR A P A SL L P ------------------------------PA PE H SP
m u s n o s  3----- -----------------------------------------------------Q G P A S P A P E P SQ A P A P P SP T ------------------- R — AA PD H SP
m u s n o s 2  ------------------------------------------------V K K T PC A V L SPT IQ D D P K S---------------------------HQNGSPQLLT
r a t n o s 2  ----------------------------------------------- V E K T P G A IP SP T T Q D D P K SH -------------------- KHQNGFPQFLT
h u m n o  s 2  ;---------------------------------------------- VEKAPCATS S  PVTQDDLQYHNLS--------------KQQNESPQ PLV
c c n o s 2  ----------------------------------------------- V IL K K T T  PNTQC ENN NVILQ  P ------------------I T  PNMC ENNNV
l y m n o s  --------------------------------------------------------------------------------------------------------------------------------------------------

d n o s  QPRKM SQDYRSRAGSFM HLDDEGRSLLM RKPM RLKNIEGRPEVYDTLHCKGREILSCSKA
a n o n o s --------------- KMP----------------------------------------- A W K PIK LK SIV TK A ESY D TM H G K A SD V M SC SR E
r p n o s -----------------  PQQ----------------------------------------- QLLKPIRLANVSTQAQSLDTLHYKCQQEGPCMEQ
o r y n o s l  A S G K Q S P T -K ------------------------NGSPSKCPRFLK VK NW ETDW LTDTLH LKSTLETG CTEH
h u m n o s l  T S G K Q S P T -K ------------------------NG SPSK CPRFLK VK NW ETEW LTD TLH LK STLETG C TEY 3 3 4
r a t n o s l  T S G K Q S P T -K ------------------------NG SPSRCPRFLKVKNW ETDW LTDTLHLK STLETGCTEH
m u s n o s l  A S G K Q S P T -K ------------------------NG SPSRCPRFLKVKNW ETDW LTDTLHLK STLETGCTEQ
x e n n o s l  L T G R H SP A -K SQ V ---------------- NG SPSKCPRYLKIRNW DSNTTLNDTLHSKASM PTPCTQQ
f u g n o s l  A E A R T S P T -K S L Q ---------------- NG SPSK CPRFLK IK NW ETG AIQ NDTLH NSSTK TPM CPEN
s u s n o s 3  A — P N S P T -L -------------------------- TRPPEGPKFPRVKNW EVGSITYDTLCAQSQQDGPCTPR
b o v n o  s  3 A -  -  PN S P T - L -------------------------- TRPPEGPK FPRVKNW ELGSITYDTLCAQSQQ DG PCTPR
h u m n o  s  3 ---------P S S P — L -------------------------- TQPPEGPKFPRVKNW EVGSITYDTLSAQAQQDGPCTPR
m u s n o s  3 ------------P L ------------------------------------TRPPDG PRFPRVK NW EVG SITYDTLSAQ AQ QDGPCTSR
m u s n o s 2  G TAQ NVPESLDK L-----------------H VT-STR PQ YV RIK NW G SG EILH D TLH H K ATSDFTCK SK
r a t n o s 2  G TAQ NVPESLDK L-----------------H VTPSTRPQ HVRIK NW G NG EIFH DTLH H KATSDISCKSK
h u m n o  s  2 ETG K K SPESLVK L-----------------DATPLSSPRHVRIKNW GSGM TFQDTLHHKAKGILTCRSK
C c n o s 2  ILQQITPNM KW KN-----------------K VN--R CPFSK Q LK NYQ DG LFH Q DTLH SR AVK SQ ICM SN
l y m n o s  --------------------------------------------------------------------------------------------------------------------------------------------------

Figure A.3 continued.
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d n o s  T C T S S IM N IG N  AA VEARKSDLILEHAKDFLEQ YFTSIKRTSCTAH ETRW K QVRQ SI
a n o n o s  VCMGSVMTPHV IGTETRKPEIVQQHAKDFLDQYYSSIRRLKSPAHDSRW QQVQKEV
r p n o s  A C L A SV IY A G V N  LKPRVRPKEELLAHAKDFLDQYFASIRRLQSPAHEARW AQVEKEV
o rynosl IC M G SIM FPSQ H T R R P-E D IR T K E Q L FPL A K E FID Q Y Y SSIK R FG SK A H M E R L E E V N K E I  
h u m n o s l  IC M G SIM H PSQ H A RRP-EDV RTK G Q LFPLA K EFID Q Y YSSIK RFG SK AH M ER LEEVNK EI 393 
r atnosl ICM G SIM LPSQ H TRK P-ED VRTK DQ LFPLA K EFLD Q Y YSSIK RFG SK A H M DR LEEVN K EI 
m u s n o s l  IC M G SIM LPSH H IR K S-ED V R TK D Q LFPLA K EFLD Q Y Y SSIK R FG SK A H M D R LEEV N K EI  
x e n n o s l  IC M G A V M TPPH YV RK P-ED IRT K EELLPLAK EFIDQ YFSSIK RFG SK AH M D RLQ EVTK EI 
fugnosl VCYG SLM M PNLH ARK P-EEVRSK EELLK LATDFIDQ YYTSIK RYG SK AH TDRLEEVTK EI 
SUsnos3 RC LG SL V L PR K L Q SR PSPG PPPA E Q L L SQ A R D FIN Q Y Y SSIK R SG SQ A H E E R L Q E V E A E V  
b o vnos3 C C L G SL V LPR K LQ TR PSPG PPPA E Q LLSQ A R D FIN Q Y Y SSIK R SG SQ A H E ER LQ EV EA EV  
h u mnos3 RC LG SLVFPR K LQ G RPSPG PPAPEQ LL SQ ARD FINQ YYSSIK RSG SQ AH EQ R LQ EV EAEV  
m u s n o s 3 RC LG SLVFPR K LQ SRPTQ G PSPTEQ LLG Q ARD FINQ YYN SIK R SG SQ AH EQ R LQ EVEAEV  
mu s n o s 2  SC L G SIM N PK SL T R G PR D K PT PL E E L L PH A IE FIN Q Y Y G SFK E A K IE E H L A R L E A V T K E I 
ratnos2 LC M G SIM N SK SLTR G PR D K PTPV EELLPQ A IEFIN Q Y Y G SFK EA K IEEH LA R LEA V T K EI 
h u m n o S 2 SC LG SIM T PK SL T R G PR D K PT PPD E L L PQ A IE FV N Q Y Y G SFK E A K IE E H L A R V E A V T K E I 
ccnos2 V C E G SV M TPK A M TR C PSSTM PG SD D IL TQ A V D FIN Q Y Y K SIK N SK IEEH LSR LE EV TK EI 
lymnos --M G SL SQ Q A H G  PPD A PR SK EELLIH A K D FIN Q Y FT SFQ M N K TR A H FH R LG EIN D LI

• •  9 ' M9 ' f Ç» 9 ' f ( ' f C9  ' ^ * 9  "fC "fÇ 9 9

d n o s  ETTG H YQLTETELIYG AK LAW RNSSRCIG RIQ W SKLQ VFDCRYVTTTSG M FEAICNH IK Y
a n o n o s  EASG SYH LTETELIYG AK LAW RNSSRCIG RIQ W SK LQ VFDCRYVTTTSG M FEAICNH IK Y  
r p n o  S AATGTYELTETELVYGAKLAW RNAPRCIGRIQW AKLQVFDCRQVTTTSGM FEALCNHIKY  
o r y n o s l  ESTSTYQLKDTELIYGAKHAW RNASRCVGRIQW SKLQVFDARDCTTAHGM FNYICNHIKY  
h u m n o s l  DTTSTYQLKDTELIYGAKHAW RNASRCVGRIQW SKLQVFDARDCTTAHGMFNYICNHVKY 453 
r a t n o s l  ESTSTYQLKDTELIYGAKHAW RNASRCVGRIQW SKLQVFDARDCTTAHGM FNYICNHVKY  
m u s n o s l  ESTSTYQLKDTELIYGAKHAW RNASRCVGRIQW SKLQVFDARDCTTAHGM FNYICNHVKY  
x e n n o s l  EATDTYQLRDTELIYGAKHAW RNASRCVGRIQW SKLQLFDARDCTTAHGM FNYICNHIKY  
f u g n o s l  EATGTYQLKDTELIYGAKHAW RNAARCVGRIQW SKLQVFDARDCTTAHGMYNYICNHIKY  
s  u s n o  S 3 ATTGTYHLGES ELVFGAKQAWRNAPRCVGRIQWGKLQVFDARDC S SA Q EM FTYIC NH IK Y  
b o v n o  S 3 ASTG TYH LRES ELVFGAKQAWRNAPRCVGRIQWGKLQVFDARDCS SA Q EM FTYIC NH IK Y  
h u m n o  s  3 AATGTYQLRES ELVFGAKQAW RNAPRCVGRIQWGKLQVFDARDCRSAQEMFTYICNHIKY  
m u s n o s 3 AATGTYQLRES ELVFGAKQAWRNAPRCVGRIQWGKLQVFDARDCRTAQEMFTY IC N H IK Y  
m u s n o s 2  ETTGTYQLTLDELIFATKM AW RNAPRCIGRIQW SNLQVFDARNCSTAQEM FQHICRHILY  
r a t n o s 2  ETTG TYQ LTLDELIFATKM AW RNAPRCIG RIQ W SNLQ VFDARSCSTASEM FQH ICRH ILY  
h u m n o s 2 ETTG TYQLTGDELIFATKQAW RNAPRCIGRIQW SNLQVFDARSCSTAREM FEHICRHVRY  
c c n o s 2  EATGSYRLTTKELEFGAKQAW RNAPRCIGRIQW ANLQLFDARKCRTAEDMFQMLCDHIQF  
l y m n o  s  EKSGTYDLTMAELTFGAKHAW RNAPGCIGRSQW SKLQVFDAREIGTPREM FEALC SH IR Y

d n o s  ATNKG NLRSAITIFPQRTDAK H DYRIW NNQLISYAGYKQ ADGK IIG DPM NVEFTEVCTK L
a n o n o  s  ATNKGNLRSA I T I F PQRTDGKHDYRIW NNQ11SYAGYKNADGKIIGDPANVEFTDFCVKL
r p n o s  ST N K G N IR SA IT IFPH R T D G K H D FR IW N K Q L ISY A G H K SK D G T V IG D PA C V E FT E IC IK L
o r y n o s l  ATNK G NLR SAITIFPQ R TDG K H DFRV W NSQ LIR YAG YK Q PD G STLG DPA NVQ FTEIC IQ Q  
h u m n o s l  ATN K G NLR SAITIFPQ R TDG K H DFRV W NSQ LIR YAG YK Q PD G STLG DPA NVQ FTEIC IQ Q  5 1 3  
r a t n o s l  ATNK G NLRSAITIFPQ RTDG K H DFRVW NSQ LIRYAG YK Q PDG STLG DPANVQ FTEICIQ Q  
m u s n o s l  ATNK G NLR SAITIFPQ R TDG K H DFRV W NSQ LIR YAG YK Q PD G STLG DPA NVEFTEICIQ Q  
x e n n o s l  ATN K G NLRSAITIFPQ RTDM K H DFRIW NAQ LIRYAG YK Q PDG SVLG DPANVELTEICIQ Q  
f u g n o S 1 ATNKGNLRSA I T I F PPRTDGKHDFRVW NSQLIRYAGYKQPDGQILGDPANVEFTEICM QL  
s u s n o s 3  ATNRG NLRSAITVFPQ RTPGRGDFRIW NSQ LVRYAG YRQ Q DG SVRGDPANVEITELCIQH  
b o v n o s 3  ATNRG NLRSAITVFPQ RAPG RG DFRIW NSQ LVRYAG YRQQ DG SVRG DPANVEITELCIQH  
h u m n o s 3  ATNRG NLRSAITVFPQ RCPG RG DFRIW NSQ LVRYAG YRQQ DG SVRG DPANVEITELCIQH  
m u s n o s 3 ATN RG NLRSAITVFPQ RCPG RG DFRIW NSQ LIRYAG YRQ Q DG SVRG DPANVEITELCIQ H  
m u s n o s 2  ATN NG NIRSAITVFPQ RSDG K H DFRLW NSQ LIRYAG YQ M PDG TIRG DAATLEFTQ LCIDL  
r a t n o s 2  ATN SG N IR SA IT V FPQ R SD G K H D FR IW N SQ L IR Y A G Y Q M PD G T IR G D PA T L E FT Q L C ID L  
h u m n o s 2 STN NG NIRSAITVFPQ RSDG K H DFRVW NAQ LIRYAG YQ M PDG SIRG DPANVEFTQ LCIDL  
C c n o  s  2 ATNGGNVRSA I TVFPQRTDG QH DFRVW NSQ LIRYAG YK M TDG T11GDPASVDFTEIC IE L
l y m n o s  ATNEGK IRSTITIFPQ RK EG RPDFRVW NTQLISYAGYKLGDGK VIGDPANVEFTEM CVEM

Figure A.3. contiunued.
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dnos G W K SK G SEW DILPLW SA NG H D PD YF-DYPPELILEVPLTH PK FEW FSDLG LRW Y ALPAV
ano n o s  GW KSKRTEW DILPLW SANG H DPDYF-DYPPELILEVPLSHPQ FK W FAELNLRW YAVPM V  
rpnos GW KGKGTM FDVLPLVLSANGEDPDYF-DLPPELVFEVPLSHPKYKW FSELGLKW FALPAV
o r ynosl GW KPPRSRFDVLPLLLQANG NDPELF-QIPPELVLEVPIRH PK FEW FK DLGLK W YG LPAV  
h u m n o s l  G W KPPRGRFDVLPLLLQANGNDPELF-QIPPELVLEVPIRHPKFEW FKDLGLKW YGLPAV 572 
r a tnosl GW KAPRGRFDVLPLLLQANGNDPELF-QIPPELVLEVPIRHPKFDW FKDLGLKW YGLPAV  
m u s n o s l  GW KPPRGRFDVLPLLLQANGNDPELF-QIPPELVLEVPIRHPKFDW FKDLGLKW YGLPAV  
x e n n o s l  GW KALHGRFDVLPLM LQADGNDPELF-EIPPELIM EVNIRHPRLEW FKDLGLKW YGLPAV  
fugnosl G W KAPK G RFDVLPLLLQ ANG NDPEQ F-EIPEDLVLEVPIIH PKYEW FK ELALK W YALPAV  
SUSnosS GW TPGNG RFDVLPLLLQ APDEPPELF-ALPPELVLEVPLEHPTLEW FAALG LRW YALPAV  
b o vnosS GW TPGNGRFDVLPLLLQAPDEAPELF-VLPPELVLEVPLEHPTLEW FAALGLRW YALPAV  
h u m n o s 3 G W TPG NG RFDVLPLLLQ APDEPPELF-LLPPELVLEVPLEH PTLEW FAALG LRW YALPAV  
m u s n o s 3 G W TPGNGRFDVLPLLLQAPDESPELF-TLPPEM VLEVPLEHPTLEW FAALGLRW YALPAV  
m us n o s 2  GW KPRYGRFDVLPLVLQADGQDPEVF-EIPPDLVLEVTM EHPKYEW FQELGLKW YALPAV  
ratnos2 GW KPRYGRFDVLPLVLQAHGQDPEVF-EIPPDLVLEVTMEHPKYEW FQELGLKW YALPAV  
h u m n o s 2 G W KPKYGRFDW PLVLQANGRDPELF-EIPPDLVLEVAM EHPKYEW FRELELKW YALPAV  
ccnos2 GWTPRYGQFDVLPLVLQATEEDPSVFLKFPQHLILEVPMKHQQYKW FKDLNLRW FALPAV  
lymnos GW KPKHGM FDLLPLVLSAAENSPEYF-ELPTELVLEVTLKHPEYPW FAEM GLKW YALPTD

dnos
anonos
rpnos
o rynosl
h umnosl
r atnosl
mus n o s l
x ennosl
fugnosl
susnos3
b o v n o s 3
h u m n o s 3
musnos3
musnos2
ratnos2
h u m n o s 2
ccnos2
lymnos

dnos
anonos
rpnos
orynosl
h u mnosl
ratnosl
m u s n o s l
x en n o s l
fugnosl
susnos3
bovnos3
h u m n o s 3
musnos3
m u snos2
ratnos2
h u m n o s 2
ccnos2
lymnos

SSMLFDVGGIQFTATTFSGW YM STEIGSRNLCDTNRRNMLETVALKMQLDTRTPTSLW KD
SSM LFDCGGIQFTATAFSGW YM STEIGCRNLCDANRRNLLEPIAIKM GLDTRNPTSLW KD
SGMMFDCGGLQFTAAPFNGWYMNSEIGSRNLGDTNRYNMLEKIAQKMELDTRTPVTLWKD
SNMLLEIGGLEFSACPFSGW YMGTEIGVRDYCDNSRYNILEEVAKKM NLDMRKTSSLW KD
SNMLLEIGGLEFSACPFSGW YMGTEIGVRDYCDNSRYNILEEVAKKM NLDMRKTSSLW KD 632
SNMLLEIGGLEFSACPFSGW YMGTEIGVRDYCDNSRYNILEEVAKKM DLDMRKTSSLW KD
SNMLLEIGGLEFSACPFSGW YMGTEIGVRDYCDNSRYNILEEVAKKM DLDMRKTSSLW KD
SNLLLEIGGLEFSACPFSGW YM GTEIGVRDYCDNSRYNILEEVALKM NLDTRKTSSLW KD
SNMM LEIGGLEFTACPFSGW YMGTEIGVRDFCDTSRYNMLEEVANKMGLDTRKTSSLW KD
SNM LLEIGGLEFPAAPFSGW YM STEIGTRNLCDPHRYNILEDVAVCM DLDTRTTSSLW KD
SNM LLEIGGLEFSAAPFSGW YM STEIGTRNLCDPHRYNILEDVAVCM DLDTRTTSSLW KD
SNM LLEIGGLEFPAAPFSGW YM STEIGTRNLCDPHRYNILEDVAVCM DLDTRTTSSLW KD
SNM LLEIGGLEFPAAPFSGW YM SSEIGM RDLCDPHRYNILEDVAVCM DLDTRTTSSLW KD
ANMLLEVGGLEFPACPFNGW YMGTEIGVRDFCDTQRYNILEEVGRRMGLETHTLASLW KD
ANMLLEVGGLEFPACPFNGW YMGTEIGVRDLCDTQRYNILEEVGRRMGLETHTLASLW KD
ANMLLEVGGLEFPGCPFNGWYMGTEIGVRDFCDVQRYNILEEVGRRMGLETHKLASLWKD
SNMLLEIGGLEFPACPFNGW YMGTEIGVRDFCDTKRYNVLERVGRQMGLETQKLPSLW KD
SGMLLDCGGLEFPSCPFNGW FMGTMIGSRNLCDPHRYNMLEPIGLKMGLNTETASSLW KD

K A W EM N IA V LH SY Q SR N V TIV D H H TA SESFM K H FEN ESK LR N G C PA D W IW IV PPLSG SI
K A L V E INIA VLH SY Q SRNITIVD H H TA SESFM K H FENETK LRNG CPAD W IW IV PPM SASV
LAM VEANVAVLHSFQLHNVTIVDHHSAAESFM KHLENEQRLRGGCPADW VW IVPPISGSA
Q ALVEINIA VLY SFQ SDK VTIV DH H SATESFIK H M ENEYR CRG G CPADW V W IVPPM SG SI
Q ALVEINIA VLY SFQ SDK VTIV DH H SATESFIK H M ENEYR CRG G CPADW V W IVPPM SG SI 692
Q ALVEINIA VLY SFQ SDK VTIV DH H SATESFIK H M ENEYR CRG G CPADW V W IVPPM SG SI
Q ALVEINIA VLY SFQ SDK VTIV DH H SATESFIK H M ENEYR CRG G CPADW V W IVPPM SG SI
Q ALVEINIA VLY SFQ SDK VTIV DH H SATESFIK H M ENEYR CRG G CPADW V W IVPPM SG SI
QALVEVNIAVLHSFQSCKVTIVDHHSATESFM KHM ENEYRVRGGCPGDW VW IVPPM SGSI
KAAVEINLAVLHSYQLAKVTIVDHHAATASFM KHLENEQKARGGCPADW AW IVPPISGSL
K AAVEINLAVLHSFQLAKVTIVDHHAATVSFM KHLDNEQKARGGCPADW AW IVPPISGSL
KAAVEINVAVLHSYQLAKVTIVDHHAATASFM KHLENEQKARGGCPADW AW IVPPISGSL
KAAVEINVAVLHSYQLAKVTIVDHHAATASFM KHLENEQKARGGCPADW AW IVPPISGSL
RAVTEINVAVLHSFQKQNVTIM DHHTASESFM KHM QNEYRARGGCPADW IW LVPPVSGSI
RAVTEINAAVLHSFQKQNVTIM DHHTAS ES FMKHMQNEYRARGGC PA DW IW LVPPV SG SI
Q AW EINIAVLHSFQKQNVTIM DHHSAAESFM KYM QNEYRSRGGCPADW IW LVPPM SGSI
QALVAINVAVMHSFQKNKVTITDHHTAPESFMQHMEMEVRLRGGCPADWVWLVPPMSGSL
RVLIEVNVAVLYSFESANVTIVNHH DASTDFISH M DK EIKLRGG CPSDW VRM VPPM SG ST

* * * * *
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d n o s  TPVFHQEM ALYYLKPSFEYQ-DPAW RTHVW KKGRGESK-GKKPRRKFNFKQIARAVKFTS
a n o n o s  TPVFHQEM AVYYLRPSFEYQ-ESAM KTHIW KKGRDSAK-NKKPRRKFNFKQIARAVKFTS
r p n o s  TPVFFQEM ANYFLYPGYIYQ-EDAW KCHEW KEIDVKHG-LKKEKRKFHFKQIARAVKFTS
o r y n o  s i  T PVFHQEMLNYRLT PCFEYQ - PDPWNTHVWKGTNGTP TKRRAIG FK K LAEAVKFSA
h u m n o s l  T PVFHQEMLNYRLT P S  FEYQ -  PDPWNTHVWKGTNGT P  TKRRAIG FK K LAEAVKFSA 7 4 7
r a t n o s l  TPVFHQEM LNYRLTPSFEYQ-PDPW NTHVW KGTNGTP TK RRAIG FK K LAEAVKFSA
m u s n o s l  TPVFHQEM LNYRLTPSFEYQ-PDPW NTHVW KGTNGTP TK RRAIG FK K LAEAVKFSA
x e n n o  s i  T PVFHQEM LNYRLTPS FEYQ - PDPWNTHVWKGVNGTP TKKRAIGFKKLAKAVKFSA
f u g n o s l  TPVFHQEMLNYRLTPSYEYQ-LDPW HTHVW KGVNGTP TKKRAIGFKKLAKAVKFSA
s u s n o s 3  TPVFHQ EM VNYVLSPAFRYQ-PDPW KG SAAK G T-G -------------- lA R -K K T F K E V A N A V K ISA
b o v n o s 3  TPVFH Q EM VNY ILSPAFRY Q -PDPW K G SATK G A -G -------------- IT R -K K T F K E V A N A V K ISA
h u m n o  s  3 TPVFHQ EM VNYFLSPAFRYQ -PDPW K GSAAKG T-G -------------- IT R -K K T F K E V A N A V K ISA
m u s n o s  3 TPVFHQ EM VNYFLSPAFRYQ -PDPW K GSAAKG A-G -------------- IT R -K K T F K E V A N A V K ISA
m u s n o s  2 TPVFHQ EM LNYVLSPFYYYQ -IEPW K THIW QNEKLR P R R R E IR F R V L  V K W F F A S
r a  t n o  s  2 TPVFHQEMLNYVLS PFYYYQ - 1EPWKTHIWQDEKLR PR R R E IR FT V L V K A V FFA S
h u m n o  s  2 TPVFHQEMLNYVLSPFYYYQ-VEAWKTHVWQDEKRR PKRREIPLK VLVK AVLFAC
c c n o s 2  TPVYHQEM LNYILSPFFYYQ-PDPW LTHKW KVKKRN A R R H T ISF K G L IR A V L F SQ
l y m n o s  LEVFHQEM LLYNLHPAFVRQDVKPW KKHVW KSDQSVPINSCNPKRKLGFKALARAVEFSA  

★ • • • •

dnos K LFG RA LSK RIK A TVLYA TETG K SEQ Y AK Q LC ELLG H AFNA Q IYCM SD YDISSIEH EALL
anonos K LFG RALSRRIK ATV LYATETG RSEQ YAR Q LV ELLG H AFNA Q IYCM SD YDISSIEH EALL  
rpnos K LFG SA LSK RIK A TILFATETG K SEM YAR K LG DIFSH A FH SQ VLSM EDYD M SK IEH EA LL  
orynosl KLMGQAMAKRVKATILYATETGKSQAYAKTLCEIFKHAFDAKVMSMEEYDIVHLEHETLV  
hum n o s l  KLMGQAMAKRVKATILYATETGKSQAYAKTLCEIFKHAFDAKVMSMEEYDIVHLEHETLV 807 
r a tnosl KLMGQAMAKRVKATILYATETGKSQAYAKTLCEIFKHAFDAKAMSMEEYDIVHLEHEALV  
m u s n o s l  KLMGQAMAKRVKATILYATETGKSQAYAKTLCEIFKHAFDAKAMSMEEYDIVHLEHEALV  
xen n o s l  KLMGQAM AKRVKATILYATETGKSQVYAKTLCEIFKHAFDAKVM SM DEYDW HLEHETLV  
fugnosl KLMGHAM AKRVKATILFATETGKSQDYAKTLCEIFKHAFDPKVMSMDDYDW DLEHETLV  
SUSnos3 SLM ATVM PKRVKASILYASETVRAQSYAQQLGRLFRKAFDPRVLCM DEYDW SLEHETLV  
bovnos3 SLM GTLM AKRVKATILYASETGRAQSYAQQLGRLFRKAFDPRVLCM DEYDW SLEHEALV  
h u m n o s 3 SLM GTVM AKRVKATILYGSETGRAQSYAQQLGRLFRKAFDPRVLCM DEYDW SLEHETLV  
m u s n o s 3 SLM GTVM AKRVKATILYGSETGRAQSYAQQLGRLFRKAFDPRVLCM DEYDW SLEHEALV  
m u s n o s 2 M LM RKVM ASRVRATVLFATETGKSEALARDLATLFSYAFNTKW CM DQYKASTLEEEQLL  
ratnos2 VLM RKVM ASRVRATVLFATETGKSEALARDLAALFSYAFNTKW CM EQYKANTLEEEQLL  
h u m n o S 2 M LM RKTM ASRVRVTILFATETGKSEALAW DLGALFSCAFNPKW CM DKYRLSCLEEERLL  
ccnos2 TLIK SALTK RVH CTVLYATETGK SH TFAK KLNTM M NCAFKSQW SM EDYNFSELEKESFL  
lymnos SL M SK A L SSR V K C SIFY A T E T G R SE R FA R R L SE IFK PV FH SR W C M D D Y A V E T L E H E SL V

d n o s
a n o n o s
r p n o s
o r y n o s l
h u m n o s l
r a t n o s l
m u s n o s l
x e n n o s l
f u g n o s l
s u s n o s 3
b o v n o s 3
h u m n o s 3
m u s n o s 3
m u s n o s 2
r a t n o s 2
h u m n o s 2
c c n o s 2
l y m n o s

IW A ST FG N G D PPE N G E L FSQ E L Y A M R V Q E SSE H G L Q D SS------------------------------------------------
LW ASTFGNGDPPENGQLFAQDLYAM KLHESGHHQAHSELT----------------------------------------------
LW ASTFG NG DPPENG QG FAQ SLYTIK M DENG LPNGH TNN------------------------------------------------
LW TSTFG NG DPPENGEKFRCALM EM RH PNSLQ EER----------------------------------------------------------
LW TSTFGNGDPPENGEKFGCALM EM RHPNSVQEER-------------------------------------------------------------8 4 3
LW TSTFG NG DPPENGEKFG CALM EM RHPNSVQ EERK YPEPLRFFPRK GPSLSH VDSEAH
LW TSTFGNGDPPENGEKFGCALM EM RHPNSVQEE--------------------------- R ------------------------------
LW TSTFG NG DPPENGEKFG CALM EM RHPNSNLEER----------------------------------------------------------
LW TSTFG NG DPPENGEKFG AALM EM REPTSNTEDR----------------------------------------------------------
LW TSTFG N G D PPEN G E SFA A A LM EM SG PY N G SPR P-------------------------E ------------------------------
L W T ST FG N G D PPE N G E SFA A A L M E M SG PY N SSPR P -------------------------E ------------------------------
L W T ST FG N G D PPE N G E SFA A A L M E M SG PY N SSPR P -------------------------E ------------------------------
L W T ST FG N G D PPE N G E SFA A A L M E M SG PY N SSPR P-------------------------E ------------------------------
L W TSTFG N G D C PSN G Q TLK K SLFM LR ---------------E L N ---------------------------------------------------------
LW TSTFG NG DCPSNG QTLK K SLFM M K ---------------ELG ---------------------------------------------------------
LW TSTFG NG DCPG NG EK LKK SLFM LK ---------------E L N ---------------------------------------------------------
IW T ST F G N G D C PG N G E SFK K Q L L SL N ---------------N L R ---------------------------------------------------------
M VITSTFGNGEPPENGKQFAQSLLDM KRKYDCDLGFLES--------------------------------------------------

, ****** . ★
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d n o s   IG SSK SFM K ASSRQ EFM K LPLQ Q VK RIDRW D SLR G STSDTFTEETFG PLSNVR
a n o n o s  -------------- lA A SSK SFIK A N SR SD L G K FG PM G G R K ID R L D SL R G ST T D T L SE E T FG PL SN V R
r p n o s  ------------- T L A S SA SF IK A N S Q T D R Q A S-----------------L E R C D SFR G ST G D -------ADVFGPLSNVR
o r y n o s l  ----------------------- K SY K V R F N SV SSY SD S----------------------- RKSSGDGPDVRDHFESAGPLANVR
h u m n o s l  ----------------------- K SY K V R F N SV SSY SD S------------------------- QKSSGDGPDLRDNFESAGPLANVR 8 8 3
r a t n o s l  SL V A A R D SQ H R SY K V R FN SV SSY SD S---------------------- RK SSG DG PDLRDNFESTGPLANVR
m u s n o s l  ----------------------- K SY K V R F N SV SSY SD S----------------------- RK SSG DG PDLRDNFESTGPLANVR
x e n n o  s  1  ----------------------- KSYK VRFNSVS S S AD A------------------------ QKS S ANETGPRDNFGS A S PLANVR
f u g n o s l  ----------------------- KSYK VRFNSVS SH S D T ------------------------ R K SSSD E PD A K IH FE ST G P L A N V R
s u s n o s B  ------------------ Q H R SY K IR F N SV SC SD P L -----------------------VSSW RRKRKESSNTDSAGALGTLR
b o v n o  s 3  -------------------QHKS Y K IR F N S VSC S D P L ----------------------V S  SWRRKRKES SN T D S AGALGTLR
h u m n o s 3  ------------------ Q H K S Y K IR F N S IS C S D P L -----------------------VSSW RRKRKESSNTDSAGALGTLR
m u s n o s 3  ------------------ Q H K SY K IR F N SV SC SD P L -----------------------VSSW RRKRKESSNTDSAGALGTLR
m u s n o s 2  -----------------------------------------------------------------------------------------------------------------------------------------HTFR
r a t n o s 2  -----------------------------------------------------------------------------------------------------------------------------------------HTFR
h u m n o s 2  NKFR
c c n o s 2  -----------------------------------------------------------------------------------------------------------------------------------------NQVR
l y m n o s  ---------------- C S S I S T C I K S S I L T E G P L A -----------------------ADVIGDRQSLAM G TGPLCNVR

*

d n o s  FAVFALGSSAYPNFCAFGQYVDNILGELGGERLLRVAYGDEM CGQEQSFRKW APEVFKLA
a n o n o s  FAVFALG SSAYPNFCAFGKYIDNILGELGGERLM KM ATGDEICGQEQAFRKW APEVFKIA
r p n o s  FAVFALGSSAYPNFCAFGSYVDNLLGELGGERLVKLTTGDEMCGQAQACNKW APEVFSVA
o r y n o s l  FSVFGLGSRAYPHFCAFGHAVDTLLEELGGERILKM REGDELCGQEEAFRTW AKKVFKAA
h u m n o s l  FSVFGLGSRAYPHFCAFGHAVDTLLEELGGERILKM REGDELCGQEEAFRTW AKKVFKAA 9 4 3
r a t n o s l  FSVFGLGSRAYPHFCAFGHAVDTLLEELGGERILKM REGDELCGQEEAFRTW AKKVFKAA
m u s n o s l  FSVFGLGSRAYPHFCAFGHAVDTLLEELGGERILKM REGDELCGQEEAFRTW AKKVFKAA
x e n n o s l  FSAFGLGSRAYPHFCAFARAVDTLLEELGGERIM KM GEGDELCGQEESFRTW AKKVFQAA
f u g n o s l  FSVFGLGSRAYPHFCAFAHAVDTLFEELGGERILRM GEGDELCGQEEAFRTW AKKVFKAA
s u s n o s 3  FCVFGLGSRAYPHFCAFARAVDTRLEELGGERLLQLGQGDELCGQEEAFRGW AQAAFQAS
b o v n o S 3 FCVFGLGSRAYPHFCAFARAVDTRLEELGGERLLQLGQGDELCGQEEAFRGW AKAAFQAS
h u m n o s  3 FCVFGLGSRAYPHFCAFARAVDTRLEELGGERLLQLGQGDELCGQEEAFRGW AQAAFQAA
m u s n o s  3 FCVFGLGSRAYPHFCAFARAVDTRLEELGGERLLQLGQGDELCGQEEAFRGW AQAAFQAA
m u s n o s 2  YAVFGLGSSM YPQFCAFAHDIDQKLSHLGASQLAPTGEGDELSGQEDAFRSW AVQTFRAA
r a t n o s 2  YAVFGLGSSM YPQFCAFAHDIDQKLSHLGASQLAPTGEGDELSGQEDAFRSW AVQTFRAA
h u m n o s 2 YAVFGLGSSM YPRFCAFAHDIDQKLSHLGASQLTPM GEGDELSGQEDAFRSW AVQTFKAA
c c n o s 2  YCVFGLGSRMYPHFCAFAHAVDDRFAALGAIRVSATGEGDELNGQEEAFSAW ACTVFKDA
l y m n o s  FAVFGLGSKAYPYYAAYGKYIYLMLQELGAERLVNYCAGDALYGQEQSFRAW SEEVFKAS 

* * * * * * , * , . • * * •»  ★, *

d n o s  C E T FC L D PE E --SL SD A SL A L Q N D SL T V N T V R L V P SA N K --G SL D SSL SK Y H N K K V H C C K
a n o n o s  C E T F C L D PE E — T L SD A A F A L Q S-E L SE N T V R Y A PV A E Y --E SL D R A L SK F H N K K SM E C S
r p n o s  C D T FC L D SD E — TFLEATQ M LH SEAVTA STVR FV ESAT QDLCKALSHLHNKKVWKCP
O r y n o  S 1 CD VFCVG DDVNIEKANNSLISNDRSW K RNK FRLTYVAEA—  PGLTQGLS SVHKKRVSAAR  
h u m n o s l  CDVFCVG DDVNIEKANNSLISNDRSW K RNK FRLTFVAEA— PELTQGLSNVHKKRVSAAR 1 0 0 1  
r a t n o s l  CD VFCVG DDVNIEKANNSLISNDRSW K RNK FRLTYVAEA— PDLTQGLSNVHKKRVSAAR  
m u s n o s l  CD VFCVG DDVNIEKANNSLISNDRSW K RNK FRLTYVAEA—  PELTQGLSNVHKKRVSAAR  
x e n n o s l  C D V FC V G D D V SIE K A N N SL ISN D R SW K R SK Y R ISFV A E A — PELTQALYSIHKKKVYGAR  
f u g n o s l  CD VFCVG DDVNIEKANNSLISNDRSW K KNKFRLTYTAEA— PSLTKALYGVHKKKVHAAK  
s u s n o s 3  CETFCVGEDA— K A A A R D IFS PKRSWKRQRYRLSAQVEG- -LQLLPGLVHVHRRKMFQAT 
b o v n o s 3  CETFC V G EEA --K A A A Q D IFSPK R SW K R Q R Y R L STQ A EG --LQ LLPG LIH V H R R K M FQ A T  
h u m n o S 3 C E T FC V G ED A--K AAA RDIFSPK RSW K R Q R YRLSAQ AEG --LQ LLPG LIH VH RR K M FQ A T  
m u s n o s 3 CETFCVGEDA— K AAA RDIF S PKRSW KRQRYRLSTQAES —  LQLLPGLTHVHRRKMFQAT 
mu s  n o  s  2 C ETFDVR S KH- - H IQ IP K R FT SN A T W E PQ Q Y R L IQ SPE P --L D L N R A L SSIH A K N V F T M R  
r a t n o s 2  C E T F D V R SK H --C IQ IP K R Y T SN A T W E PE Q Y K L T Q SP E P--L D L N K A L SSIH A K N V FT M R  
h u m n o S 2 CETFDVRGKQ— H IQ IP K L Y T SN V T W D P H H Y R L V Q D SQ P --L D L SK A L S SMHAKNVFTMR
c  c n o  s  2 C K E F N IQ C --------------ELPGKEGMADSWDPQRHRVQNDSCT— V D R IT A L S  ALH SK AW PM K
l y m n o s  CEA FC LDNR---------------- NDAPGPQTKGDCSKVRIVPVENCQEPDLCQVLRNIHGKEVM PLI
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dnos A K A K PH N LTR LSEG -A K TTM LLEIC --A PG LEY EPG D H V G IFPA N R TELV D G LLN R LV G V
anonos VK R N PIN LH C EM N G TER ST ILV EIM — A E G ID Y E P G D H V G IF P A N R K E IV D G IlE R L T G V
rpnos L L G K -R N L H G K G ST --R A T L L L E IE R -N E N ISY Q P G D H V G V L A C N R K E L V E G IISH L E SA
orynosl L L SR -Q N L Q SPK SSR ST IFV R L H T N G -SQ E L Q Y Q PG D H L G V FPG N H E D L V N A L IE R L E D A  
hum n o s l  L L SR -Q N L Q SPK SSR ST IFV R L H T N G -SQ E L Q Y Q PG D H L G V FPG N H E D L V N A L IE R L E D A  1059 
r atnosl L L SR -Q N L Q SPK SSR ST IFV R L H T N G -N Q E L Q Y Q PG D H L G V FPG N H E D L V N A L IE R L E D A  
mu s n o s l  LLSR -Q N L Q SPK SSR ST IFV R L H T N G -N Q E L Q Y Q PG D H L G V FPG N H E D L V N A L IE R L E D A  
x e n n o s l  LLSR -Q N L Q SPK SSR ST IFL K L H SN G -H K E L C Y K PG D H L G V FPG N H E D L V N A L IE R L D D A  
fugnosl M L D S-Q N L Q SPK SN R ST IL V R L D T N N -Q D SL K Y K PG D H L G IFPG N H E D L V SA L ID K L E D A  
SUSnos3 V L SV -E N L Q SSK ST R A T IL V R L D T E G -Q E G L Q Y Q P G D H IG IC P PN R T G L V E A L L SR V E D P  
bovnos3 V L SV -E N L Q SSK ST R A T IL V R L D T A G -Q E G L Q Y Q P G D H IG IC P P N R P G L V E A L L SR V E D P  
h u m n o s 3 IR SV -E N L Q SSK ST R A T IL V R L D T G G -Q E G L Q Y Q PG D H IG V C PPN R PG L V E A L L SR V E D P  
m u s n o s 3 IL SV -E N L Q SSK ST R A T IL V R L D T G G -Q E G L Q Y Q PG D H IG V C PPN R PG L V E A L L SR V E D P  
m u s n o s 2  L K SQ -Q N L Q SE K SSR T T L L V Q L T F E G -SR G PSY L P G E H L G IF P G N Q T A L V Q G IL E R W D C  
ratnos2 L K SL -Q N L Q SE K SSR T T L L V Q L T F E G -SR G P SY L PG E H L G IFP G N Q T A L V Q G IL E R W D C  
h u m n o s 2 LK SR -Q N L Q SPT SSR A T IL V E L SC E D -G Q G L N Y L PG E H L G V C PG N Q PA L V Q G IL E R W D G  
Ccnos2 LK R R -Q N L Q SPT SSR A T IL V E L G M D G N T E PL N IV PG D H V G IFPG N SPE L V A G IL K H L A N A  
lymnos L A E R -IQ L Q A K D SD Q Q T IL IK L D A H N -A T D L K Y A P G D H V A IF P A N SP E IV D A IL V R L D T S

dnos
anonos
rpnos
orynosl
h umnosl
ratnosl
m u s n o s l
x ennosl
fugnosl
susnos3
bovnos3
h u m n o s 3
musnos3
m u s n o s 2
ratnos2
h u m n o s 2
ccnos2
lymnos

dnos
anonos
rpnos
orynosl
hu mnosl
ratnosl
m u s n o s l
xe nnosl
fugnosl
susnos3
bovnos3
h u m n o s 3
m u s n o s 3
mu snos2
ratnos2
h u m n o s 2
ccnos2
lymnos

— DN PD EVLQ LQ LLK EK Q TSNG IFK CW EPH D K IPPDTLR NLLA RFFDLTTPPSR Q LLTLL  
— NDPDEM LQLQVLKEKQTQNGVYKSW EPHERLPVCTLRTLLTRFLDITTPPTRQLLTYL  
— ID PD K SV Q L Q IL K E N T T PD G IV R N W IPH D R L PT C SL R T M L T R FL D IT T PPSPN L L Q FF  
- - PPANQ M VK VELLEERNTALGVISNW K DEPRLPPCTVFQAFK YYLDITTPPTPLQ LQ QF  
—  PPV NQ M VK VELLEERNTA LG V ISNW TDELR LPPCTIFQ AFK YYLD ITTPPTPLQ LQ Q F 1 1 1 7  
— PPA N H W K V EM LEER N TA LG V ISN W K D ESR LPPC TIFQ A FK Y Y LD ITTPPTPLQ L Q Q F  
--P PA N H W K V E M L E E R N T A L G V ISN W K D E SR L P P C T IF Q A F K Y Y L D IT T PP T P L Q L Q Q F  
— PPV N Q M VR VEM LEERN TALG VISNW TEEER IPPC TIFQ A FK YFLDITTPPTPLLM Q Q I 
--P P V N Q IV K V E F L E E R N T A L G V ISN W T N E T R V P P C T IN Q A F Q Y F L D IT T P P SP V L L Q Q F  
--T P P T E S V G V E Q L E -K G S P G G P P P S W V R D P R L P P Y T L R Q A L T F F L D IT SP P SP R L L R V L  
--P P P T E SV A V E Q L E -K G S P G G P P P SW V R D P R L P P C T L R Q A L T F F L D IT S P P SP R L L R L L  
--P A P T E P V A V E Q L E -K G SP G G P P P G W V R D P R L P P C T L R Q A L T F F L D IT SP P SP Q L L R L L  
--P PST E PV A V E Q L E -K G SP G G P P P G W V R D P R L P P C T L R Q A L T Y F L D IT SP P SP R L L R L L
--P T P H Q T V C L E V L D E S  G SY --W V K D K R L PPC SL SQ A L T Y FL D IT T PPT Q L Q L H K L
--S S P D Q T V C L E V L D E S  G SY --W V K D K R L PPC SL R Q A L T Y FL D IT T PPT Q L Q L H K L
--P T P H Q T V R L E A L D E S  G SY --W V SD K R L P P C SL SQ A L T Y F L D IT T PP T Q L L L Q K L
--P P IN Q S L R L E F L S A C P D — G E R --W Q R V E R IPPC SL A Q A L T Y Y L D V T T PPSQ SL L R K L  
K G P S P D Q W K T E IS T  Q L G T N D T W R S H --L P IC T SR T A F SF L L D V T T P P SQ E IL Q V L

AGFCEDTADKERLELLVNDSSAYEDW RHW RLPHLLDVLEEFPSCRPPAPLLLAQLTPLQP
ASCCGDKADEERLLM LANESSVYEDW RYW KLPHLLEVLEEFPSCRPPAAVFVAQLNALQP
ASCATNSEDQEK LTELATDSAAYEDW RYW K YPNLLEVLEEFPSVRVLPALLIAQ LTPLQP
ASLASNEK EKQ RLLVLSK G LQEYEEW KW G K NPTIVEVLEEFPSIQ M PATLLLTQ LSLLQP
ASLATSEKEK Q RLLVLSK GLQ EYEEW K W G K NPTIVEVLEEFPSIQM PATLLLTQ LSLLQ P 1 1 7 7
ASLATNEKEKQRLLVLSKGLQEYEEW KW GKNPTM VEVLEEFPSIQM PATLLLTQLSLLQP
ASLATNEKEKQRLLVLSKGLQEYEEW KW GKNPTM VEVLEEFPSIQM PATLLLTQLSLLQP
ASLATDEK EK K RLEILSK G LQ EYEQ W K W YK NPTIVEV LEEFPSIQ M PSSLLLTQ LPLLQ P
AALATNEKEKRKLEVLSKGLQEYEEW KW YNNPTLVEVLEEFPSIQM PSTLLLSQLPLLQP
STLAEEPSEQ QELETLSQ DPRRYEEW KW FRCPTLLEVLEQ FPSVALPTPLLLTQ LALLQP
STLAEEPSEQ Q ELETLSQ DPRRY EEW K W FRC PTLLEVLEQ FPSV ALPAPLLLTQ LPLLQ P
STLAEEPREQ QELEALSQ DPRRYEEW K W FRCPTLLEVLEQ FPSVALPAPLLLTQ LPLLQ P
ST L A EESSEQ Q ELEA LSQ D PR R Y EEW K W FSC PTLLEV LEQ FPSV A LPA PLILTQ LPLLQ P
A R FA T D E T D R Q R L E A L C Q PSE -Y N D W K FSN N PT FL E V L E E FPSL H V PA A FL L SQ L PIL K P
A R FA T E E T H R Q R L E A L C Q PSE -Y N D W K FSN N PT FL E V L E E FPSL R V PA A FL L SQ L PIL K P
A Q V A T E E PE R Q R L E A L C Q PSE -Y SK W K FT N SPT FL E V L E E FPSL R V SA G FL L SQ L PIL K P
SK M AK QEDHRQRLLALATDFQVYATW K EFYK PTSLEVLEEFSSLELSADFLLSQ LPLLKP
A T Q A SSD M D K H K L E Q L A SN SE A Y E K W R L D L SPN IL E IL D E FPSL K IPPSL L L T Q L PL L Q P
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d n o  s  R F Y S I S S  S  PR RV SDEIH LT VAIVK YRC EDGQGDERYGVC SNYL SGLRADDELFM FVRS AL
a n o n o  s  R F Y S IS  S  S  PRK YSN EIH LTVA IVTY RAED G EG AEH YG VC SNY LAN LQ SDDK IY LFV RSA P  
r p n o s  R FY SISSA P SL Y A N Q IH L T V A W Q Y C T Q D G K G P IH Y G V A SN Y L Y D V T IG D SIY L F T R SA P  
o r y n o s l  R Y Y SISSSPD M Y PD E V H L T V A IV SY H T R D G E G PIH H G V C SSW L N R IPA D E W PC FV R G A P  
h u m n o s l  R Y Y SISSSPDM YPDEVH LTVA IVSYRTR DG EG PIH H G VCSSW LNR IQ ADEL VPC FV RG AP 1 2 3 7  
r a t n o s l  R Y YSISSSPDM YPDEVH LTVA IVSYH TRDG EG PV H H G VCSSW LN RIQ AD DW PCFVRG AP  
m u s n o s l  R Y YSISSSPDM YPDEVH LTVA IVSYH TRDG EG PV H H G VCSSW LN RIQ AD DW PCFVRG AP  
x e n n o  S 1 R Y Y S IS  S S PEMY PE E V H L T V A W S YRTRDGDG PIHHGVC S S W LNRIH P D E W P C  FVRGAP  
f u g n o s l  R Y Y SISSSPD L H PG E IH L T V A W SY R T R D G A G SIH H G V C SSW L SR IE K G E M V PC FV R SA P  
s u s n o s B  RYYSVSSAPSTYPG EIH PTVAVLAYRTQ DG LG PLHYGVCSTW LG Q LKPG DPVPCFIRAAP  
b o v n o s B  RYYSVSSAPNAHPGEVHLTVAVLAYRTQDGLGPLHYGVCSTW LSQLKTGDPVPCFIRGAP  
h u m n o S 3 RYYSVSSAPSTH PG EIH LTVAVLAYRTQ DG LG PLH YG VCSTW LSQLK PGDPVPCFIRGAP  
m u s n o s B  RYYSVSSAPSAH PGEIHLTIAVLAYRTQDGLG PLHYGVCSTW M SQ LK AG DPVPCFIRG AP  
m u s n o s 2  RY YSISSSQ D H TPSEV H LTV A W TY R TR D G Q G PLH H G V C STW IR N LK PQ D PV PC FV R SV S  
r a t n o s 2  RY Y SISSSQ D H TPSEV H LTV A W TY R TR D G Q G PLH H G V C STW IN N LK PED PV PC FV R SV S  
h u m n o s 2 R FY SISSSR D H TPTEIH L TV A W TY H TR D G Q G PLH H G V C STW LN SLK PQ D PV PC FV R N A S  
c  c n o  S 2 R L Y S IS  S  S PDLHPQELHLTVAW SYCTQEGKGPLHFGLC STW LNTIKEGDM VPFFAHS SD  
l y m n o s  R Y Y SISSSQ Q K N P N E V H A T IA W R FK T Q D G D G PV H E G V C SSW L N R SPIG T W PC F L R SA P

d n o s  G FH L P SD R SR P IIL IG P G T G IA P F R SF W Q E F Q V L R D L D P T ------------------------------------------------
a n o n o s  SFHM SKDRTK PVILIGPGTGIAPFRSFW QEW DHIKTEM VD------------------------------------------------
r p n o s  NFH LPK SD TAPIIM VG PG TG IA PFRG FW Q H RLA Q R SLNG P------------------------------------------------
o r y n o s i  SFRLPRN PQ VPCILVG PG TAFAPFRSFW Q Q R Q FDIQ H K G --------------------------------------------------
h u m n o s l  SFH LPR NPQ V PC ILVG PG TG IA PFRSFW Q Q RQ FD IQ H K G ------------------------------------------------------1 2 7 6
r a t n o s l  SFH L PR NPQ V PC ILVG PG TG IA PFRSFW Q Q RQ FD IQ H K G --------------------------------------------------
m u s n o s l  SFH L PR NPQ V PC ILVG PG TG IA PFRSFW Q Q RQ FD IQ H K G --------------------------------------------------
x e n n o s l  SFQ M PEDPQVPCILIGPGTGIAPFRSFW QQRLYDM QHRG--------------------------------------------------
f u g n o s l  S FQL PKNNQT P C IL V G P G T G IA P F R S FWQQRLYDLEHNG--------------------------------------------------
s u s n o s B  SFR L P P D P SL P C IL V G P G T G IA P FR G F W Q E R L H D IE SK G --------------------------------------------------
b o v n o s B  SFR LPPD PY V PC IL V G PG T G IA PFR G FW Q E R L H D IE SK G --------------------------------------------------
h u m n o s 3 SFR L P P D P SL P C IL V G P G T G IA P FR G F W Q E R L H D IE SK G --------------------------------------------------
m u s n o s 3 SFR L PPD PN L PC IL V G PG T G IA PFR G FW Q D R L H D IE IK G --------------------------------------------------
m u s n o s 2  G FQ LPED PSQ PC ILIG PG T G IA PFR SFW Q Q R LH D SQ H K G --------------------------------------------------
r a t n o s 2  G FQ L PE D PSQ PC IL IG PG T G IA PFR SFW Q Q R L H D SQ R R G --------------------------------------------------
h u m n o s 2 G FH LPED PSH PC ILIG PG T G IA PFR SFW Q Q R LH D SQ H K G --------------------------------------------------
c c n o s 2  GFHLPSDPSAPCILVG VG SGIAPFRSFW QQ Q FH DM KK TG --------------------------------------------------
l y m n o s  H F H L P E D P SL P IIM IG P G SG IA P FR SF W Q Q R L G E IE N T M PSC E N T M L SC E T T IP SC E N SM  

★ * . •★★★★ * * *

d n o s  --------------------------------------------------------------------------------------------------------------------------------------------------
a n o n o s  --------------------------------------------------------------------------------------------------------------------------------------------------
r p n o s  --------------------------------------------------------------------------------------------------------------------------------------------------
o r y n o s l  --------------------------------------------------------------------------------------------------------------------------------------------------
h u m n o s l  ----------------------------------------------------------------------------------------------------------------------------------------------------- 1 2 7 6
r a t n o s l  --------------------------------------------------------------------------------------------------------------------------------------------------
m u s n o s l  --------------------------------------------------------------------------------------------------------------------------------------------------
x e n n o s l  --------------------------------------------------------------------------------------------------------------------------------------------------
f u g n o s l  --------------------------------------------------------------------------------------------------------------------------------------------------
s u s n o s B  --------------------------------------------------------------------------------------------------------------------------------------------------
b o v n o s B  --------------------------------------------------------------------------------------------------------------------------------------------------
h u m n o s 3 --------------------------------------------------------------------------------------------------------------------------------------------------
m u s n o s B  --------------------------------------------------------------------------------------------------------------------------------------------------
m u s n o s 2  --------------------------------------------------------------------------------------------------------------------------------------------------
r a t n o s 2  --------------------------------------------------------------------------------------------------------------------------------------------------
h u m n o s 2 --------------------------------------------------------------------------------------------------------------------------------------------------
c c n o s 2  --------------------------------------------------------------------------------------------------------------------------------------------------
l y m n o s  PSC E N T M P SC E N T M PSC E N T IP SC E N T IP SC E N T M P SC E N T IPSW E R T M Q P C Q IIL PSQ T
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d n o s  -AKLPKM W LFFG CRNRDVD-LYAEEK AELQ KDQILDRVFLALSREQAIPKTYVQ DLIEQ E
a n o n o s  -CKIPKVW LFFGCRTKNVD-LYRDEKEEM VQHGVLDRVFLALSREENIPKTYVQDLALKE  
r p n o s  -G K FG K M SLFFG C R LR N LD -LY Q EEK ESM LK EG ILSK V FLA LSR EPSIPK TY V Q D LLR V E
o r y n o s l  -M SPCPM VLVFGCRQSKIDHIYREEALQAKNKGVFRELYTAYSREPDKPKKYVQDILQEQ  
h u m n o s l  -M NPCPM VLVFGCRQSKIDHIYREETLQAKNKGVFRELYTAYSREPDKPKKYVQDILQEQ 1 3 2 5  
r a t n o s l  -M NPCPM VLVFGCRQSKIDHIYREETLQAKNKGVFRELYTVYSREPDRPKKYVQDVLQEQ  
m u s n o s l  -M NPCPM VLVFGCRQSKIDHIYREETLQAKNKGVFRELYTAYSREPDRPKKYVQDVLQEQ  
x e n n o s l  -LKPCPM ILVFGCRESKIDHIYKEETM HAKNKGVFKELFTAYSREPNKPKKYVQDVLKEQ  
f u g n o s l  -lE SC PM IL V FG C R Q SE ID H IY N E E T IQ A K N K N V FK E L Y T A Y SR E PG K PK K Y V Q D A L R E Q  
s u s n o s B  -LQ PAPM TLVFGCRCSQLDHLYRDEVQDAQQRGVFGRVLTAFSREPDSPKTYVQDILRTE  
b o v n o s B  -LQ PAPM TLVFG CRCSQ LDH LYRDEVQ DAQ ERG VFG RVLTAFSREPDSPK TYVQDILRTE  
h u m n o  S 3 - LQPTPMTLVFGCRC SQLDHLYRDEVQNAQQRGVFGRVLTAFSRE PDNPK TYVQ DILRTE
m u s n o s 3 -LQPAPM TLVFGCRCSQLDHLYRDEVLDAQQRGVFGQVLTAFSRDPGSPKTYVQDLLRTE  
m u s n o s 2  -LKGGRMSLVFGCRHPEEDHLYQEEMQEMVRKRVLFQVHTGYSRLPGKPKVYVQDILQKQ  
r a t n o s 2  -LKGGRMTLVFGCRHPEEDHLYQEEMQEMVRKGVLFQVHTGYSRLPGKPKVYVQDILQKE  
h u m n o S 2 -VRGGRMTLVFGCRRPDEDHIYQEEMLEMAQKGVLHAVHTAYSRLPGKPKVYVQDILRQQ  
c c n o s 2  -LK GNPVTLVFGCRG SDTDHLYK EETLDM RDNGTLSSITTAYSRQ TGQ PKVYVQ DILREQ  
l y m n o s  K KHFGEM VLYTGCRTAKHM -lYAAELEEM KRLGVLSNYHVALSREAALPKM YVQDIIIKN

d n o s
a n o n o s
r p n o s
o r y n o s l
h u m n o s l
r a t n o s l
m u s n o s l
x e n n o s l
f u g n o s l
s u s n o s 3
b o v n o s 3
h u m n o s 3
m u s n o s 3
m u s n o s 2
r a t n o s 2
h u m n o s 2
c c n o s 2
l y m n o s

d n o s
a n o n o s
r p n o s
o r y n o s l
h u m n o s l
r a t n o s l
m u s n o s l
x e n n o s l
f u g n o s l
s u s n o s 3
b o v n o s 3
h u m n o s 3
m u s n o s 3
m u s n o s 2
r a t n o s 2
h u m n o s 2
c c n o s 2
l y m n o s

FDS-LYQLIVQ ERG H IYV CG DVTM AEH VY Q TIRK CIA G K EQ K SEAEV ETFLLTLR DESRY  
AES-ISELIM QEKGHIYVCGDVTM AEHVYQTLRKILATREKRTETEM EKYM LTLRDENRY  
C K S - VYIQIVQEGGHFYVCGDCTMAEHVFRTLRQIIQDQGNMTDHQVDNFMLAMRDENRY  
LAEQVYRALKEQGGHIYVCGDVTMAADVLKAVQRIMAQQGKLSAEDAGVFISRLRDDNRY  
LAESVYRALKEQGGHIYVCGDVTM AADVLKAIQRIM TQQGKLSAEDAGVFISRMRDDNRY 1385 
LAE SVYRALKEQGGHIYVCGDVTMAADVLKAIQRIMTQQGKLS EEDAG V FISRLRDD NRY  
LAE SVYRALKEQGGHIYVCGDVTMAADVLKAIQRIMTQQGKLS EEDAG V FISRLRDD NRY  
L S EVTYKALKDQGGHIY ICGDVNMAGDVLKS L Q H W K E  S G N L T IE E A G A F IS  KLRDDNRY 
LSERVYQCLREEGGHIYVCGDVTM AGDVLKNVQQIIKQEGNM SLEEAGLFISKLRDENRY  
LAAEVHRVLCLERGHMFVCGDVTMATSVLQTVQRILATEGNMELDEAGDVIGVLRDQQRY  
LAAEVHRVLCLERGHMFVCGDVTMATSVLQTVQRILATEGDMELDEAGDVIGVLRDQQRY  
LAAEVHRVLCLERGHMFVCGDVTMATNVLQTVQRILATEGDMELDEAGDVIGVLRDQQRY  
LAAEVHRVLCLEQGHMFVCGDVTMATSVLQTVQRILATEGGMELDEAGDVIGVLRDQQRY  
LANEVLSVLHGEQGHLYICGDVRM ARDVATTLKKLVATKLNLSEEQVEDYFFQLKSQKRY  
LADEVFSVLHGEQGHLYVCGDVRMARDVATTLKKLVAAKLNLSEEQVEDYFFQLKSQKRY  
LASEVLRVLHKEPGHLYVCGDVRMARDVAHTLKQLVAAKLKLNEEQVEDYFFQLKSQKRY  
LSDKVFEVLHHNPGHLYVCGGM NM ANDVAATIKEILVSRLGITLAQAEEYLSRLKNEKRY  
AAA-VYEIVM KKGGHFYVSGDVSMAHDVTRALELVLCQQGGR EASQQVM SLRDENLF

# •  ^ "fc 9 • •  "fc ^  ̂ •  •  • • • •  •

H E D IF G IT L R T A E IH T K SR A T A R IR M A SQ P ----------------------------------------------------------
H E D IF G IT L R T A E IH N K SR A T A R IR M A SQ P ----------------------------------------------------------
H E D IF G IT L R T A E V H N R SR E SA R IR M A SQ SQ P-----------------------------------------------------
H E D IF G V T L R T Y E V T N R L R S E SIA F IE E SK K D T D E V F S S ------------------------------------
H E D IFG V T L R T Y E V T N R L R SE SIA F IE E SK K D T D E V FSSL D PL A Q P A A SL A R D R  1439
H E D IF G V T L R T Y E V T N R L R S E SIA F IE E SK K D A D E V F SS ------------------------------------
H E D IF G V T L R T Y E V T N R L R S E SIA F IE E SK K D T D E V F S S------------------------------------
H E D IFG V T L R T Y E V T N R L R SE S IA F IE E S K K D S D E V F C  S ------------------------------------
H E D IFG V T L R T Y E V T N R IR S E S IA Y IE E N K K D SD E V FC  S ------------------------------------
H E D IFG L T L R T Q E V T SR IR T Q SFSL Q E R H L R G A V PW T FD PPG PD T PG P-------------
H EDIFG L T L R T Q E V T SR IR T Q SFSL Q E R H L R G A V PW A FD PPG PD T PG P-------------
H E D IFG L T L R T Q E V T SR IR T Q SFSL Q E R Q L R G A V PW A FD PPG SD T N SP-------------
H E D IF G L T L R T Q E V T SR IR T Q SF SL Q E R Q L R G A V P W SFD P P G P E IP G S-------------
H ED IFG AVFSY G A K K G SA LEEPK ATR L-----------------------------------------------------------------
H EDIFG AVFSYGVKK G NALEEPK G TRL-----------------------------------------------------------------
H EDIFG AVFPYEAK K DRV AVQ PSSLEM SAL----------------------------------------------------------
H E D IF G S ------------------------------------------------------------------------------------------------------------------
H E D IF G SF V R K A G -G Q R SE D E --------------------------------------------------------------------------------
******
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g e n e 1 ATGCAAGAGTCCGAGCCTTCCGTGTGCCTACTGCAGCCCAACATCATCTC  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I I

5 0

cD N A 1
I I  I I  I I  I I  1 I I  I I  I I  I I  I I  M  1 I I  I I  I I  M  I I  I I  I I  1 M  I I  I I  I I  I I  I I  

ATGCAAGAGTCCGAGCCTTCCGTGTGCCTACTGCAGCCCAACATCATATC 5 0

g e n e 5 1 TGTCCGCCTTTTTAAGAGAAAAGTTGGTGGTCTTGGTTTTTTGGTAAAAC  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II II 1 1 1 II II II II 1 M 1 1 1 II II 1 II

1 0 0

cD N A 5 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

TGTCCGCCTTTTTAAGAGAAAAGTTGGTGGTCTTGGTTTTTTGGTAAAAC 1 0 0

g e n e 1 0 1 AAAGGGTGTCCAAGCCCCCTGTCATTGTGTCTGACATCATCCGCGGCGGC  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 5 0

cD N A 1 0 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

AAAGGGTGTCCAAGCCCCCTGTCATTGTGTCTGACATCATCCGCGGCGGC 1 5 0

g e n e 1 5 1 GCCGCCGAGGAGTGCGGTCTGGTGCAAGTGGGCGACATCGTGTTAGCGGT 
I I  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 0 0

cD N A 1 5 1
I I  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

GCAGCCGAGGAGTGCGGTCTGGTGCAAGTGGGCGACATCGTGTTAGCGGT 2 0 0

g e n e 2 0 1 CAACAACAAGTCCCTGGTGGATCTGTCCTACGAAAGGGCCCTGGAGATGT 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 5 0

cD N A 2 0 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

CAACAACAAGTCCCTGGTGGATCTGTCCTACGAAAGGGCCCTGGAGATGT 2 5 0

g e n e 2 5 1 TGAAGAATGTGCTGCCAGAGAGCCACGCTGTGCTGATTCTCCGTGGACCA 
II II  1 II 1 II 1 11 II 1 II I )  II  1 1 1 M II II 1 II 1 1 1 II 1 1 1 1 1 1 II 1 1 1

3 0 0

cD N A 2 5 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

TGAAGAATGTGCTGCCAGAGAGCCACGCTGTGCTGATTCTCCGTGGACCA 3 0 0

g e n e 3 0 1 GAGGGTTTCACCACGCACCTGGAAACAACCATATCCGGAGATGGCCGCCA 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 II 1 1 1 1

3 5 0

cD N A 3 0 1
I I  I I  I I  I I  I I  I I  I I  1 I I  I I  I I  I I  I I  I I  I I  I I  I I  I I  1 I I  I I  I I  I I  I I  I I  I I

GAGGGTTTCACCACGCACCTGGAAACAACCATATCCGGAGATGGCCGCCA 3 5 0

g e n e 3 5 1 ACGGACAGTTCGGGTCACGCGTCCCATCTTCCCGGCCTCAAAGTCTTACG  
II II 1 II II II 1 II 1 1 1 1 1 1 1 II 1 II II 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1

4 0 0

cD N A 3 5 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

ACGGACAGTTCGGGTCACGCGTCCCATCTTCCCGGCCTCAAAGTCTTACG 4 0 0

g e n e 4 0 1 AGAATTGCTCCCCGCTCGGTCCATTCGGGCCAGGGCAGCAGGTCAACAAG  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

4 5 0

cD N A 4 0 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

AGAATTGCTCCCCGCTCGGTCCATTCGGGCCAGGGCAGCAGGTCAACAAG 4 5 0

g e n e 4 5 1 GAGTCCCAGCTCAGGGCCATTGAGAACCTGTCCTCTCCACTGCAAAAAGG 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1

5 0 0

cD N A 4 5 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

GAGTCCCAGCTCAGGGCCATTGAGAACCTGTCCTCTCCACTGCAAAAAGG 5 0 0

g e n e 5 0 1 AAGCGTGCAGGCTCAGGACCCCCTGCTGTTGAGGGACGGGGGCCGGGGAC 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

5 5 0

cD N A 5 0 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

AAGCGTGCAGGTTCAGGACCCCCTGCTGTTGAGAGACGGGGGCCGGGGAC 5 5 0

g e n e 5 5 1 TGTGTAACGGGCTGGAGGACAACAATGAGTTGATGAAGGAGATTGAACCA 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 II 1! 1 1

6 0 0

cD N A 5 5 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

TGTGTAACGGGCTGGAGGACAACAATGAGTTGATGAAGGAGATTGAACCA 6 0 0

g e n e 6 0 1 GTGCTGCGCCTCGTCAAAAACAGCAAGAAGGAGATCAATGGAGAGGGCCA 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

6 5 0

cD N A 6 0 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

GTGCTGCGCCTCATCAAAAACAGCAAGAAGGAGATCAATGGAGAGGGCCA 6 5 0

Figure A 4. Alignment of the Fugu NOSl gene predicted coding sequence and the 

Fugu NOSl cDNA (/NOS) sequence. Nucleotide difference are highlighted in bold 

and those resulting in amino acid changes are also underlined.
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g e n e  6 5 1  GAGGCACGTAGGGAGAAGAGATGCTGAGATTCAAGTGACCTGGGGCGCTG 7 0 0

I I I  I I I  I I  l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  6 5 1  GAGGCATGTGGGGAGAAGAGATGCTGAGATTCAAGTGACCTGGGGCGCTG 7 0 0  

g e n e  7 0 1  GTGTAGGAATCGACACATCTCTGCAGTTGGACTCCTGTAAGAACAAAATG 7 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  7 0 1  GTGTAGGAATCGACACATCTCTGCAGTTGGACTCCTGTAAGAACAAAATG 7 5 0  

g e n e  7 5 1  CCGGAAAAAGAGCCCGGTGTGCCGCAGAACGCCGACAATGACAAGCCTCC 8 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  7 5 1  CCGGAAAAAGAGCCCGGTGTGCCGCAGAACGCCGACAATGACAAGCCTCC 8 0 0  

g e n e  8 0 1  TGCCGAGGCCAGGACCTCACCTACTAAATCCCTGCAGAACGGAAGCCCCT 8 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  8 0 1  TGCCGAGGCCAGGACCTCACCTACTAAATCCCTGCAGAACGGAAGCCCCT 8 5 0  

g e n e  8 5 1  CCAAATGCCCTCGCTTCCTGAAGATCAAGAACTGGGAGACCGGCGCCATC 9 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  I I
cD N A  8 5 1  CCAAATGCCCTCGCTTCCTGAAGATCAAGAACTGGGAGACCGGCGCCGTC 9 0 0  

g e n e  9 0 1  CAAAATGACACATTACACAACAGCTCCACCAAGACGCCAATGTGCCCCGA 9 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  9 0 1  CAAAATGACACATTACACAACAGCTCCACCAAGACGCCAATGTGCCCCGA 9 5 0  

g e n e  9 5 1  GAACGTGTGCTACGGCTCCCTTATGATGCCCAACCTGCACGCCCGCAAAC 1 0 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  9 5 1  GAACGTGTGCTACGGCTCCCTTATGATGCCCAACCTGCACGCCCGCAAAC 1 0 0 0  

g e n e  1 0 0 1  CGGAGGAGGTCAGGAGCAAAGAGGAGCTTCTGAAACTGGCCACCGACTTC 1 0 5 0

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i  m i l l
cD N A  1 0 0 1  CGGAGGAGGTCAGGAGCAAAGAGGAGCTTCTGAAACTGGCCACTGACTTC 1 0 5 0  

g e n e  1 0 5 1  ATTGACCAGTATTACACCTCCATCAAAAGGTACGGCTCCAAGGCCCATAC 1 1 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  1 0 5 1  ATTGACCAGTATTACACCTCCATCAAAAGGTACGGCTCCAAGGCCCATAC 1 1 0 0  

g e n e  1 1 0 1  GGACAGACTGGAGGAGGTGACCAAGGAGATTGAAGCGACTGGAACCTACC 1 1 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  1 1 0 1  GGACAGACTGGAGGAGGTGACCAAGGAGATTGAAGCGACTGGAACCTACC 1 1 5 0  

g e n e  1 1 5 1  AGCTGAAAGACACAGAACTGATTTATGGAGCCAAACATGCCTGGAGGAAT 1 2 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  1 1 5 1  AGCTGAAAGACACAGAACTGATTTATGGAGCCAAACATGCCTGGAGGAAT 1 2  0 0  

g e n e  1 2 0 1  GCTGCCCGTTGTGTGGGAAGAATCCAGTGGTCTAAACTACAGGTTTTTGA 1 2  5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  l l l l l l l l l
cD N A  1 2 0 1  GCTGCCCGTTGTGTGGGAAGAATCCAGTGGTCTAAACTACGGGTTTTTGA 1 2 5 0  

g e n e  1 2 5 1  TGCCAGAGACTGCACAACAGCTCATGGAATGTACAACTACATCTGTAACC 1 3 0 0

I I I  l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  1 2 5 1  TGCTAGAGACTGCACAACAGCTCATGGAATGTACAACTACATCTGTAACC 1 3 0 0  

g e n e  1 3 0 1  ACATCAAGTACGCTACCAACAAAGGGAATCTGAGGTCAGCTATCACCATA 1 3 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  1 3 0 1  ACATCAAGTACGCTACCAACAAAGGGAATCTGAGGTCAGCTATCACCATA 1 3 5 0  

g e n e  1 3 5 1  TTTCCTCCGAGGACAGATGGCAAACATGACTTTCGAGTGTGGAACAGTCA 1 4 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  1 3 5 1  TTTCCTCCGAGGACAGATGGCAAACATGACTTTCGAGTGTGGAACAGTCA 1 4 0 0

Figure A.4. continued.
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g e n e 1 4 0 1 GCTGATTCGTTATGCTGGGTACAAACAGCCTGATGGTCAGATCCTGGGGG  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 4 5 0

cD N A 1 4 0 1
M  M  M  M  M  M  M  M  1 1 M  M  M  M  M  1 M  1 M  1 M  1 M  M  M  M  1 1 M  

GCTGATTCGTTATGCTGGGTACAAACAGCCTGATGGTCAGATCCTGGGGG 1 4 5 0

g e n e 1 4 5 1 ACCCTGCTAATGTTGAATTTACTGAGATCTGCATGCAGCTGGGATGGAAA  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 5 0 0

cD N A 1 4 5 1
M  M  M  M  M  M  M  M  M  M  M  M  M  M  M  1 1 M  1 1 M  M  1 M  1 M  1 M  

ACCCTGCTAATGTTGAATTTACTGAGATCTGCATACAGCTGGGATGGAAA 1 5 0 0

g e n e 1 5 0 1 GCTCCAAAAGGTCGCTTTGATGTTCTGCCCCTCCTCCTGCAAGCTAACGG  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 5 5 0

cD N A 1 5 0 1
M  M  1 1 M  1 1 1 M  M  M  M  M  1 M  1 M  M  M  M  1 M  M  M  1 M  M  1 M  M  

GCTCCAAAAGGTCGCTTTGATGTTCTGCCCCTCCTCCTGCAAGCTAACGG 1 5 5 0

g e n e 1 5 5 1 AAATGACCCCGAGCAGTTTGAGATCCCCGAAGACCTGGTCCTGGAGGTGC 
1 1 1 1 1 M 1 1 1 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 6 0 0

cD N A 1 5 5 1
1 M  M  M  I 1 M  1 M  M  M  1 M  M  M  M  M  1 1 M  M  M  1 1 M  1 M  M  M  

AAATGACCCCGAGCTCTTTGAGATCCCCGAAGACCTGGTTCTGGAGGTGC 1 6 0 0

g e n e 1 6 0 1 CAATAATACACCCAAAGTATGAGTGGTTCAAAGAACTGGCTCTCAAGTGG  
1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1

1 6 5 0

cD N A 1 6 0 1
1 M  M  M  1 M  M  M  M  M  I I  I I  I I  I I  M  I I  I I  I I  I I  I I  I I  I I  I I  M  I I  I I  

CAATAATACACCCAAAGTATGAGTGGTTCAAAGAACTGGCTCTCAAGTGG 1 6 5 0

g e n e 1 6 5 1 TACGCCCTCCCTGCTGTCTCAAACATGATGCTGGAGATCGGAGGCCTGGA  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II

1 7 0 0

cD N A 1 6 5 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

TACGCCCTCCCTGCCGTCTCAAACATGATGCTGGAGATCGGAGGCCTGGA 1 7 0 0

g e n e 1 7 0 1 GTTCACTGCCTGTCCCTTCAGTGGCTGGTACATGGGCACAGAGATCGGCG  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 7 5 0

cD N A 1 7 0 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

GTTCACTGCCTGTCCCTTCAGTGGCTGGTACATGGGTACAGAGATCGGCG 1 7 5 0

g e n e 1 7 5 1 TGAGGGACTTCTGCGACACGTCCCGCTACAACATGCTGGAGGAGGTTGCA 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 8 0 0

cD N A 1 7 5 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

TGAGGGACTTCTGCGACACGTCCCGCTACAACATGCTGGAGGAGGTTGCA 1 8 0 0

g e n e 1 8 0 1 AACAAGATGGGCTTGGACACCAGAAAGACCTCCTCCCTCTGGAAAGATCA 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1

1 8 5 0

cD N A 1 8 0 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

AACAAGATGGGCTTGGACACCAGAAAGACCTCCTCCCTCTGGAAAGATCA 1 8 5 0

g e n e 1 8 5 1 GGCTTTGGTGGAGGTCAATATCGCCGTCCTTCACAGCTTCCAGTCATGCA 
1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 9 0 0

cD N A 1 8 5 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

GGCTTTGGTGGAGGTCAACATCGCCGTCCTTCACAGCTTCCAGTCATGCA 1 9 0 0

g e n e 1 9 0 1 AAGTGACCATAGTGGACCATCACTCGGCGACCGAGTCCTTCATGAAGCAC  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 9 5 0

cD N A 1 9 0 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

AAGTGACCATAGTGGACCATCACTCGGCAACCGAGTCCTTCATGAAGCAC 1 9 5 0

g e n e 1 9 5 1 ATGGAGAACGAGTACCGGGTGCGAGGCGGCTGCCCCGGAGACTGGGTGTG 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1

2 0 0 0

cD N A 1 9 5 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

ATGGAGAACGAGTACCGGGTGCGAGGCGGCTGCCCCGGAGACTGGGTGTG 2 0 0 0

g e n e 2 0 0 1 GATTGTGCCTCCCATGTCCGGAAGTATCACGCCGGTTTTCCACCAAGAAA  
1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 0 5 0

cD N A 2 0 0 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

GATTGTGCCTCCCATGTCCGGAAGTATCACGCCGGTTTTCCACCAAGAAA 2 0 5 0

g e n e 2 0 5 1 TGCTCAATTACCGCCTCACGCCTTCCTATGAGTACCAGCTTGATCCCTGG  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 1 0 0

cD N A 2 0 5 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

TGCTCAATTACCGCCTCACGCCTTCCTATGAGTACCAGCTTGATCCCTGG 2 1 0 0

g e n e 2 1 0 1 CATACCCATGTGTGGAAAGGAGTCAACGGGACGCCCACAAAGAAACGAGC 
1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 II

2 1 5 0

cD N A 2 1 0 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

CATACCCATGTGTGGAAAGGAGTCAACGGGACGCCCACAAAGAAACGAGC 2 1 5 0

Figure A 4, continued.
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g e n e

cD N A

g e n e

cD N A

g e n e

cDNA

g e n e

cD N A

g e n e

cD N A

g e n e

cD N A

g e n e

CDNA

g e n e

cD N A

g e n e

cD N A

g e n e

CDNA

g e n e

cD N A

g e n e

cD N A

g e n e

cD N A

g e n e

cD N A

g e n e

cDNA

2 1 5 1

2 1 5 1

22 0 1

2201

2 2 5 1

2 2 5 1

2 3 0 1

2 3 0 1

2 3 5 1

2 3 5 1

2 4 0 1

2 4 0 1

2 4 5 1

2 4 5 1

2 5 0 1

2 5 0 1

2 5 5 1

2 5 5 1

2 6 0 1

2 6 0 1

2 6 5 1

2 6 5 1

2 7 0 1

2 7 0 1

2 7 5 1

2 7 5 1

2 8 0 1

2 8 0 1

2 8 5 1

2 8 5 1

CATTGGATTCAAAAAGCTTGCCAAAGCGGTGAAGTTTTCAGCCAAACTCA 2 2 0 0

I I I I I I I I I I I I I I I I I I I I I M I I I I I I I i l l l l l l l l M I I I I I I I M
CATTGGATTCAAAAAGCTTGCCAAAGCGGTGAAGTTTTCAGCCAAACTCA 2 2 0 0  

TGGGTCACGCAATGGCCAAGAGAGTCAAAGCCACCATATTGTTCGCCACC 2 2 5 0

l l l l i l l l l l l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l
TGGGTCACGCAATGGCCAAGAGAGTCAAAGCCACCATATTGTTCGCCACC 2 2 5 0  

GAGACGGGAAAATCGCAGGATTACGCCAAAACTCTCTGCGAAATCTTCAA 2 3 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
GAGACGGGAAAATCGCAGGATTACGCCAAAACTCTCTGCGAAATCTTCAA 2 3  0 0

GCACGCATTCGACCCAAAGGTCATGTCTATGGACGATTATGATGTGGTGG 2 3 5 0

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M I I I I I I I I I I I I I
GCACGCATTCGACCCAAAGGTCATGTCTATGGACGATTATGATGTGGTGG 2 3 5 0

ATCTGGAGCATGAGACGCTGGTGTTAGTGGTGACCAGCACGTTTGGCAAC 2 4 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
ATCTGGAGCATGAGACGCTGGTGTTAGTGGTGACCAGCACGTTTGGCAAC 2 4 0 0  

GGCGACCCCCCTGAGAACGGAGAGAAATTTGGAGCCGCCTTAATGGAGAT 2 4 5 0

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M I I I I I I I I
GGCGACCCCCCTGAGAACGGAGAGAAATTTGGAGCCGCCTTAATGGAGAT 2 4 5 0  

GCGGGAGCCGACGTCCAACACAGAAGACAGAAAGAGCTACAAGGTCCGTT 2 5 0 0

i i i i i i i i i i i i  m i l l  i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i
GCGGGAGCCGACATCCAACGCAGAAGACAGAAAGAGCTACAAGGTCCGTT 2 5 0 0  

TCAACAGCGTGTCCTCCCACTCCGACACTCGCAAGTCCTCAAGTGACGAA 2 5 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
TCAACAGCGTGTCCTCCCACTCCGACACTCGCAAGTCCTCAAGTGACGAA 2 5 5 0  

CCGGACGCCAAGATTCACTTTGAAAGCACCGGACCTCTGGCCAATGTCAG 2 6 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
CCGGACGCCAAGATTCACTTTGAAAGCACCGGACCTCTGGCCAATGTCAG 2 6 0 0  

GTTCTCTGTGTTTGGCCTTGGATCCAGAGCCTACCCACACTTCTGCGCCT 2 6 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
GTTCTCTGTGTTTGGCCTTGGATCCAGAGCCTACCCACACTTCTGCGCCT 2 6 5 0  

TTGCCCACGCCGTGGACACGCTGTTTGAAGAGCTCGGGGGGGAGCGCATC 2 7 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
TTGCCCACGCCGTGGACACGCTGTTTGAAGAGCTCGGGGGGGAGCGCATC 2 7 0 0  

CTACGCATGGGAGAAGGGGATGAGCTGTGTGGACAAGAGGAGGCTTTCAG 2 7 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
CTACGCATGGGAGAAGGGGATGAGCTGTGTGGACAAGAGGAGGCTTTCAG 2 7 5 0  

AACCTGGGCGAAAAAGGTTTTTAAGGCCGCCTGCGACGTGTTCTGTGTCG 2 8 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
AACCTGGGCGAAAAAGGTTTTTAAGGCCGCCTGCGACGTGTTCTGTGTCG 2 8 0 0  

GCGATGACGTGAACATCGAGAAGGCCAACAACTCCCTGATCAGCAACGAC 2 8 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
GCGATGACGTGAACATCGAGAAGGCCAACAACTCCCTGATCAGCAACGAC 2 8 5 0  

CGCAGCTGGAAGAAAAACAAGTTCCGTCTGACATACACGGCCGAGGCGCC 2 9 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
CGCAGCTGGAAGAAAAACAAGTTCCGTCTGACATACACGGCCGAGGCGCC 2 9 0 0

Figure A.4. continued.

254



g e n e  2 9 0 1  GAGCCTCACAAAAGCTTTGTACGGCGTGCACAAGAAGAAGGTCCATGCAG 2 9 5 0

l l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  2 9 0 1  GAGCCTCACAAAAGCTTTGTACGGCGTGCACAAGAAGAAGGTCCATGCAG 2 9 5 0  

g e n e  2 9 5 1  CAAAGATGCTCGATTCTCAGAATTTACAGAGTCCGAAATCCAATCGTTCC 3 0 0 0

I I I I I I M I I I I M I I I M I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I i
CDNA 2 9 5 1  CAAAGATGCTCGATTCTCAGAATTTACAGAGTCCGAAATCCAATCGTTCC 3 0 0 0  

g e n e  3 0 0 1  ACCATTCTCGTACGGCTGGACACAAATAACCAAGACAGCCTGAAATACAA 3 0 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  3 0 0 1  ACCATTCTCGTACGGCTGGACACAAATAACCAAGACAGCCTGAAATACAA 3 0 5 0  

g e n e  3 0 5 1  GCCAGGAGACCATCTGGGCATCTTCCCTGGCAACCACGAGGACCTGGTGT 3 1 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  3 0 5 1  GCCAGGAGACCATCTGGGCATCTTCCCTGGCAACCACGAGGACCTGGTGT 3 1 0 0  

g e n e  3 1 0 1  CGGCTCTCATAGATAAGCTGGAGGATGCGCCGCCTGTCAATCAGATTGTA 3 1 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  3 1 0 1  CGGCTCTCATAGATAAGCTGGAGGATGCGCCGCCTGTCAATCAGATTGTA 3 1 5 0  

g e n e  3 1 5 1  AAAGTGGAGTTCTTAGAGGAGAGGAACACTGCCCTGGGTGTGATAAGTAA 3 2  0 0

l l l l l l l l l l l l l l l l l l l l l l l  l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  3 1 5 1  AAAGTGGAGTTCTTAGAGGAGAGAAACACTGCCCTGGGTGTGATAAGTAA 3 2 0 0  

g e n e  3 2 0 1  CTGGACCAATGAGACTCGGGTCCCTCCCTGCACCATCAACCAGGCCTTCC 3 2 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  3 2 0 1  CTGGACCAATGAGACTCGGGTCCCTCCCTGCACCATCAACCAGGCCTTCC 3 2  5 0  

g e n e  3 2 5 1  AGTACTTCCTGGACATCACCACCCCGCCCAGCCCCGTACTGCTGCAGCAG 3 3 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  3 2 5 1  AGTACTTCCTGGACATCACCACCCCGCCCAGCCCCGTACTGCTGCAGCAG 3 3 0 0  

g e n e  3 3 0 1  TTCGCTGCTCTGGCCACTAATGAGAAAGAGAAACGGAAACTCGAGGTCCT 3 3 5 0

l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  3 3 0 1  TTCGCTGCTCTGGCCACTAATGAGAAAGAGAAACGGAAACTCGAGGTCCT 3 3 5 0  

g e n e  3 3 5 1  CAGCAAGGGCTTGCAGGAGTATGAGGAGTGGAAGTGGTACAACAACCCCA 3 4 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  3 3 5 1  CAGCAAGGGCTTGCAGGAGTATGAGGAGTGGAAGTGGTACAACAACCCCA 3 4 0 0  

g e n e  3 4 0 1  CCCTTGTGGAGGTACTAGAGGAATTCCCCTCCATCCAGATGCCTTCTACG 3 4 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l i l l M I I I I I I I
cD N A  3 4 0 1  CCCTTGTGGAGGTACTAGAGGAATTCCCCTCCATCCAGATGCCTTCTACG 3 4 5 0  

g e n e  3 4 5 1  CTGCTGCTCTCCCAGCTTCCCCTGCTGCAGCCTCGTTACTACTCCATCAG 3 5 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  3 4 5 1  CTGCTGCTCTCCCAGCTTCCCCTGCTGCAGCCTCGTTACTACTCCATCAG 3 5 0 0  

g e n e  3 5 0 1  CTCCTCTCCAGACCTGCACCCGGGAGAGATCCACCTCACGGTTGCTGTGG 3 5 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  3 5 0 1  CTCCTCTCCAGACCTGCACCCGGGAGAGATCCACCTCACGGTTGCTGTGG 3 5 5 0  

g e n e  3 5 5 1  TCTCCTACCGTACCAGAGATGGAGCAGGGTCGATCCACCATGGAGTGTGT 3 6 0 0

l l l l l l l l l l l l l l  l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  3 5 5 1  TCTCCTACCGTACCCGAGATGGAGCAGGGTCGATCCACCATGGAGTGTGT 3 6 0 0  

g e n e  3 6 0 1  TCGTCGTGGCTCAGCAGGATAGAGAAGGGGGAGATGGTGCCGTGTTTTGT 3 6 5 0

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M
cD N A  3 6 0 1  TCGTCGTGGCTCAGCAGGATAGAGAAGGGGGAGATGGTGCCGTGTTTTGT 3 6 5 0
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g e n e  3 6 5 1  CCGAAGTGCTCCATCCTTCCAGCTTCCCAAAAACAACCAAACACCTTGCA 3 7 0 0

I I I I I I M I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M I I I I I I I I M
cD N A  3 6 5 1  CCGAAGTGCTCCATCCTTCCAGCTTCCCAAAAACAACCAAACACCTTGCA 3 7 0 0  

g e n e  3 7 0 1  TCCTGGTGGGTCCGGGAACCGGAATCGCCCCATTCCGGAGCTTTTGGCAA 3 7 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  3 7 0 1  TCCTGGTGGGTCCGGGAACCGGAATCGCCCCATTCCGGAGCTTTTGGCAA 3 7 5 0  

g e n e  3 7 5 1  CAGCGACTGTATGACCTTGAACACAACGGCATCGAGTCATGCCCAATGAT 3 8 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l i l l l
cD N A  3 7 5 1  CAGCGACTGTATGACCTTGAACACAACGGCATCGAGTCATGCCCAATGAT 3 8 0 0  

g e n e  3 8 0 1  CCTGGTGTTTGGCTGTCGACAGTCTGAGATTGACCACATCTACAATGAGG 3 8 5 0

I I I I I I I I I I I I I I I I I I I I I I I I I M I I I I I I I I I I I I I I I I I I  I I I !
cD N A  3 8 0 1  CCTGGTGTTTGGCTGTCGACAGTCTGAGATTGACCACATCTACAAAGAGG 3 8 5 0  

g e n e  3 8 5 1  AGACCATCCAAGCCAAGAACAAGAACGTGTTCAAGGAGCTGTACACGGCC 3 9 0 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  l l l l l l l l l l l l l
cD N A  3 8 5 1  AGACCATCCAAGCCAAGAACAAGAACGTGTTCAAGGGGCTGTACACGGCC 3 9 0 0  

g e n e  3 9 0 1  TATTCCAGAGAGCCCGGCAAACCAAAGAAATATGTGCAGGATGCACTGCG 3 9 5 0

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M
cD N A  3 9 0 1  TATTCCAGAGAGCCCGGCAAACCAAAGAAATATGTGCAGGATGCACTGCG 3 9 5 0  

g e n e  3 9 5 1  TGAGCAGCTGTCGGAGCGGGTGTACCAGTGCCTGAGGGAGGAGGGAGGAC 4 0 0 0

l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l M I I I I I I M I I I I I I I I I
C DNA 3951 TGAGCAGCTGTCGGAGCGGGTGTACCAGTGCCTGAGGGAGGAGGGAGGAC 4 0 0 0  

g e n e  4 0 0 1  ACATCTACGTGTGCGGGGATGTTACGATGGCCGGGGATGTTCTCAAGAAC 4 0 5 0

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  l l l l l l l l l l l l l l l l l l
cD N A  4 0 0 1  ACATCTACGTGTGCGGGGATGTTACGATGGCGGGGGATGTTCTCAAGAAC 4 0 5 0  

g e n e  4 0 5 1  GTCCAGCAGATCATCAAGCAAGAGGGCAACATGAGCCTGGAGGAAGCCGG 4 1 0 0

l l l l l l l l l l l l l l l l l  l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  4 0 5 1  GTCCAGCAGATCATCAAACAAGAGGGCAACATGAGCCTGGAGGAAGCCGG 4 1 0 0  

g e n e  4 1 0 1  CTTGTTCATCAGCAAGCTTCGGGATGAGAACCGCTACCATGAGGACATCT 4 1 5 0

l l l l l l l l l l l l l l i l l l l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
cD N A  4 1 0 1  CTTGTTCATCAGCAAGCTTCGGGATGAGAACCGCTACCATGAGGACATCT 4 1 5 0  

g e n e  4 1 5 1  TTGGAGTCACCCTGCGCACCTACGAGGTCACCAACAGGATTCGGTCAGAG 4 2 0 0

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M I I I I I i l l l l l l
cD N A  4 1 5 1  TTGGAGTCACCCTGCGCACCTACGAGGTCACCAACAGGATTCGGTCAGAG 4 2 0 0  

g e n e  4 2 0 1  TCCATTGCCTACATCGAAGAGAATAAAAAGGACTCCGATGAGGTGTTCTG 4 2 5 0

I I M I I I I I I I I I I I I I I I I I I I I I I I I I M I  l l l l l l l l l l l l l l l l l
cD N A  4 2 0 1  TCCATTGCCTACATCGAAGAGAATAAAAAGGATTCCGATGAGGTGTTCTG 4 2 5 0  

g e n e  4 2 5 1  CTCATAG 4 2 5 7

l l l l l l l
cD N A  4 2 5 1  CTCATAG 4 2 5 7
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Figure A5. Consensus tree. The numbers at the forks indicate the number of times the 

group consisting of the species which are to the right of that fork occurred among the 

trees, out of 1000.00 trees.
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